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Preface to the 2010 Primer on Allergic and Immunologic
Diseases

William T. Shearer, MD, PhD, Editor,a and Donald Y. M. Leung, MD, PhD, Associate Editorb Houston, Tex, and Denver, Colo

A new era for the Primer on Allergic and Immunologic Dis-
eases begins with this online-only 6th edition. Despite our long
love affair with paper texts, the times they are a changing, and
we graciously yield to the new world of advanced technology, ed-
ucation, and communication that prefers to learn from a computer
screen, with its versatility and availability at all hours. Indeed, this
high-tech Primer 2010 is very new, with well over 50% new topics
and authors. The new chapters include those on innate immunity
(Turvey and Broide1) and adaptive immunity (Bonilla and Oett-
gen2), the structure and function of immunoglobulins (Schroeder
and Cavacini3), interpretation of tests for autoimmunity (Castro
and Gourley4), complement disorders and hereditary angioedema
(Frank5), and anaphylaxis (Simons6). All of the chapters have
been completely updated, with timely revisions and current refer-
ences. Readers will note the increased length of text and literature
citations made possible by removal of printed page limitations in
this new online edition. This has permitted a more thorough pre-
sentation of new information and accommodates the requests of
authors, peer reviewers, and readers alike.
Looking back to the publication of the 5th edition of the Primer

in 2003 and the Mini-Primers of 2006 and 2008, it is gratifying to
see the advances in molecular sciences and how these advances
have been incorporated into the translational research, leading to
new and sophisticated forms of therapy. Molecular targeting by
mAbs and fusion proteins is the best example of this sweep of
information taken from laboratory to clinic (Lee et al7). Discovery
of genes that contribute to specific genetic diseases vary from the
spectacular monogenic deficiencies causing selective immunode-
ficiencies (Notarangelo8) to the bewildering number of candidate
genes for allergy and asthma (Holloway et al9). The chapter on cy-
tokines and chemokines has kept pace with the rapid discovery of
new messenger molecules of the immune system (Commins
et al10). Fonacier et al11 are new authors for the excellent chapter
on allergic skin disease as are Atkins and Furuta,12 who present a
chapter on mucosal immune disorders and eosinophilic esophagi-
tis. The chapter on secondary immunodeficiencies includes an
update on discoveries in HIV infection and the immunosuppres-
sive hazards of space flight (Chinen and Shearer13). New authors
of chapters on environmental and occupational allergies (Peden
and Reed14) and drug allergy (Khan and Solensky15) add fresh
updates of traditional topics. Several headline authors have given
us completely updated versions of previous chapters: Stone et al16

on IgE, mast cells, basophils, and eosinophils; Lemanske and
Busse17 on adult and childhood asthma; Sicherer and Sampson18

on food allergy; Dykewicz andHamilos19 on rhinitis and sinusitis;
Joseph et al20 on immunologic rheumatic diseases; Langford21 on
vasculitis; Michels and Eisenbarth22 on endocrine system disor-
ders; Greenberger and Grammer23 on pulmonary disorders and
vocal cord dysfunction; Whiteside24 on immune response to
malignancy; Frew25 on immunotherapy (including sublingual) of
allergic disease; Chinen and Buckley26 on transplantation immu-
nology (ie, solid organ, bone marrow, and gene therapy); and
Brignier and Gewirtz27 on embryonic and adult stem cell therapy.
Undergirding all the chapters of Primer 2010 are essential chapters
on the overviewof the immune response (Chaplin28) and the critical
chapters on the clinical laboratory assessment of immediate hyper-
sensitivity (Hamilton29) and clinical and laboratory assessment of
immune-mediated diseases (Oliveira and Fleisher30).

In the 5th edition of the Primer in 2003, we created the concept
of the Clinical Immunology Tree of Life (Fig 1), which depicted
the wide branches and leaves that represent the spectrum of aller-
gic and immunologic diseases managed by allergists and immu-
nologists. The growth of the tree depends on the diseases we
treat (rain) and the research we conduct (sunshine) and on the roots
of the tree that gather nourishment from the soil (basic science). In
the Mini-Primers of 2006 and 2008, we extended the analogy to
seeds of the tree falling to the ground with growth of new trees
(education that imparts new knowledge to future generations).
We believe that Primer 2010 carries on that age-old tradition.
The Editors thank all of the authors who set aside their other

numerous duties towrite thismagnificent summary of allergic and
immunologic diseases, the silent peer reviewers who greatly
enhanced the value of each chapter, and the Elsevier Publishing
Co and the American Academy of Allergy, Asthma & Immunol-
ogy who provided the support for Primer 2010. Special thanks are
due to Mr George Woodward, Managing Editor, and Ms Dawn
Angel, Senior Submission Editor, for the Journal of Allergy and
Clinical Immunology for too-numerous-to-count inquiries,
searches, and general all-around assistance and finally to our
editorial assistant Carolyn Jackson for keeping the entire project
of Primer 2010 on track from promotion to publication.
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Overview of the immune response

David D. Chaplin, MD, PhD Birmingham, Ala

The immune system has evolved to protect the host from a
universe of pathogenic microbes that are themselves constantly
evolving. The immune system also helps the host eliminate toxic
or allergenic substances that enter through mucosal surfaces.
Central to the immune system’s ability to mobilize a response to
an invading pathogen, toxin, or allergen is its ability to
distinguish self from nonself. The host uses both innate and
adaptive mechanisms to detect and eliminate pathogenic
microbes, and both of these mechanisms include self-nonself
discrimination. This overview identifies key mechanisms used
by the immune system to respond to invading microbes and
other exogenous threats and identifies settings in which
disturbed immune function exacerbates tissue injury. (J Allergy
Clin Immunol 2010;125:S3-23.)

Key words: Adaptive immunity, atopy, B cell, complement, costimu-
lation, inflammation, innate immunity, superantigen, T cell, tolerance

Humans and other mammals live in a world that is heavily
populated by both pathogenic and nonpathogenic microbes and
contains a vast array of toxic or allergenic substances that threaten
normal homeostasis. The community of microbes includes both
obligate pathogens and beneficial commensal organisms, which
the host must tolerate and hold in check to support normal tissue
and organ function. Pathogenic microbes possess a diverse
collection of mechanisms by which they replicate, spread, and
threaten normal host functions. At the same time that the immune
system is eliminating pathologic microbes and toxic or allergenic
proteins, it must avoid responses that produce excessive damage
of self-tissues or that might eliminate beneficial commensal
microbes. Our environment contains a huge range of pathogenic
microbes and toxic substances that challenge the host through a
very broad selection of pathogenic mechanisms. Therefore it is
not surprising that the immune system uses a complex array of
protective mechanisms to control and usually eliminate these
organisms and toxins. A general feature of the immune system is
that these mechanisms rely on detecting structural features of the
pathogen or toxin that mark it as distinct from host cells. Such
host-pathogen or host-toxin discrimination is essential to permit
the host to eliminate the threat without damaging its own tissues.

The mechanisms permitting recognition of microbial, toxic, or
allergenic structures can be broken down into 2 general cate-
gories: (1) hard-wired responses that are encoded by genes in the
host’s germ line and that recognize molecular patterns shared by

many microbes and toxins that are not present in the mammalian
host and (2) responses that are encoded by gene elements that
somatically rearrange to assemble antigen-binding molecules
with exquisite specificity for individual, unique foreign struc-
tures. The first set of responses constitutes the innate immune
response. Because the recognition molecules used by the innate
system are expressed broadly on a large number of cells, this
system is poised to act rapidly after an invading pathogen or toxin
is encountered and thus constitutes the initial host response. The
second set of responses constitutes the adaptive immune re-
sponse. Because the adaptive system is composed of small
numbers of cells with specificity for any individual pathogen,
toxin, or allergen, the responding cells must proliferate after
encountering the antigen to attain sufficient numbers to mount an
effective response against the microbe or the toxin. Thus the
adaptive response generally expresses itself temporally after the
innate response in host defense. A key feature of the adaptive
response is that it produces long-lived cells that persist in an
apparently dormant state but that can re-express effector functions
rapidly after another encounter with their specific antigen. This
provides the adaptive response with the ability to manifest
immune memory, permitting it to contribute prominently to a
more effective host response against specific pathogens or toxins
when they are encountered a second time, even decades after the
initial sensitizing encounter.
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DISCRIMINATION OF SELF FROM NONSELF
The immune system uses many potent effector mechanisms

that have the ability to destroy a broad range ofmicrobial cells and
to clear a broad range of both toxic and allergenic substances.
Therefore it is critical that the immune response is able to avoid
unleashing these destructive mechanisms against the mammalian
host’s own tissues. The ability of the immune response to avoid
damaging self-tissues is referred to as self-tolerance. Because
failure of self-tolerance underlies the broad class of autoimmune
diseases, this process has been extensively studied. It is now clear
that mechanisms to avoid reaction against self-antigens are ex-
pressed in many parts of both the innate and the adaptive immune
response. The mechanisms that underlie protection of normal self-
tissues from immune damagewill be discussed as each of the major
effector arms of the host immune response is introduced.

Because an important aspect of the T-cell arm of the immune
system is to recognize host cells that are infected by viruses,
intracellular bacteria, or other intracellular parasites, T cells have
evolved an elegant mechanism that recognizes foreign antigens
together with self-antigens as a molecular complex (see the
‘‘Antigen recognition by T lymphocytes.’’ section below). This
requirement that T cells recognize both self-structures and foreign
antigens makes the need for these cells to maintain self-tolerance
particularly important.

GENERAL FEATURES OF INNATE AND ADAPTIVE
IMMUNITY

Broadly defined, the innate immune system includes all aspects
of the host’s immune defense mechanisms that are encoded in
their mature functional forms by the germline genes of the host.
These include physical barriers, such as epithelial cell layers that
express tight cell-cell contacts (tight junctions, cadherin-medi-
ated cell interactions, and others); the secreted mucus layer that
overlays the epithelium in the respiratory, gastrointestinal, and
genitourinary tracts; and the epithelial cilia that sweep away this
mucus layer, permitting it to be constantly refreshed after it has
been contaminated with inhaled or ingested particles. The innate
response also includes soluble proteins and bioactive small
molecules that are either constitutively present in biological
fluids (eg, the complement proteins, defensins, and ficolins1-3) or
that are released from cells as they are activated (including cyto-
kines that regulate the function of other cells, chemokines that at-
tract inflammatory leukocytes, lipid mediators of inflammation,
reactive free radical species, and bioactive amines and enzymes
that also contribute to tissue inflammation). Lastly, the innate im-
mune system includes membrane-bound receptors and cytoplas-
mic proteins that bind molecular patterns expressed on the
surfaces of invadingmicrobes. Some aspects of the innate host de-
fenses are constitutively active (eg, the mucociliary blanket over-
lying many epithelia), and others are activated after interactions
of host cells or host proteins with chemical structures that are
characteristic of invading microbes but are absent from host cells.

Unlike the innate mechanisms of host defense, the adaptive
immune system manifests exquisite specificity for its target
antigens. Adaptive responses are based primarily on the anti-
gen-specific receptors expressed on the surfaces of T and B
lymphocytes. Unlike the germline-encoded recognition mole-
cules of the innate immune response, the antigen-specific recep-
tors of the adaptive response are encoded by genes that are
assembled by somatic rearrangement of germline gene elements

to form intact T-cell receptor (TCR) and immunoglobulin (B-cell
antigen receptor) genes. The assembly of antigen receptors from a
collection of a few hundred germline-encoded gene elements
permits the formation of millions of different antigen receptors,
each with potentially unique specificity for a different antigen.
The mechanisms governing the assembly of these B- and T-cell
antigen receptors and ensuring the selection of a properly
functioning repertoire of receptor-bearing cells from the huge,
randomly generated potential repertoire will be introduced below
and discussed in more detail in chapters 3 and 4 of this Primer.4,5

The innate and adaptive immune systems are often described as
contrasting separate arms of the host response; however, they
usually act together, with the innate response representing the first
line of host defense and the adaptive response becoming
prominent after several days as antigen-specific T and B cells
have undergone clonal expansion. Components of the innate
system contribute to activation of the antigen-specific cells.
Additionally, the antigen-specific cells amplify their responses
by recruiting innate effector mechanisms to bring about the
complete control of invading microbes. Thus although the innate
and adaptive immune responses are fundamentally different in
their mechanisms of action, synergy between them is essential for
an intact, fully effective immune response.

CELLULAR ELEMENTS OF THE IMMUNE
RESPONSE

An intact immune response includes contributions from many
subsets of leukocytes. The different leukocyte subsets can be
discriminated morphologically by using a combination of con-
ventional histologic stains and analysis of the spectrum of
glycoprotein differentiation antigens that are displayed on their
cell membranes. These differentiation antigens are detected by
their binding of specific mAbs. These cell phenotype–determin-
ing antigens are assigned cluster of differentiation (CD) numbers.
There are currently more than 350 defined CD antigens. Updates
are issued by Human Cell Differentiation Molecules, an organi-
zation that organizes periodic Human Leukocyte Differentiation
Antigen (HLDA) workshops at which newly identified cell-
surface molecules are defined and registered. The next HLDA
workshop (HLDA9) will be held in Barcelona, Spain, and the
summary of authorized CD molecules will be published at http://
www.hcdm.org/.

Mature circulating leukocytes differentiate from hematopoietic
stem cells (Fig 1).6 These stem cells can be recognized by their
own spectrum of defining cell-surface antigens and can be puri-
fied from bone marrow, peripheral blood, and the placenta.7

The recognition that pluripotent hematopoietic stem cells can
be purified in substantial quantities has accelerated progress in he-
matopoietic cell transplantation and provides considerable prom-
ise for somatic cell–based gene therapy. Progress in the field of
stem cell therapy is described in chapter 30 of this Primer.8

Formation of the full complement of immune system cells
begins when a pluripotent hematopoietic stem cell differentiates
into the myeloid stem cell or the common lymphoid progenitor.
The common lymphoid progenitor differentiates further into the 4
major populations of mature lymphocytes: B cells, T cells, natural
killer (NK) cells, and NK-T cells. These lymphocyte subsets can
be discriminated by surface phenotype. B cells are phenotypically
defined by their expression of the B-cell receptor for antigen
(membrane-anchored immunoglobulin). Subsets of B cells have
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been defined that differ in the types of antigen to which they
respond and in the types of antibody they produce. T cells are
defined by their cell-surface expression of the TCR, a transmem-
brane heterodimeric protein that binds processed antigen dis-
played by antigen-presenting cells (APCs). As will be discussed
below, T cells exist in several functionally significant subtypes
and subsets of those types. NK cells are defined morphologically
as large granular lymphocytes. They are distinguished by their
lack of either TCR or surface immunoglobulin. They recognize
their virus-infected or tumor cell targets using a complex collec-
tion of activating and inhibitory cell surface receptors.9 NK-T
cells share characteristics of both NK cells and T cells.10

Myeloid stem cells (also termed commonmyeloid progenitors)
give rise to several different forms of granulocytes, to megakar-
yocytes and platelets, and to erythrocytes. Cells of the granulocyte
lineage that play prominent immune functions include neutro-
phils, monocytes, macrophages, eosinophils, basophils, and mast
cells. In some mammals, platelets also release immunologically
significantmediators that expand their repertoire beyond their role
in hemostasis. The immune functions of the classical granulocytes
have been inferred from the immunologically active molecules
they produce and from their accumulation in specific pathologic
conditions. For example, neutrophils produce large quantities of
reactive oxygen species that are cytotoxic to bacterial pathogens.
They also produce enzymes that appear to participate in tissue
remodeling and repair after injury. Neutrophils accumulate in
large quantities at sites of bacterial infection and tissue injury and
possess prominent phagocytic capabilities that permit them to
sequester microbes and particulate antigens internally, where they
can be destroyed and degraded. Thus it is clear that they play a

major role in clearance ofmicrobial pathogens and repair of tissue
injury.11 More recently, however, neutrophils have been recog-
nized to produce substantial amounts of the cytokines TNF and
IL-12, as well as certain chemokines. This supports an additional
immunoregulatory role of neutrophils.

Like neutrophils, monocytes and macrophages are also highly
phagocytic for microbes and particles that have been marked for
clearance by binding immunoglobulin, complement, or both.
They appear to be mobilized shortly after the recruitment of
neutrophils, and they persist for long periods at sites of chronic
inflammation and infection. In addition to participating in acute
inflammatory responses, they are prominent in granulomatous
processes throughout the body. They use production of nitric
oxide as a major mechanism for killing microbial pathogens and
also produce large amounts of cytokines, such as IL-12 and IFN-
g, giving them a regulatory role in adaptive immune responses.
Depending on the nature of activating signals that are present
when macrophages differentiate from immature precursor cells
and when they receive their first activation signal, macrophages
can adopt one of several phenotypes.12 Classically activated mac-
rophages produce large amounts of IFN-g, IL-6, IL-12, and TNF
and express potent proinflammatory and antibacterial activities.
The formation of alternatively activated macrophages can be in-
duced by IL-4, IL-10, or IL-13, especially in the presence of glu-
cocorticoid hormones, and express anti-inflammatory functions
through their own production of IL-10, the IL-1 receptor antago-
nist, and TGF-b.13 It is likely that further study will identify ad-
ditional functional macrophage subsets, establishing additional
ways in which these innate immune system cells serve fundamen-
tal immunoregulatory functions.

FIG 1. Hematopoietic stem cell–derived cell lineages. Pluripotent hematopoietic stem cells differentiate in
bone marrow into common lymphoid progenitor cells or myeloid stem cells. Lymphoid stem cells give rise
to B-cell, T-cell, and NK cell lineages. Myeloid stem cells give rise to a second level of lineage-specific
colony-forming unit (CFU) cells that go on to produce neutrophils, monocytes, eosinophils, basophils, mast
cells, megakaryocytes, and erythrocytes. Monocytes differentiate further into macrophages in peripheral
tissue compartments. Dendritic cells appear to develop primarily from a dendritic cell precursor that is dis-
tinguished by its expression of the Fms-like tyrosine kinase receptor 3 (Flt3) receptor. This precursor can de-
rive from either lymphoid or myeloid stem cells and gives rise to both classical and plasmacytoid dendritic
cells. Classical dendritic cells can also derive from differentiation of monocytoid precursor cells. Modified
with permission from Huston.6
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Eosinophils are readily recognized by their prominent cyto-
plasmic granules, which contain toxic molecules and enzymes
that are particularly active against helminths and other parasites.
The production of eosinophils from the bone marrow and their
survival in peripheral tissues are enhanced by the cytokine IL-5,
making them prominent cells in most allergic responses.14

Basophils and mast cells are morphologically similar cells that
represent distinct lineages. By virtue of the cell-surface expres-
sion of high-affinity receptors for IgE (FceRI), they are key
initiators of immediate hypersensitivity responses and the host
response to helminthic parasites, releasing histamine and other
preformed mediators from their granules and producing impor-
tant quantities of lipid mediators that stimulate tissue inflamma-
tion, edema, and smooth muscle contraction. Recent studies have
demonstrated that in addition to their role in immediate hyper-
sensitivity responses, mast cells play prominent roles in the host
response to bacterial infection as well. Importantly, mast cells
and, more prominently, basophils can release substantial amounts
of IL-4, suggesting that they can play important roles in the
induction of allergic immune responses.15

Phagocytic cells of the monocyte/macrophage lineage also
play key roles in the adaptive immune response by taking up
microbial antigens, processing them by means of proteolysis to
peptide fragments, and presenting them in forms that can activate
T-cell responses. Additional cells in this lineage include Langer-
hans cells in the epidermis, Kupffer cells in the liver, and
microglial cells in the central nervous system. The most potent
types of APCs are the broad class of dendritic cells that are present
in most tissues of the body and concentrated in the secondary
lymphoid tissues.16 All of these cells express both class I and class
II MHC molecules that are used to permit recognition of pro-
cessed antigen by the TCR on T cells (see below). All MHC-bear-
ing cells appear to have the potential to express APC function if
stimulated appropriately. In addition to the conventional dendritic
cells described above, which have been thought to be derived
from myeloid precursor cells (Fig 1), a second type of dendritic
cell is recognized. These cells are designated plasmacytoid den-
dritic cells because of their histologic morphology. They can pro-
duce very high levels of type I interferon and are thought to play
special roles in antiviral host defense and autoimmunity.17 Recent
studies of dendritic cell differentiation indicate that both myeloid
stem cells and common lymphoid progenitors can give rise to
both conventional dendritic cells and plasmacytoid dendritic
cells, most likely through a dendritic cell precursor that is defined
by its expression of the Fms-like tyrosine kinase receptor 3
(Flt3).18,19

ANTIGEN RECOGNITION BY T LYMPHOCYTES/
MAJOR HISTOCOMPATIBILITY MOLECULES

A major challenge faced by the immune system is to identify
host cells that have been infected by microbes that then use the
cell to multiply within the host. Simply recognizing and neutral-
izing the microbe in its extracellular form does not effectively
contain this type of infection. The infected cell that serves as a
factory for production of progenymicrobes must be identified and
destroyed. In fact, if the immune system were equally able to
recognize extracellular microbes and microbially infected cells, a
microbe that managed to generate large amounts of extracellular
organisms or antigen might overwhelm the recognition capacity
of the immune system, allowing the infected cells to avoid

immune recognition. A major role of the T-cell arm of the
immune response is to identify and destroy infected cells. T cells
can also recognize peptide fragments of antigens that have been
taken up by APCs through the process of phagocytosis or
pinocytosis. The way the immune system has evolved to permit
T cells to recognize infected host cells is to require that the T cell
recognize both a self-component and a microbial structure. The
elegant solution to the problem of recognizing both a self-
structure and a microbial determinant is the family of MHC
molecules. MHC molecules (also called HLA antigens) are cell-
surface glycoproteins that bind peptide fragments of proteins that
either have been synthesized within the cell (class I MHC
molecules) or that have been ingested by the cell and proteolyt-
ically processed (class II MHC molecules).

Class I MHC molecules
There are 3 major HLA class I molecules, designated HLA-A,

HLA-B, and HLA-C, each encoded by a distinct gene. The class I
HLA molecules are cell-surface heterodimers consisting of a
polymorphic transmembrane 44-kd a chain (also designated the
class I heavy chain) associated with the 12-kd nonpolymorphic
b2-microglobulin protein.20 The a chain determines whether the
class I molecule is an HLA-A, HLA-B, or HLA-C molecule. The
HLA-A, HLA-B, andHLA-C a-chain genes are encoded within the
MHC on chromosome 6 (Fig 2), and the b2-microglobulin gene is
encoded on chromosome 15. The a-chain gene encodes 3 extra-
cellular domains (designated a1, a2, and a3), a transmembrane
domain, and a short intracellular domain that anchors the protein
in the cell membrane. The a3 domain consists of 5 antiparallel
b-strands that form an immunoglobulin-type fold (Fig 3).20 The
a1 and a2 domains each encode an a-helix and several b-strands.
The a1 and a2 domains associate with each other, with their
b-strands forming a platform on which the 2 a-helices rest. This
forms a groove in which antigenic peptides can bind. This complex
of class IMHCmolecule and antigenic peptide produces a compos-
ite structure that is the molecular target of the TCR. The TCR con-
tacts both the antigenic peptide and the flanking a-helices. The
TCR has no measurable affinity for the antigenic peptide alone
and very low affinity for MHC molecules containing other pep-
tides. These observations form themolecular basis for the phenom-
enon of ‘‘MHC restriction,’’ which was described in studies of
Zinkernagel and Doherty21 in which they recognized that T cells
could only recognize their specific antigen when it was presented
in association with a specific self-MHC molecule.

A key biological consequence of requiring the T cell to
recognize antigenic peptides only when they are bound in the
groove of an HLAmolecule is that this permits the T cell to ignore
free extracellular antigen and to focus rather on cells that contain
the antigen. In the case of cells that are infected by a pathogenic
microbe, this permits the T cells to focus their response on the
infected cells. The a3 domain of the class I heavy chain interacts
with the CD8 molecule on cytolytic T cells. This restricts recog-
nition of antigenic peptides that are presented in class I HLAmol-
ecules to CD81 cytolytic T cells. The binding of CD8 expressed
by the T cell to the a3 domain of the class I molecule expressed by
theAPC strengthens the interaction of the T cell with the APC and
helps ensure that full activation of the T cell occurs.22

A prominent characteristic of HLAmolecules is their structural
polymorphism. As of October 2009, the ImMunoGeneTics HLA
Database (http://www.ebi.ac.uk/imgt/hal/atats.html) recognized
more than 650 alleles at theHLA-A locus, more than 1,000 alleles
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at theHLA-B locus, and more than 350 alleles at theHLA-C locus.
This polymorphism is largely in amino acids located in the floor
and sides of the peptide-binding groove, resulting in different
peptide-binding specificities of different class I alleles. The fact
that there are 3 distinct HLA class I genes and that each is highly
polymorphic means that all subjects in the population who are
heterozygous at these loci have 6 distinct peptide-binding
grooves. Because each class I protein can bind many different
peptides, having 6 peptide-bindingmolecules results in the ability
to bind a very diverse collection of antigenic peptides. Further-
more, on a population level, the diversity of peptide-binding mo-
tifs is huge. Mutations in microbial antigens might permit the
microbe to avoid binding (and, consequently, recognition) by a
few HLA class I alleles, but no mutations will permit the microbe
to avoid recognition broadly through the population.

Generally, the antigenic peptides that are found bound in the
peptide-binding groove of the HLA class I molecules are derived
from proteins synthesized within the cell bearing the class I
molecules. They are, consequently, described as ‘‘endogenous’’
antigens. The molecular machinery that generates peptide frag-
ments from intracellular proteins and directs them into the
grooves of the class I molecules is increasingly well understood
(Fig 4).6 Peptide fragments are generated from cellular proteins
through the action of the proteasome, a proteolytic factory com-
posed of more than 25 subunits.23 Proteasomes are expressed con-
stitutively in all cell types, where they function in cellular
homeostasis. Stimulation of cells with IFN-g activates them for
the production of antigenic peptide fragments that can be pre-
sented in HLA class I molecules. This activation induces the
production of a variant of the proteasome termed the

FIG 2. Molecular map of the humanMHC. The humanMHC, designated HLA, is encoded on the short arm of
chromosome 6. The locations of the major HLA and related genes are shown above a scale showing
approximate genetic distances in kilobase pairs of DNA (kbp). The genes encoding the class I HLA heavy
chains (shown in blue) are clustered at the telomeric end of the complex. The genes encoding the class II
HLA a and b chains (shown in green) plus the genes encoding the LMP2/7, transporter associated with an-
tigen presentation (TAP) 1/2, and tapasin (TAPBP) molecules (shown in orange) are clustered at the centro-
meric end of the complex. In between the class I and class II genes are additional genes designated class III
(shown in red). These include genes encoding the cytochrome P450 21-hydroxylase (CYP21B); an inactive
cytochrome P450 pseudogene (CYP21Ps); complement components C4, C2, and factor B; TNF; and the 2
lymphotoxin chains (LTA and LTB). There are 2 isoforms of complement C4 designated C4A and C4B.
C4A interacts more efficiently with macromolecules containing free amino groups (protein antigens),
whereas C4B interacts more efficiently with macromolecules containing free hydroxyl groups (glycopro-
teins and carbohydrates). There are genes encoding 2 additional HLA class I–like molecules designated
MICA and MICB (shown in purple) located between the class III genes and the classical class I genes. Non-
functional pseudogenes are shown in gray and further designated by italics.
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immunoproteasome. Two of the subunits of the constitutively ex-
pressed proteasome are replaced in the immunoproteasome by the
IFN-g–induced low molecular mass polypeptide 2 (LMP2) and
LMP7 protein, both of which are encoded within the HLA com-
plex in the interval between the HLA-DP and the HLA-DQ gene
loci (Fig 2). The LMP2 and LMP7 proteins alter the proteolytic
specificity of the proteasome, enhancing the production of peptide
fragments of appropriate length and charge for binding in the
groove of the HLA class I proteins. The addition of another
IFN-g–induced protein termed the PA28 proteasome activator
also enhances the generation of antigenic peptides that are favor-
able for presentation in HLA class I molecules.24 After exiting
from the immunoproteasome, peptide fragments are transported
into the endoplasmic reticulum (ER) by the action of a specific
multisubunit transmembrane transporter. This transporter con-
tains 2ATP-binding cassette subunits designated transporter asso-
ciated with antigen presentation 1 and 2 encoded by genes that are
located within theMHC gene complex in the same region that en-
codes LMP2 and LMP7 (Fig 2). Once in the ER, the peptides are
loaded into the class I protein-binding groove under the direction
of the ER protein tapasin with the help of the calcium-binding
chaperone protein calreticulin and the oxidoreductase
Erp57.25,26 Before its interaction with b2-microglobulin, the class
I protein is maintained in a conformation that favors interaction with
peptide fragments by association with the chaperone protein cal-
nexin. Interaction with b2-microglobulin stabilizes the complex,
causing dissociation of calnexin and permitting transport of the pep-
tide-loaded class I molecule through the Golgi complex into exo-
cytic vesicles that release the intact complexes onto the cell
surface. This pathway is well adapted to delivering viral peptides
produced in a virus-infected cell to the cell surface bound to class
I HLA molecules in a form that can be recognized by cytotoxic
CD81 T cells. It can also be used to present tumor-specific protein
fragments thatmight be useful targets for antitumor immunotherapy.

Studies over the past several years have shown that under
certain circumstances, exogenous antigens (synthesized outside

of the APC) can also be internalized by means of endocytosis and
presented in HLA class I molecules. This uptake of exogenous
antigens and display to T cells in HLA class I proteins is known as
‘‘cross-presentation.’’27 Cross-presentation is particularly impor-
tant in antiviral immunity, in which it helps the host to overcome
the ability of some viruses to suppress antigen processing through
the endogenous pathway.28

Class II MHC molecules
Like the class I molecules, the class II HLA molecules consist

of 2 polypeptide chains, but in this case both are MHC-encoded
transmembrane proteins and are designated a and b. There are 3
major class II proteins designated HLA-DR, HLA-DQ, and HLA-
DP.20 Molecules encoded in this region were initially defined
serologically and by using cellular immune assays, and conse-
quently, their nomenclature does not always reflect the underlying
genes encoding the molecules. This is particularly true for HLA-
DR, in which the genes in the HLA-DR subregion encode 1 min-
imally polymorphic (1 common and 2 very rare alleles) a chain
(designated DRA) and 2 polymorphic b chains (designated
DRB1 and DRB3, Fig 2). Pairing of the common a chain with
the DRB1 chain produces the HLA-DRB1 protein. More than
500 HLA-DRB1 alleles have been defined. Pairing of the com-
mona chain with the DRB3 chain producesmolecules designated
HLA-DRB2 through HLA-DRB9. There are a total of 60 HLA-
DRB2 through HLA-DRB9 alleles. The HLA-DQ subregion en-
codes 1 polymorphic a chain (25 alleles) and 1 polymorphic b
chain (72 alleles). The HLA-DP subregion encodes 1 polymorphic
a chain (16 alleles) and 1 polymorphic b chain (118 alleles).
Because both the a andb chains of the HLA-DQ andHLA-DP pro-
teins are polymorphic, each person can express 4 differentHLA-DQ
and 4 different HLA-DPproteins based on pairing between the gene
products of both the maternal and paternal chromosomes. Further-
more, because the minimally polymorphic HLA-DR a chain can
pair with an HLA-DRB1 and an HLA-DRB3 chain from both the
maternal and paternal chromosomes, each person can express 4

FIG 3. Structure of HLA molecules. Molecular models derived from crystal structures of class I (A-C) and
class II (D-F) HLAmolecules. Fig 3,A, the class I a1, a2, and a3 domains are shown (light blue) in noncovalent
association with the b2-microglobulin molecule (dark blue). Coils represent a-helices, and broad arrows rep-
resent b-strands. Antiparallel b-strands interact to form b-sheets. The a-helices in the a1 and a2 domains
form the sides of a groove that binds processed antigenic peptides (yellow). The transmembrane and intra-
cytoplasmic portions of the heavy chain are not shown. Fig 3, B, Top view of the a1 and a2 domains display-
ing the antigenic peptide in amolecular complex for recognition by the TCR of a CD81 T cell (recognition site
outlined by pink rectangle). Fig 3, C, Side view of the a1 and a2 domains highlighting the TCR contact points
on both the a-helices and antigenic peptide. Fig 3, D, Side view of the HLA class II molecule showing the a
chain (light blue) and b chain (dark blue). In the class II protein the peptide-binding groove is made of a hel-
ices in both the a1 and b1 domains and a b-sheet formed again by both the a1 and b1 domains. Fig 3, E, Top
view of the both the a1 and b1 domains and the processed antigenic peptide fragment as they would be seen
by the TCR of a CD41 T cell. Fig 3, F, Side view highlighting the a1 and b1 domains and the antigenic peptide.
Modified with permission from Bjorkman.20
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distinct HLA-DR proteins as well. Each of these has the potential to
bind a large repertoire of antigenic peptides, making it difficult for a
pathogenic microbe to mutate its structure to a form that cannot be
recognized by binding in an HLA class II protein.

Each chain of the class II proteins contains a short cytoplasmic
anchor, a transmembrane domain, and 2 extracellular domains
designated for the a chain, a1 and a2, and for the b chain, b1 and
b2.

20 When the a and b chains pair, the a1 and b1 domains com-
bine to form a peptide-binding groove very similar in structure to
that formed by the association of the a1 and a2 domains of the
class I proteins. The a2 and b2 domains of the proteins provide
a support for this peptide-binding domain, and the b2 domain
also interacts with the CD4molecule. This provides a mechanism
by which CD4 expressed on TH cells can enhance the interaction
between these T cells and the class II–expressing APCs in a fash-
ion similar to the way binding of the HLA class I molecule by
CD8 enhances cytotoxic T-cell activation.29

The class II proteins are expressed constitutively on B cells,
dendritic cells, monocytes, and macrophages, all cells that present
antigens to CD41 T cells. Expression of MHC class II proteins can
also be induced on many additional cell types, including epithelial
and endothelial cells after stimulation with IFN-g, permitting these
cells to present antigens to CD41 T cells at sites of inflammation.

Antigens that are presented by class II proteins are loaded into
the class II peptide-binding groove through the ‘‘exogenous’’
pathway that starts by endocytosis or phagocytosis of extracel-
lular proteins (Fig 5).6 The exogenous antigens include antigenic
proteins of extracellular pathogens, such as most bacteria, para-
sites, and virus particles that have been released from infected
cells and taken up by phagocytosis, as well as environmental pro-
teins and glycoproteins, such as pollens and venoms, and alloan-
tigens. The ingested antigens are processed to linear peptide
fragments by means of proteolysis after fusion of lysosomes

with the phagocytic vacuoles or endosomes to form an acidic
compartment.30 The peptide fragments then accumulate in the
MHC II loading compartment, where they encounter nascent
class II proteins. The a and b chains of the class II molecules
are synthesized in the ER. To protect the class II molecule’s
peptide-binding groove so that it can later accommodate an an-
tigenic peptide, the a and b chains associate with the nonpoly-
morphic invariant chain (Ii), assisted by the chaperone protein
calnexin. A portion of the Ii chain designated class II–associated
invariant-chain peptide lies in the peptide-binding groove of the
class II heterodimer, preventing binding of antigenic peptides.
Once the class II–Ii complex has formed, it dissociates from cal-
nexin and is transported to the class II loading compartment.31

In the class II loading compartment, the bulk of the Ii is de-
graded by acid proteases, such as cathepsins, and exchange of
the class II–associated invariant-chain peptide for an antigenic
peptide is catalyzed by the action of the HLA-DM molecule, re-
sulting in the formation of a mature class II protein.32 The class
II proteins loaded with antigenic peptide are then delivered to
the cell surface by means of fusion of the class II1 endosome
to the plasma membrane.

Association of HLA types and disease susceptibility
Epidemiologic studies have demonstrated that more than 40

diseases are found more frequently in subjects carrying certain
HLA class I or II alleles than in the general population.33 The
magnitude of these effects can be quite large but are probably
never absolute. For example, they range from the finding that be-
tween 90% and 95% of white patients with ankylosing spondylitis
are HLA-B2734 to the observation that between 30% and 50% of
white patients with type I diabetes mellitus are heterozygous for
HLA-DQ2/DQ8.35 Interestingly, HLA-DQ6 appears to provide

FIG 4. Cellular pathway for processing and presentation of endogenous antigens. Endogenous proteins are
digested by the immunoproteasome to small peptide fragments. Production of the immunoproteasome is
induced by IFN-g, which leads to expression of LMP2 and LMP7 (which replace certain components of the
conventional cellular proteasome) and the PA28 proteasome activator that modifies the proteasome so that
it produces antigenic peptide fragments that are optimal for loading into class I molecules. Peptides are
transferred from the immunoproteasome to the ER through the transporter associated with antigen
presentation (TAP). There the peptides are loaded, with the help of tapasin, calreticulin, and the chaperone
Erp57, into a class I heavy chain that associates with a b2-microglobulin subunit before transport to the cell
surface, where it can be recognized by CD81 T cells. The association of b2-microglobulin with the class I
heavy chain is facilitated by an additional chaperone protein, calnexin. Modified with permission from
Huston.6
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dominant protection from development of type I diabetes. Most
diseases that show linkage of susceptibility to particular HLA
genes have a prominent autoimmune character. Although the
mechanisms by which HLA genotypes control susceptibility to
these diseases remains imprecisely defined, it is likely that the
participation of HLA molecules in the establishment of immune
tolerance or permitting immune recognition of environmental an-
tigens underlies this phenomenon.36,37 Protective HLA gene al-
leles might mediate the elimination in the thymus of potentially
pathogenic T cells, whereas susceptibility HLA gene alleles
might fail to contribute appropriately to elimination of pathogenic
T cells. HLA genotypes can also underlie responsiveness or non-
responsiveness to certain vaccines. For example, subjects who are
HLA-DR3 have a substantially increased incidence of nonrespon-
siveness to vaccination with hepatitis B surface antigen,38 and
subjects who are HLA-DRB1*03 or HLA-DQA1*0201 have an
increased incidence of seronegativity after measles vaccination.39

HLA-independent presentation of antigen
Antigen presentation by class I and class II HLA molecules to

CD81 and CD41 T lymphocytes is limited to protein antigens.
Initially, it was thought that responses to polysaccharide antigens
and lipid antigens was restricted to T cell–independent responses
that resulted in direct activation of B cells by an antigen with a re-
peating structure; however, recently it has become clear that there
is a class of T cells that recognizes antigens presented by mole-
cules that are not classical HLA class I or class II antigens. One
of these classes of T cells uses an antigen receptor composed of
a and b chains and recognizes lipid antigens that are presented
bound to CD1 molecules.10 CD1 molecules are structurally re-
lated to class I HLA molecules, being transmembrane proteins
with 3 extracellular domains and associating with b2-

microglobulin. There are 5 human CD1 isoforms designated
CD1a to CD1e and encoded by linked genes that are not associ-
ated with the MHC. X-ray crystallography shows that the
a1 and a2 domains of CD1 molecules associate like class I
MHC molecules to form a binding groove that can accommodate
glycolipid components of microbial pathogens.40 CD1-glycolipid
complexes can also serve as targets for recognition by T cells that
use the gd TCR (see below). This presentation of microbial gly-
colipids by CD1 molecules appears to underlie the MHC-inde-
pendent recognition of mycobacteria by both ab and gd T
cells. Glycosphingolipids, a class of carbohydrate-containing
lipids that are found in both eukaryotic and prokaryotic cells,
can also be presented by the CD1d molecule to NK-T cells, lead-
ing to their release of large quantities of immunoregulatory cyto-
kines.41 Human gdT cells can also recognize target cells by virtue
of their expression of the stress-inducible MHC class I–related
chains A and B (MICA and MICB). MICA and MICB are en-
coded by genes that lie between the TNF gene cluster in the class
III region of the MHC and the HLA-B locus in the class I region
(Fig 2). They share structural characteristics with the class I pro-
tein heavy chains but appear not to associate with b2-microglob-
ulin and not to bind antigenic peptides. Rather, they act as stress-
induced molecules that are targets for intestinal gd T cells, further
expanding the repertoire of molecules that can contribute to acti-
vation of responding T lymphocytes. In addition to the 2 func-
tional MICA and MICB genes, there are at least 3 inactive MIC
pseudogenes encoded within the class I region of the MHC (Fig
2).42

T LYMPHOCYTES
Themajor class of T cells is defined by its surface expression of

the ab TCR. This receptor has evolved primarily to recognize

FIG 5. Cellular pathway for processing and presentation of exogenous antigens. In the ER newly
synthesized class II proteins associate with the help of calnexin with an Ii protein that protects the
antigen-binding groove of the class II molecule until it is transported to the class II1 endosomal protein–
loading compartment. Exogenous antigens are taken up by phagocytosis or endocytosis, digested by the
action of lysosomal enzymes, and transported to the class II1 peptide loading compartment for loading
into a class II protein. There the Ii is proteolytically degraded and replaced by antigenic peptide with the
help of the HLA-DM protein. The assembled class II protein–peptide complex is then delivered to the plasma
membrane for recognition by CD41 T cells. Modified with permission from Huston.6
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peptide antigens presented in a complex with class I or class II
MHC proteins. ab T cells differentiate into several different
subsets, some of which (CD81 T cells) act primarily to kill cells
infected with intracellular microbes and others (CD41 T cells)
that act primarily to regulate the cellular and humoral immune re-
sponses. A small subset of ab T cells that expresses the NK1.1
(CD161) NK cell antigen (NK-T cells) are usually CD4 and
CD8 double negative, recognize glycolipid antigens presented
by the CD1d molecule, and appear to be immunoregulatory based
on their ability to release rapidly large quantities of the cytokines
IFN-g, IL-4, GM-CSF, TNF, and others.43 Details of the mecha-
nisms by which T cells develop, acquiring their antigen specific-
ity, and then are regulated as they encounter antigen in the
peripheral tissues are discussed in chapter 3 of this Primer.4 An
introductory overview is presented here.

T-cell development
Each individual T cell bears antigen receptors of a single

specificity. A repertoire of T cells that can protect against the vast
universe of microbial pathogens must therefore include a very
large number of cells encoding a huge array of discrete TCRs.
These receptors are somatically assembled from variable, diver-
sity, and joining gene elements to generate mature VaJa chains
and VbDbJb chains (see chapter 3 of this Primer).4 The assembly
of these gene elements is initiated by the lymphoid-specific re-
combinase-activating gene (RAG) 1 and RAG2 proteins, which
cleave the DNA near the V, D, and J segments, and the gene seg-
ments are rejoined by a collection of non–lymphoid-specificDNA
repair enzymes, including DNA-dependent protein kinase (DNA-
PK), Ku, XRCC4, XLF, DNA ligase IV, and the Artemis nucle-
ase.44 XRCC4, XLF, and DNA-PK help recruit the enzyme
terminal deoxynucleotidyl transferase (TdT), which adds deoxy-
nucleotides into some of the VDJ junctions, providing extra junc-
tional diversity to the recombined gene sequences.45 The action of
these recombinase enzymes results in the V, D, and J gene ele-
ments assembling in an apparently random process, producing a
huge diversity of receptor sequences but also frequently produc-
ing nonfunctional genes. Selection of cells carrying functional
TCR genes occurs in the thymus (Fig 6),6 a complex lymphoid or-
gan located in the anterior mediastinum at the base of the neck.46

The thymus contains 3 compartments. The first, the subcapsular
zone, is where bone marrow–derived prothymocytes begin to dif-
ferentiate, proliferate, and rearrange their TCRb chains. The cells
then move to the thymic cortex, where the a chain gene elements
rearrange, potentially forming a functional, mature ab TCR. In
the cortex cells test whether their receptors have sufficient affinity
for self-MHC molecules to permit them ultimately to recognize
antigen-MHC complexes. This involves interactions between
the developing lymphocyte and the specialized cortical epithe-
lium.47 If the lymphocyte fails this positive selection, then it un-
dergoes apoptosis and is cleared by thymic cortical macrophages.
Finally, in the thymic medulla cells are screened for potential au-
toreactivity. This screening includes testing for reactivity for an
extensive array of tissue-specific proteins that are expressed by
a population of thymic medullary epithelial cells under the con-
trol of a gene called autoimmune regulator (AIRE). Defective ex-
pression of AIRE gives rise to the severe autoimmune syndrome
called autoimmune polyendocrinopathy–candidiasis–ectodermal
dystrophy.48 Cells that recognize self-peptides expressed by these
epithelial cells are removed by means of apoptosis, and cells that
have survived this negative selection are exported to the

circulation. Fewer than 5% of the developing T cells survive pos-
itive and negative selection.

Approximately 90% to 95% of circulating T cells use the ab
TCR described above. The other 5% to 10% use an alternate
heterodimeric TCR composed of g and d chains. The g and d
chains also assemble by means of RAG1/RAG2-mediated rear-
rangement of V, D (for the d chain only), and J elements. A portion
of the gd T cells is generated in the thymus, but a major fraction
appears to be generated in an extrathymic compartment, resulting
in cells that largely populate the gastrointestinal tract.49

T cell–antigen receptor complex
The antigen-specific a and b chains of the TCR associate with

invariant accessory chains that serve to transduce signals when
the TCR binds to antigen-MHC complexes.50 These accessory
chains make up the CD3 complex, consisting of the transmem-
brane CD3g, CD3d, and CD3e chains plus a largely intracytoplas-
mic homodimer of 2 CD3z chains. Although the stoichiometry of
the CD3 complex is not definitively established, it appears that
each TCR ab pair associates with a CD3ge heterodimer, a
CD3de heterodimer, and a CD3z homodimer (Fig 7).

Interaction of the TCR/CD3 complex with antigenic peptide
presented in an HLA molecule provides only a partial signal for
cell activation. Full activation requires the additional participa-
tion of a costimulatory molecule, such as CD28 on the T cell and
CD80 (also designated B7.1) or CD86 (B7.2) on the APC
(Fig 7).51 In fact, interaction of peptide-MHCwith the TCR with-
out a costimulator can lead to an anergic state of prolonged T-cell
nonresponsiveness.

The cytoplasmic portions of each of the CD3 chains contain
sequence motifs designated immunoreceptor tyrosine-based ac-
tivation motifs (ITAM). When key tyrosines in these ITAMs are
phosphorylated by the receptor-associated kinases Lck and Fyn,
this initiates an activation cascade involving the proteins zeta-
chain-associated protein kinase 70 (ZAP-70), and, farther down-
stream, Linker of Activated T cells (LAT) and SH2 domain con-
taining leukocyte protein of 76kDa (SLP-76). Activation of these
proteins leads to stimulation of phospholipase C, activation of the
G proteins Ras and Rac, and both protein kinase C and the mito-
gen-associated protein kinases. Together, this complex of activa-
tion events leads to activation of genes that control lymphocyte
proliferation and differentiation.

The pathways that downregulate this activation pathway are
becoming increasingly well defined. The membrane molecule
CD45 is a key tyrosine phosphatase that occupies a central
position in this deactivating process. In addition, a specific
receptor-ligand pair, programmed death 1 and programmed death
ligand 1, transduces signals to the activated lymphocyte to inhibit
its proliferation and effector functions, thus extinguishing the T-
cell response.52 Mutations affecting the function of many of the
molecules involved in intracellular lymphoid cell-signal trans-
duction processes underlie congenital primary immunodeficiency
syndromes (see chapter 15 of this Primer).53

T-cell subpopulations
During their progress through the thymus, ab T cells differ-

entiate into discrete subpopulations, each with defined repertoires
of effector functions. The major subsets are defined by their
selective surface expression of CD4 or CD8. In the thymus most
developing T cells follow a developmental program in which in
the cortex they first express neither CD4 nor CD8 (double
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negative) and then express both CD4 and CD8 (double posi-
tive).54 Double-positive cells are tested by means of positive se-
lection in the thymic cortex, and those that are selected on class
IMHCmolecules becomeCD42CD81 and those that are selected
on class IIMHCmolecules becomeCD41CD82. The fact that the
CD4 molecule contributes to a stable interaction of the develop-
ing T cell with class II MHC molecules on the selecting APC
and that CD8 contributes to interactions with class I molecules
is central to the association of CD4 with class II MHC–restricted
antigen recognition and of CD8 with class I–restricted antigen
recognition. Cells that survive positive selection then move to
the thymic medulla for negative selection and export to the pe-
riphery. In the blood and secondary lymphoid organs, 60% to
70% of T cells are CD41CD82 (CD41) and 30% to 40% are
CD42CD81 (CD81). CD41 T cells are generally designated
helper cells and activate both humoral immune responses (B-
cell help) and cellular responses (delayed-type hypersensitivity
responses and others). CD81 cells show amajor cytotoxic activity
against cells infected with intracellular microbes and against tu-
mor cells but also contain regulatory cells that downregulate im-
mune responses (suppressor cells). A portion of the circulating
CD41 T cells play an important regulatory role that acts to
down modulate immune responses. These regulatory T (Treg)
cells fall into 2 groups. The first group develops its regulatory
function in the thymus and is known as natural Treg cells. These
cells are characterized by surface expression of the CD4 and

CD25 antigens and by nuclear expression of the forkhead box pro-
tein 3 (Foxp3) transcription factor that is essential for their devel-
opment. Amajor portion of this population’s regulatory activity is
due to its secretion of the immunomodulatory cytokines TGF-b
and IL-10.55 Under some conditions, suppression of effector T-
cell proliferation by Treg cells requires cell-cell contact. In this
situation it has been reported that TGF-b acts in a membrane-as-
sociated form.56 The second group of Treg cells is thought to dif-
ferentiate in the periphery from naive CD41T cells. Because they
appear to develop in response to stimulation with specific antigen,
they are called adaptive or induced Treg cells. Their differentia-
tion appears to depend on the presence of IL-10 during their initial
activation. Expression of Foxp3 is variable in this subset, and IL-
10 is a prominent secreted product, with TGF-b also participat-
ing.57 The phenotype of these cells can be unstable, with Foxp3
expression disappearing soon after withdrawal of the inductive
IL-10 or TGF-b. Recent studies have indicated that epigenetic
modification of the Foxp3 locus, in the form of both histone acet-
ylation and altered DNAmethylation in the area around the Foxp3
promoter, are essential for establishment of stable expression of
Foxp3 and maintenance of the Treg cell phenotype.58

Approximately 5% to 10% of T cells in the peripheral blood,
lymph nodes, and spleen are CD42CD82. Some of these cells use
ab TCRs, and others use gd TCRs. Double-negative cells do not
recognize antigen in the context of MHC class I or II. Some of
these cells recognize antigen in the class I–related protein CD1

FIG 6. Differentiation and maturation of T cells in the thymus. Hematopoietic stem cells, which do not
express CD3, CD4, or CD8 but are committed to T-cell differentiation, move from the bone marrow to the
thymic subcapsular zone. There they begin rearrangement of the TCR genes. Once a productive TCR b chain
has been produced, they move to the thymic cortex, where TCR a chain rearrangement occurs and surface
expression of the CD3, CD4, and CD8 proteins is induced. These CD41CD81 (double-positive) cells are pos-
itively selected on cortical epithelial cells for their ability to recognize self class I or class II HLA proteins. If
the developing T cell has adequate affinity to recognize a self class I protein, then it retains expression of
CD8 and extinguishes expression of CD4. If the cell recognizes a self class II protein, then it retains expres-
sion of CD4 and extinguishes expression of CD8. Selected CD4 or CD8 single-positive cells then move to the
thymic medulla, where they are negatively selected onmedullary epithelial cells to remove cells with exces-
sive affinity for self-antigens presented in HLA molecules. Cells emerge from positive selection single pos-
itive for CD4 or CD8 expression and then are exported to the periphery. Cells that fail positive or negative
selection are removed by apoptosis. A small fraction of cells differentiate to rearrange their TCR g and d
chains, rather than their TCR a and b chains. Modified with permission from Huston.6
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that is adapted to presentation of glycolipid components of myco-
bacteria and other microbes.40 A subset of double-negative gd T
cells recognizes the MHC class I chain–related proteins desig-
nated MIC.42

Both CD41 and CD81 T cells differentiate into functionally
distinct subsets after exposure to antigen. This is best described
for the transition of CD41 T cells from naive to effector popula-
tions. Resting naive CD41 T cells (designated TH cells) release
very low levels of cytokines. Early after stimulation by antigen
and APCs, the TH cells begin to produce IL-2 and are designated
TH0. As the TH cells continue to respond to the activating signal,
they progress toward polar extremes of differentiation designated
TH1, TH2, and TH17 depending on the nature of the cytokines pre-
sent at the site of activation.59 IL-12 produced by macrophages or
NK cells induces differentiation toward TH1; IL-4 produced by
NK1.11 T cells, basophils, or mast cells induces differentiation
toward TH2; and TGF-b and IL-6 produced by yet to be defined
cells induce differentiation toward TH17. TH1 cells are character-
ized by their expression of the T-box transcription factor (T-bet)
and by the production of IL-2, IFN-g, and lymphotoxin. TH2 cells
are characterized by their expression of the transcription factor
GATA3 and produce IL-4, IL-5, IL-9, IL-13, and GM-CSF, and
TH17 cells express the transcription factor Retinoic-acid-related
Orphan Receptor C isoform 2 (RORC2) and produce the

cytokines IL-6 and IL-17 (see chapter 3 of this Primer).4,60

TH17 cells are induced early in the adaptive response to extracel-
lular bacteria and help to recruit the neutrophil response that elim-
inates these pathogens. They also direct the destructive
inflammatory responses that are part of many autoimmune dis-
eases. TH1 and TH2 cells often participate together in immune re-
sponses; however, after prolonged immunization, the response
can become dominantly TH1 or TH2 like. Generally, TH1 cells
support cell-mediated immune responses, and TH2 cells support
humoral and allergic responses. CD81 T cells also can manifest
type 1 and type 2 cytokine responses, in which case the cells
are designated cytotoxic T cell type 1 and cytotoxic T cell type
2.61 Understanding the factors that govern whether a TH response
adopts a predominantly TH1-type, TH2-type, or TH17-type re-
sponse is crucial to the allergist/clinical immunologist. Recent
progress using immunization with different types of adjuvants
(eg, CpG DNA) demonstrates the feasibility of reprogramming,
in atopic patients, allergic TH2-type responses to nonallergic
TH1-type responses.

62

Superantigens
Conventional antigens bind to a subset of MHC molecules and

to a very small fraction of the huge array of TCRs. Thus a

FIG 7. The TCR complex and T-cell activation. A, the complete TCR complex includes the rearranged TCR a
and b chains and also the CD3g, CD3d, CD3e, and CD3z chains. The CD3 chains contain ITAMs in their cyto-
plasmic domains that can be phosphorylated to activate the intracellular signaling cascade for T-cell activa-
tion. The signaling protein tyrosine kinases Lck and Fyn associate with the intracellular portions of the CD4
and CD3 chains, respectively. TCR engagement by MHC plus peptide without the presence of costimulatory
proteins fails to activate phosphorylation of the CD3 ITAMs and results in anergy. B, TCR engagement by
MHC plus peptide with costimulatory interactions between CD28 on the T cell and CD80 or CD86 (B7.1 or
B7.2) on the APC results in Lck- and Fyn-dependent phosphorylation of the CD3 chains and recruitment
of the adapter protein zeta-chain-associated protein kinase 70 (ZAP-70), to the CD3 complex. This leads
to phosphorylation of ZAP-70, which induces the downstream program of T-cell activation. C, polyclonal
activation of T cells can be elicited by superantigens, which interact outside the peptide-binding groove
with the b1 chain of the class II molecule and with all Vb chains of a particular subclass. This activates
CD4-independent but Fyn-dependent phosphorylation of the CD3 chains, recruitment and phosphorylation
of ZAP-70, and cell activation.
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conventional peptide antigen activates only a very small fraction
of the total pool of T cells. Superantigens, in contrast, are
microbial products that bind to large subsets of TCR proteins and
MHC molecules, so that a single superantigen can activate up to
20% or more of the total T cells in the body. The superantigen does
this by binding without proteolytic processing to the MHC
molecule outside of the antigen-binding groove and to TCR
proteins outside of their antigen-MHC binding site (Fig 7). For ex-
ample, the toxic shock syndrome toxin 1 produced by Staphylococ-
cus aureus can activate all T cells with TCRs that use the Vb2 and
Vb5.1 chains. The activation of large numbers of T cells induced
by superantigens results in themassive release of cytokines produc-
ing clinical conditions, such as toxic shock syndrome.63

B LYMPHOCYTES
B-cell development and the B-cell antigen receptor

B cells constitute approximately 15% of peripheral blood
leukocytes. They are defined by their production of immunoglob-
ulin. Except as noted below, immunoglobulin molecules are
composed of 2 identical 50-kd heavy chains and 2 identical 25-kd
k or l light chains (see chapter 3 of this Primer).4 The amino ter-
minal portions of the heavy and light chains vary in amino acid
sequence from one antibody molecule to another. These variable
portions are designated VH and Vkor Vl, respectively. The juxta-
position of one VH segment and one Vkor Vl segment creates the
antigen-binding portion of the intact immunoglobulin molecule.
The variable regions of both the heavy and light chains contain
3 subregions that are highly variable between different antibody
molecules. These hypervariable sequences are brought together
in the immunoglobulin protein to form the antigen-binding do-
main of the molecule. Thus each immunoglobulin has 2 identical
antigen-binding sites. The carboxyl terminal portions of the heavy
and light chains are constant in each subclass of antibody. The
heavy chain constant regions pair to form the Fc domain of the
molecule that is responsible for most of the effector functions
of the immunoglobulin molecule, including binding to Fc recep-
tors and activating the complement system.

The genes encoding the k light chain are encoded on chromo-
some 2, and the genes encoding the l light chain are on
chromosome 22. The complex heavy chain locus is encoded on
chromosome 14. The light chain and heavy chain loci are each
composed of a series of V (variable) gene elements, followed by
several D (diversity) segments (for the heavy chain gene only),
some J (joining) segments, and C (constant region) exons. The

constant regions of both the k and l light chain genes are encoded
as single exons. The heavy chain gene, in contrast, contains exons
that encode 9 different constant regions that are used to produce
the different classes and subclasses of immunoglobulins (Table I).

B cells differentiate from hematopoietic stem cells in the bone
marrow. It is here that their antigen receptors (surface immuno-
globulin) are assembled from genetic building blocks in a RAG1/
RAG2-mediated process similar to that used for the production of
functional TCRs.64 The amino terminal portion of each heavy
chain is created by somatic joining of genes encoding a variable
(VH), diversity (DH), and joining (JH) region. Joining of genes en-
coding variable and constant light chain elements generates the
amino terminal portion of the light chain. The VDJ junctions
formed by this recombination make up the third hypervariable re-
gion that contributes to the antigen-binding site. The amino acid
sequence diversity of the third hypervariable region is the result of
combinatorial V-D-J joining and also of non–gene-encoded se-
quences added into the junction sites by the action of the enzyme
TdT that is expressed in developing B cells during the time this
gene rearrangement is occurring.

Establishment of the B-cell repertoire
Differentiation of stem cells to the B lineage depends on bone

marrow stromal cells that produce IL-7. The developing B cells
follow a program of differential surface antigen expression and
sequential heavy and light chain gene rearrangement (Fig 8).6

First, the recombinase enzyme complex catalyzes the fusion of
one of the DH region genes to a JH region gene with the deletion
of the intervening DNA sequences. This DHJH recombination oc-
curs on both chromosomes. Next, the recombinase joins one of
the VH region genes to the rearranged DHJH gene. TdT is ex-
pressed during this period, resulting in the addition of random nu-
cleotides into the sites of DH-JH and VH-DHJH joining, adding to
the potential diversity of amino acid sequences encoded by the re-
arranged VHDHJH gene. The rearranged VHDHJH element forms
the most 59 exon of this rearranged heavy chain gene and is fol-
lowed downstream by exons encoding the constant region of
them chain that pairs with a light chain to produce IgM and farther
downstream by exons encoding the constant region of the d chain
that is used to make IgD. m Chains and d chains are produced as a
result of alternative RNA splicing of the VHDHJH exon to either
the m or d exons. If the rearrangements of the VH, DH, and JH el-
ements yields a heavy chain transcript that is in frame and encodes
a functional heavy chain protein, this heavy chain is synthesized

TABLE I. Structure, function, and distribution of antibody isotypes

IgM IgD IgG1 IgG2 IgG3 IgG4 IgA1 IgA2 IgE

Subunit form* 5 1 1 1 1 1 1, 2 1, 2 1
Molecular weight (kd) 950 175 150 150 150 150 160, 400 160, 400 190
Concentration in serum (mg/mL) 2 0.03 10 4 1 0.5 2 0.5 0.003
Complement-activating C/A! 1/2 2/1 11/1 1/1 11/1 2/1 2/1 2/1 2/2
Macrophage FcR binding 1 2 11 11 11 2 11 11 2
Mast cell sensitizing 2 2 2 2 1 2 2 2 111
Placental transport 2 2 11 1 11 1/2 2 2 2
Mucosal transport" 2 2 2 2 2 2 111 111 2

*5, Pentamer; 2, dimer; 1, monomer.
!C, Classical pathway; A, alternative pathway.
"Dimer only.
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and pairs in the cell with 2 proteins, l5 and VpreB, which act as a
surrogate light chain (Fig 8). Expression of this pre–B-cell recep-
tor on the cell surface prevents VH to DHJH rearrangement on the
other chromosome, assuring that the developing B cell produces
only 1 antigenic specificity. This process is called allelic exclu-
sion. If the first VHDHJH rearrangement is out of frame and
does not produce a functional heavy chain protein, then a VH

gene proceeds to rearrange on the other chromosome in a second
attempt to generate a successful heavy chain rearrangement. If
this second rearrangement is unsuccessful, the cell undergoes ap-
optosis and is removed.

Once a functional heavy chain is produced, the cell down-
regulates its TdT gene and initiates light chain rearrangement.
First, a Vkelement rearranges to a Jk element. If this forms a func-
tional light chain, then the k light chain pairs with the heavy chain
to form a functional immunoglobulin protein and further light
chain rearrangement stops. If the first k rearrangement fails,
then rearrangement proceeds on the other chromosome. If that
fails, then rearrangement of the l chains proceeds. The RAG1
and RAG2 genes are only expressed during times of heavy and
light chain rearrangement, except that some B cells that express
autoreactive receptors appear able to re-express their RAG genes
and undergo receptor editing by secondary rearrangements of
their already rearranged immunoglobulin genes.65 These pro-
cesses result in the assembly of the antigen-binding component
of the B-cell receptor. Like the TCR, the fully mature B-cell re-
ceptor also includes additional transmembrane proteins

designated Iga and Igb that activate intracellular signals after re-
ceptor binding to antigen.66,67 B cells also have a coreceptor com-
plex consisting of CD19, CD81, and CD21 (complement receptor
2) that is activated by binding to the activated complement protein
C3d.68 Both Iga and Igb have ITAMdomains in their cytoplasmic
regions and use similar signal transduction pathways compared
with those for T cells. The B-cell pathway includes the Src family
of kinases, Blk, Fyn, and Lyn, which phosphorylate the ITAMs on
the Iga and Igb chains. The activation signal is then passed
through the tyrosine kinase Syk and the B-cell linker protein
(BLNK) to the downstream signaling components phospholipase
C and guanine nucleotide exchange factors. Ultimately, as in T
cells, activation of protein kinase C, calcium mobilization, and
Ras/Rac-dependent activation of mitogen-associated protein ki-
nases leads to activation of new gene transcription that causes
cell proliferation and maturation.

Isotype switching and affinity maturation
Naive B cells express IgM and IgD on their cell surfaces. As

described above, these 2 immunoglobulin isotypes are expressed
by alternative splicing of the same VHDHJH exon to the m and d
heavy chain exons. For all heavy chain genes, alternative splicing
also permits expression of both membrane-bound (splicing in a
transmembrane exon) and secreted (transmembrane exon spliced
out) antibody. As B cells mature under the influence of TH cells, T
cell–derived cytokines induce isotype switching. Isotype

FIG 8. B-cell differentiation and development. B cells differentiate in the bone marrow from stem cells to
become mature surface IgM- and IgD-expressing cells. This occurs in the absence of antigen. In peripheral
lymphoid tissues the B cell can thenmature further under the influence of antigen and T-cell help to undergo
isotype switching and affinity maturation by means of somatic mutation. The factors controlling the final
differentiation from antibody-secreting B cell to plasma cell are incompletely characterized but require the
participation of the transcription factors B-lymphocyte-induced maturation protein 1 (Blimp-1), X-box
binding protein 1 (Xbp1), and interferon regulatory factor 4 (IRF4). Correlations are show between the stage
of cell differentiation and the expression of key molecules in the cell (TdT, RAG1/RAG2, and cytoplasmic m)
and on the cell surface (class II, CD19, CD21, CD25, CD45, and surface immunoglobulin). Modified with per-
mission from Huston.6
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switching is a process of DNA rearrangement mediated in part by
the RNA-editing enzyme activation-induced cytidine deaminase,
uracil DNA glycoslyase, the endonuclease APE1, and the DNA
repair enzyme DNA-PK. Switching moves the rearranged
VHDHJH exon into a position immediately upstream of alternative
heavy chain exons. This permits a functionally rearranged
VHDHJH exon to be used to produce antibodies of different iso-
types but the same antigenic specificity.69 T cell–derived IL-10
causes switching to IgG1 and IgG3. IL-4 and IL-13 cause switch-
ing to IgE, and TGF-b causes switching to IgA. IFN-g or some
other undefined product of TH1 cells appears to induce switching
to IgG2.

At the same time as B cells undergo isotype switching, an
active process produces mutations, apparently randomly, in the
antigen-binding portions of the heavy and light chains. This
process, designated somatic mutation, also appears to require
activation-induced cytidine deaminase, uracil DNA glycoslyase,
APE1, and DNA repair enzymes.70 If these mutations result in
loss of affinity for the antigen, the cell loses important receptor-
mediated growth signals and dies. If, however, the mutations re-
sult in increased affinity for the antigen, then the cell producing
that antibody has a proliferative advantage in response to antigen
and grows to dominate the pool of responding cells. Somatic mu-
tation and clonal expansion of mutated cells occurs in the germi-
nal centers of secondary lymphoid tissues.71

T cell–dependent B-cell responses
Antigens that activate T cells and B cells establish immuno-

globulin responses in which T cells provide ‘‘help’’ for the B cells
to mature. This maturation includes both induction of isotype
switching, in which the T-cell cytokines control the isotype of
immunoglobulin produced, and activation of somatic mutation.
The cellular interactions underlying T-cell help are driven by the
specific antigen and take advantage of the ability of B cells to
serve as APCs. B cells that capture their cognate antigen through
their membrane immunoglobulins can internalize the antigen and
process it intracellularly for presentation on the cell surface in the
B cell’s class II HLA proteins. Uptake of antigen induces
increased class II expression and expression of CD80 and
CD86. T cells activated by this combination of costimulator and
antigen–class II complex on the B cell then signal reciprocally to
the B cell through the interaction of the T-cell CD40 ligand with
B-cell CD40. Signaling through CD40 is essential for induction of
isotype switching, and human patients with defects in the X
chromosome–encoded CD40L gene manifest X-linked hyper-
IgM syndrome, and patients with mutant CD40 show autosomal
recessive hyper-IgM syndrome.72

Isotype switching and somatic mutations are strongly associ-
ated with the development of B-cell memory. Memory responses,
defined as rapid induction of high levels of high-affinity antibody
after secondary antigen challenge, are characterized by produc-
tion of IgG, IgA, or IgE antibodies and by somatic mutations in
the antigen-binding domains of the heavy and light chains of these
antibodies.73 The development of B-cell memory is critical to the
success of vaccination against pathogens and also perpetuates the
pathology of many autoimmune and allergic syndromes. Under-
standing how to enhance or reduce memory responses will pro-
vide important new therapeutic opportunities to the clinical
immunologist.

T cell–independent B-cell responses
B cells can also be activated successfully without T-cell help. T

cell–independent B-cell activation occurs without the assistance
of T-cell costimulatory proteins. In the absence of costimulators,
monomeric antigens are unable to activate B cells. Polymeric
antigens with a repeating structure, in contrast, are able to activate
B cells, probably because they can cross-link and cluster immu-
noglobulin molecules on the B-cell surface. T cell–independent
antigens include bacterial LPS, certain other polymeric polysac-
charides, and certain polymeric proteins. Somatic mutation does
not occur in most T cell–independent antibody responses. Con-
sequently, immune memory to T cell–independent antigens is
generally weak. This is why it is difficult to create fully protective
vaccines directed against polysaccharide components of mi-
crobes. Covalent attachment of the polysaccharide component
to a carrier protein to recruit T-cell help as part of the response can
induce a beneficial memory response. The value of coupling a
polysaccharide antigen to a carrier protein was observed in the
Haemophilus influenzae type B vaccine. The original polysac-
charide vaccine provided low antibody titers and no protection
for children less than 18 months of age. The current conjugate
vaccine generally provides higher antibody titers and protection
beginning at 2 to 4 months of age.

LYMPHOID TISSUES
Cellular interactions are essential for a normally regulated,

protective immune response. In particular, T-cell help is needed to
generate high-affinity antibodywithmemory against most protein
antigens. A major challenge for the immune system of a naive
subject is to bring rare antigen-specific B cells together with rare
antigen-specific T cells and antigen-charged APCs. The primary
role of the secondary lymphoid tissues is to facilitate these
interactions. Generally, the secondary lymphoid organs contain
zones enriched for B cells (follicles) and other zones enriched for
T cells.74 The B-cell zones contain clusters of follicular dendritic
cells that bind antigen-antibody complexes and provide sites
adapted to efficient B-cell maturation, somatic mutation, and se-
lection of high-affinity B cells. The T-cell zones contain large
numbers of dendritic cells that are potent APCs for T-cell activa-
tion. The tissues also contain specialized vascular structures for
recruitment of cells into the tissue. High endothelial venules in
lymph nodes, Peyer patches, and mucosa-associated lymphoid
tissues are vascular sites that efficiently extract naive Tand B cells
from the circulation into the lymphoid organ. The marginal sinus
probably serves a similar function in the spleen. Afferent lym-
phatic vessels provide efficient entry of antigen-charged anti-
gen-transporting cells (eg, epidermal Langerhans cells) from
peripheral tissues into lymph nodes. Efferent lymphatic vessels
permit efficient export of antigen-experienced cells back into
the circulation. Programmed release of distinct chemokines
within the lymphoid tissues orchestrate the coming together of an-
tigen-responsive B and T cells and then migration of the activated
B cells and selected T cells to the follicular dendritic cell clusters,
where they can form a germinal center.75 In addition to chemo-
kine signals that control leukocyte entry into andmigrationwithin
secondary lymphoid tissues, it is now understood that specific sig-
nals, especially those provided by the lysophospholipid sphingo-
sine-1-phosphate, regulate the egress of cells out of the lymphoid
tissues and into the circulation.76
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Although potent adjuvants can induce some degree of affinity
maturation in the setting of congenital absence of lymph nodes
and Peyer patches, these secondary lymphoid organs are gener-
ally essential for the induction of an efficient, protective immune
response. Ectopic lymph node–like structures designated tertiary
lymphoid tissues can form at sites of chronic inflammation, such
as the synovial membrane of a joint affected by rheumatoid
arthritis. Immune reactions ongoing in these tertiary lymphoid
tissues can contribute importantly to the pathogenesis of the
inflammatory disease.

SIGNALING BY CYTOKINES
Cytokines act on cells through transmembrane cell-surface

receptors. Binding of the cytokine to the receptor elicits its
cellular response by activating an intracellular signal transduction
pathway, which ultimately leads to induction of new gene
transcription and synthesis of new cellular proteins. Most cyto-
kine receptors signal by using one of the Janus kinase (Jak) family
of molecules that then acts on the signal transducer and activator
of transcription (STAT) family of proteins. Specific Jak proteins
associate with the cytoplasmic domain of the cytokine receptor.
When the receptor is activated by binding the cytokine, the Jak
phosphorylates its respective STAT protein, causing the STAT to
dimerize and translocate into the nucleus, where it then initiates
new gene transcription. The essential role of Jak and STAT
proteins in immune regulation is seen in subjects with inherited
deficiency of these molecules (see chapter 12 of this Primer).77

Jak3 interacts with the gc protein, a subunit of several cytokine
receptors, including the receptors for IL-2, IL-4, IL-7, IL-9,
IL-15, and IL-21. Deficiency of the autosomally encoded Jak3
protein causes autosomal recessive severe combined immunode-
ficiency.78 Deficiency of the X chromosome–encoded gc protein
causes X-linked severe combined immunodeficiency.79 Mutation
of STAT1 causes susceptibility to infection with mycobacteria
and a variable increase in susceptibility to viral infections because
of impaired ability to respond to signals from either type I or type
II interferons.80 Homozygous deficiency of STAT3 in mice is em-
bryonic lethal, but heterozygous deficiency of STAT3 in human
subjects causes autosomal dominant hyper-IgE syndrome associ-
ated with deficiency of TH17 cell differentiation.

81 Deficiency of
STAT4 blocks IL-12 signal transduction, resulting in impaired
development of TH1 cells. And STAT6-deficient mice showed
impaired signaling through the IL-4 receptor and inability to
generate TH2 cell–dependent responses.82

EFFECTORS OF INNATE IMMUNITY
Although the adaptive T- and B-cell immune responses provide

important protection for the host and permit the development of
immune memory, mutations in elements of the innate immune
response demonstrate that innate immune effectors are critical for
effective host defense. Initially, the innate and adaptive immune
responses were thought to act independently, with the innate
response providing the first line of defense against invading
microbes and the adaptive response being activated later to
sterilize the infection. It is now apparent that the adaptive
response has co-opted many of the innate effector mechanisms
to enhance its effectiveness. Additionally, the adaptive immune
system requires innate signals for its activation. By using innate
signals to help initiate its responses, the adaptive immune system

takes advantage of the innate system’s ability to discriminate
between contact with dangerous pathogens and innocuous or even
beneficial microbes and environmental factors. This ability of the
innate immune system to sense danger is essential for well-
regulated immune responses. Thus the innate and adaptive arms
of the immune response should be viewed as complementary and
cooperating.

Toll-like receptors
Toll was first identified in Drosophila species, where it was

found to control the polarity of the developing embryo and later
was recognized to participate in the fly’s antifungal immunity.
Cloning of the Drosophila species’ Toll showed that it encoded
a transmembrane receptor whose extracellular domain con-
tained leucine-rich repeating units, whereas its cytoplasmic do-
main had homology to the cytoplasmic domain of the IL-
1 receptor of mammals (designated the Toll/IL-1 receptor do-
main [TIR]). This suggested that there might be Toll homo-
logues in mammals. Indeed, 10 human Toll-like receptors
(TLRs) have now been defined. The TLRs appear largely to rec-
ognize pathogen-associated molecular patterns.83 These include
LPS from gram-negative bacteria, peptidoglycan, lipoteichoic
acid, lipoarabinomannan, bacterial flagellar proteins, viral dou-
ble-stranded RNA, and unmethylated DNA with CpG motifs
characteristic of microbial DNA. TLRs are particularly found
on macrophages and dendritic cells but also are expressed on
neutrophils, eosinophils, epithelial cells, and keratinocytes. Al-
though activation of some TLRs can activate or potentiate an al-
lergic TH2-type response, activation of most TLRs elicits
mediators that program CD4 T cells toward a nonatopic TH1 re-
sponse. TLR9, activated by interaction with CpG DNA, pro-
vides the molecular basis for efforts to divert TH2-driven
atopic responses to nonatopic TH1-dominated responses.84

Downstream signal transduction through most TLRs is depen-
dent on myeloid differentiation primary response gene 88
(MyD88), a cytoplasmic adapter protein. MyD88 also mediates
signaling through the IL-1 receptor. MyD88 deficiency leads to
life-threatening, recurrent pyogenic infections.85

Nucleotide-binding domain leucine-rich repeat
proteins and the inflammasome

All of the TLR proteins are transmembrane molecules, some of
which are expressed on the plasma membrane of the cell where
they can interact with extracellular triggering molecules, and
some of which are expressed on intracellular membranes where
they can interact with structures on intracellular microbes and
viruses. Another set of pattern-recognition molecules, designated
nucleotide-binding domain leucine-rich repeat (NLR) proteins,
has also been identified. Thesemolecules are cytosolic and appear
to interact with soluble intracellular ligands. Like the TLRs, the
NLR proteins are characterized by the presence of leucine-rich
repeat structures that are thought to contribute to their ability to
bind to conserved microbial structures. The NLR proteins can
also recognize endogenous signals of cellular damage, such as
uric acid crystals. More than 20 NLR-encoding genes have been
identified in the human genome. Most are characterized by the
presence of a C-terminal leucine-rich repeat domain that is
thought to interact with microbial structures, a central nucleotide-
binding oligomerization domain that is used to form multimeric
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complexes of the NLR, and an N-terminal effector domain that
allows the NLR to recruit a class of intracellular cysteine
proteinases (caspases) that activate the cellular apoptosis path-
ways or that activate the nuclear factor kB transcription factor to
induce a broad proinflammatory response.86 One of the NLR pro-
teins, designated Nacht domain-, leucine-rich repeat-, and PYD-
containing Protein 3 (NALP3), has a special function in the innate
immune response. Activation of NALP3 leads to its association
with the intracellular adapter protein that is designated apopto-
sis-associated speck-like protein containing a caspase recruitment
domain (ASC), which combines with and activates caspase-1,
leading to an active enzyme complex termed the inflammasome.
The inflammasome functions to activate the potent proinflamma-
tory molecules IL-1, IL-18, and IL-33.87Recent studies have
shown that alum, the most common adjuvant in vaccines adminis-
tered to human subjects, is taken up by phagocytic cells, where it
activates NALP3, activating the inflammasome. This is crucial for
its adjuvant activity. If any one of NALP3, ASC, or caspase-1 is
absent or defective, then alum can no longer serve to augment
the antibody response.88

Dectin-1, collectins, pentraxins, and ficolins
Additional pattern-recognition proteins that contribute to the

innate response to microbes include dectin-1, the collectins,
certain of the pentraxins, and the ficolins.

Dectin-1 is a transmembrane receptor that is activated when it
binds b-glucans that are major components of the cell walls of
yeast.89

The 3 major collectins in human subjects, mannan-binding
lectin (MBL) and surfactant proteins A and D, are all expressed at
substantial levels in the human airway and recognize microbial
carbohydrates through their carbohydrate recognition domains.
Activation of the collectins opsonizes themicrobe for phagocytosis
and activates the expression of proinflammatory cytokines and the
production of antimicrobial reactive oxygen free radicals.90

The pentraxins are a group of homopentameric proteins that
also recognize microbial molecular patterns. The best known are
the short pentraxins, C-reactive protein and serum amyloid P-
component. C-reactive protein binds to bacterial low-density
lipoproteins, a variety of bacterial polysaccharides, apoptotic host
cells, and nuclear material and induces activation of the comple-
ment system (see below) and phagocytosis. Serum amyloid
P-component recognizes microbial carbohydrates, nuclear sub-
stances, and amyloid fibrils and thus contributes to the host
response to clear infections, autoimmunity, and amyloidosis.91

The ficolins contain carbohydrate recognition domains that
share structure with fibrinogen.2 After binding to carbohydrates
on a microbe, they activate complement through the lectin path-
way (see below) and thus contribute importantly to clearance of
the microbe.

Chitinases
Chitin is a biopolymer of N-acetyl-b-D-glucosamine, which is

the major constituent of the cell walls of fungi and the exoskel-
etons of helminths, insects, and crustaceans. It is thought to be the
second most abundant glycopolymer in the world. Chitinase
designates a group of enzymes that digest chitin, both for the
purpose of cellular and tissue remodeling during homeostasis in
these organisms and for digestion of these organisms by the

mammalian innate immune response. Because infestation with
helminths and some of the chitin-expressing insects leads to the
induction of high levels of IgE antibodies and eosinophil-
predominant inflammation, scientists have investigated chitinase
in human allergic disease. These studies have shown that chitin
is a potent inducer of the production of TH2 cytokines and leads
to the accumulation of eosinophils and basophils in chitin-chal-
lenged tissues. Although mammals do not synthesize chitin,
they do express both enzymatically active chitinases and enzy-
matically inactive chitinase-like proteins (CLPs).92 The acidic
mammalian chitinase (AMC) rapidly degrades chitin, contribut-
ing importantly to host defense against chitin-expressing orga-
nisms, dramatically reducing the allergic inflammatory
response these organisms induce.93 AMC, which is expressed
in epithelial cells, as well as tissue leukocytes, and the related
chitin-digesting enzyme chitotriosidase are anti-inflammatory
in settings of chitin challenge and thus form part of the innate
host defense mechanisms. The biologic functions of the enzy-
matically inactive CLPs are not known; however, the fact that
many of them, including the human YKL-40 protein, avidly
bind and sequester chitin and its degradation products suggests
that they might have immunoregulatory functions.93 Levels of
AMC and CLP are both dramatically increased in the lungs of
asthmatic subjects, suggesting that these molecules might con-
tribute to the immunopathology of these disorders and might
be appropriate targets for new drug therapy of this important
clinical disorder.94,95

Phagocytic cells
The major phagocytic cells are neutrophils, macrophages, and

monocytes. These cells engulf pathogenic microbes and localize
them in intracellular vacuoles, where they are exposed to toxic
effector molecules, such as nitric oxide, superoxide, and degra-
dative enzymes in an effort to destroy the organism. Phagocytic
cells use a variety of Fc and complement receptors to enhance
uptake of particles that have been marked by the adaptive and
innate immune systems for destruction.

Natural killer cells
Natural killer (NK) cells are thought to represent a third lineage

of lymphoid cells. When activated, they have the morphology of
a large granular lymphocyte. They develop in the bone marrow
under the influence of IL-2, IL-15, and bone marrow stromal
cells. They represent only a small fraction of peripheral blood
cells and a small fraction of lymphoid cells in the spleen and
other secondary lymphoid tissues. NK cells have no antigen-
specific receptors. Their cytotoxic activity is inhibited by
encounter with self-MHC molecules through inhibitory recep-
tors on their surface that recognize class I HLA molecules. They
thus kill self cells that have downregulated class I molecule
expression. This is important in host defense because several
viruses have developed mechanisms to downregulate class I
expression in infected cells as a strategy to avoid CD81 cell
killing. NK cells, however, also possess activating receptors.
The nature of the ligands for these receptors and the mecha-
nisms by which they contribute to identifying proper targets
for NK cell cytotoxicity are currently under investigation. NK
cells can destroy target cells through antibody-dependent cell-
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mediated cytotoxicity. They have prominent antitumor effects
and are potent killers of virally infected cells.96

Complement
The complement system is a very important effector compo-

nent of both adaptive and innate immunity. The complement
system is composed of more than 25 plasma and cell-surface
proteins that include 3 activation pathways (Fig 9) and soluble and
membrane-bound downmodulating regulatory pathways.97,98

Many of the proteins of the activation pathway are proteinases,
and activation occurs in a cascade by means of proteolytic activa-
tion of one zymogen that then activates the next zymogen in the
pathway. The main goal of the activation pathway is to mark tar-
gets permanently for destruction, to recruit other proteins and
cells that facilitate target destruction, and, in the case of some bac-
teria and viruses, to participate directly in the destructive process
through osmotic lysis of the pathogen. Antigen-antibody com-
plexes provide the activating signal for the classical pathway of
complement activation. Sequential activation of complement
components C1, C4, and C2 produces the key enzyme in the path-
way, the C3 convertase, which acts to cleave and activate C3. The
cleavage results in release of the small C3a fragment, a potent an-
aphylatoxin that induces mast cell degranulation, creates edema
and recruits phagocytic cells, and the larger C3b fragment, which
covalently attaches to the activating antigen, marking it for de-
struction. C3b serves both as a site for activation of C5 that be-
comes a site for attack of the complement membrane attack
complex (MAC), a self-assembling pore-forming complex of se-
rum proteins that kills targets by osmotic lysis. C3b also acts as an
opsonin, enhancing phagocytosis through its binding to comple-
ment receptors on the surfaces of neutrophils and macrophages.99

The second activation pathway, the alternative pathway of
complement activation, is activated without antibody by micro-
bial structures that neutralize inhibitors of spontaneous comple-
ment activation. This activation pathway can deposit more than
105molecules of C3b on a single bacterium in less than 5minutes.
C3b deposited in this way then triggers the MAC and also en-
hances phagocytosis and killing.100

The third activation pathway is triggered bymicrobial cell-wall
components containing mannans and is called the lectin pathway
of complement activation.101 The interaction of mannan-contain-
ing microbes with plasma MBL activates the zymogenic plasma
proteases MBL-associated serine protease 1 and 2. These form
a protease analogous to the activated C1 of the classical pathway
that then goes on to activate C4, C2, and the remainder of the path-
way. The lectin pathway can also be activated by complexes of
microbes and host pentraxins and ficolins. Together, these 3 acti-
vation pathways permit complement to participate in the
destruction and clearance of a wide variety of pathogens and
macromolecules.

The effector mechanism of complement is potent and recruits
intense local inflammation. There are several plasma proteins
(factor H and C4 binding protein) and membrane proteins
(complement receptors 1-4, decay-accelerating factor, and mem-
brane cofactor protein) that inhibit the complement activation
pathways to prevent unwanted damage to host tissues.101

The importance of the activation and regulatory pathways of
complement are underscored by the dramatic phenotype of
inherited deficiencies of individual components.97,101

Deficiencies of components of the MAC lead to increased

susceptibility to infection with Neisseria species. Deficiency of
C3 results in life-threatening susceptibility to pyogenic infec-
tions, which are often fatal during childhood. Deficiency of C4
or C2 causes a lupus-like immune complex disease, indicating
that one of the roles of the classical pathway is to participate in
the host response to and clearance of immune complexes. Defi-
ciency of the serum inhibitor of C1 (an inhibitor of spontaneous
activation of C1 and also of several components of the fibrinolytic
pathway) leads to episodic mast cell–independent episodes of an-
gioedema. Clonal hematopoietic lineage deficiency of the regula-
tory protein decay-accelerating factor (expressed on erythrocytes,
leukocytes, and endothelial cells) causes paroxysmal nocturnal
hemoglobinuria.102

LEUKOCYTE ADHESION AND TISSUE
INFLAMMATION

Recruitment of leukocytes both to secondary lymphoid tissues
and to peripheral tissue sites of microbial invasion is essential for
intact host defense. Cellular adhesion molecules and chemotactic
proteins both contribute importantly to this process.103 There are
3 main families of cell adhesion proteins: selectins, integrins, and
immunoglobulin domain cell adhesion molecules. In addition to
mediating recruitment to tissues, these molecules contribute to
cell-cell interactions between leukocyte subsets and can contrib-
ute to intercellular and intracellular signaling.104

There are 3 selectin glycoproteins, designated L-selectin, E-
selectin, and P-selectin. Selectins are present on the surfaces of all

FIG 9. The activation pathways of complement. Three pathways lead to
activation of complement. The classical pathway is initiated by complexes
of IgM, IgG1, or IgG3 with antigens. This activates proteolysis of C1 that
cleaves C4 and C2 to form the classical pathway C3 convertase. The man-
nose lectin pathway is activated by interaction of mannan-containing mi-
crobes with MBL, which activates MBL–associated serine protease
(MASP) 1 and 2 to cleave C4 and C2, again forming a C3 convertase. The al-
ternative pathway is initiated by interactions between microbial antigens
and inhibitory complement regulatory proteins. This permits autoactiva-
tion of the pathway in which C3 interacts with factor B and factor D to gen-
erate the alternative pathway C3 convertase. These convertases all cleave
C3 to generate the anaphylatoxic C3a fragment and depositing C3b on
the activating microbial particle or immune complex. This opsonizes the
particle for phagocytosis and initiates the activation of the MAC. The C5a
fragment that is proteolytically released from C5 also is a highly anaphyla-
toxic molecule that induces intense local inflammation.
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leukocytes and on endothelial cells. Leukocytes also express
ligands for selectins. The interactions between selectin ligands on
leukocytes and selectins on vascular endothelial are low affinity
and lead to rolling of cells along the vessel wall.103

Rolling cells can then be induced to arrest and adhere firmly to
the endothelium through interactions between integrins on the
leukocyte surface and immunoglobulin domain cell adhesion
molecules on the endothelial cells. Integrins are heterodimers of
one a and one b chain. Key integrins for leukocyte adhesion are
lymphocyte function–associated antigen 1 (CD11a/CD18, aLb2),
very late antigen 4 (CD49d/CD29, a4b1), and Mac-1 (CD11b/
CD18, aMb2), which bind to the immunoglobulin domain cell ad-
hesion molecules intercellular adhesion molecule 1, vascular cell
adhesion molecule 1, and intercellular adhesion molecule 1/C3b,
respectively. Binding of leukocytes to endothelial cells is en-
hanced by the expression of chemokines by the endothelial cells
or by underlying damaged cells and tissues (see chapter 5 of this
Primer).105

CELLULAR HOMEOSTASIS
After an immune response is completed, the majority of

antigen-responsive cells must be removed to prepare for the
next immune challenge faced by the organism. Removal of
effector cells without causing inflammation and tissue damage is
best achieved by inducing the unwanted cells to undergo
apoptosis. Molecules of the TNF family provide strong signals
for the apoptotic programmed cell death pathway. TNF, signaling
through the type I TNF receptor, induces death in tumor cells and
at sites of ongoing inflammation. An alternative apoptosis-
inducing receptor, Fas, is more specifically involved in regulatory
apoptotic events. Fas, for example, transmits important apoptotic
signals during thymic T-cell selection.55,106 It also contributes to
the regulation of autoreactive cells in the periphery.107 Defects in
Fas or in its ligand, FasL, result in autoimmune disorders with
prominent lymphoproliferation.108 Thus deregulated Fas or its
ligand might contribute importantly to autoimmune diseases.

TOLERANCE, IMMUNOPATHOLOGY, AND ATOPY
The goal of a properly regulated immune response is to protect

the host from pathogens and other environmental challenges
without causing unnecessary damage to self-tissues. In the case of
infection with viruses or intracellular bacteria and parasites, it is
often impossible to eradicate the pathogen without destroying the
infected cells. In cases like this, the use of cellular apoptosis as a
mechanism for removing infected cells provides an elegant way
to reduce damage to nearby uninfected cells. Infected cells that
undergo apoptosis are generally fragmented into membrane-
enclosed vesicles that can be taken up by healthy phagocytic cells
and digested so as to eliminate both the potentially inflammatory
contents of the infected cell and also the microbe that was
multiplying inside the cell.

Some degree of local inflammation is, however, often an
important part of an effective host immune response. The key
elements of inflammation are part and parcel of the host’s
mobilization of its defense and repair responses. When inflam-
mation is modest and controlled, normal tissue architecture and
function can be restored after the pathogen or toxin has been
eliminated. If the inflammatory response is excessively severe,
however, there is danger of lasting tissue damage and the

development of fibrosis during the resolution of the inflammatory
state.109 Mild fibrosis is physiologic and generally does not inter-
fere with normal tissue function; however, when inflammation is
either very severe or becomes chronic, the resulting fibrosis can
lead to profound organ dysfunction. There has been important
progress over the last several years in understanding the mecha-
nisms that control the transition from physiologically appropriate
inflammation and tissue repair to damaging fibrosis. A common
theme underlying the fibrotic process is the local production of ac-
tivated fibroblasts through the action of selected cytokines and
other mediators on tissue epithelial cells. Through the process
of epithelial to mesenchymal transition, epithelial cells are
thought to be converted to activated fibroblasts and myofibro-
blasts that are then responsible for the tissue changes that lead
to fibrosis.110 Development of therapeutics that target the media-
tors of tissue fibrosis might prevent many of the long-term com-
plications of chronic inflammation.

Perhaps more puzzling are conditions in which tissue inflam-
mation appears to develop without any underlying infectious or
noxious stimulus. Prominent in these are autoimmune diseases
and atopic illnesses. These disorders appear to represent a
fundamental misdirection of the immune response, resulting in
tissue damage when no real danger was present. The growing
spectrum of autoimmune diseases appears to represent a break-
down in self-tolerance. This leads to the induction of both cellular
and humoral immune responses against components of self-
tissues. Usually, both the cellular and humoral aspects of these
pathologic responses have features of a TH1-type or TH17-type
CD4 T-cell response, suggesting that defective regulation of ei-
ther T-cell differentiation or activation underlies the response.111

Atopic diseases rarely manifest autoimmune character (although
some forms of chronic urticaria are thought to have an autoim-
mune cause; see chapters 12 and 17 of this Primer).77,112 Rather,
they appear to represent an overly aggressive TH2-type response,
leading to hypersensitivity to a broad spectrum of normally en-
countered environmental antigens. Epidemiologic studies have
demonstrated that there is an inherited component to both the au-
toimmune and atopic diseases.113 There also appears to be a
strong interplay with environmental factors, perhaps including
unrecognized infectious microbes or toxic agents in the environ-
ment. The central role of Treg cells in controlling all aspects of the
CD4 T-cell response and the observation that congenital absence
of Treg cells (as in the immune dysregulation, polyendocrinop-
athy, enteropathy, X-linked syndrome) leads to development of
an aggressive autoimmune state114 suggest that disturbed Treg
cell function might underlie all autoimmune and atopic diseases.
Although disordered TH1, TH17, and TH2 responsiveness is a ma-
jor manifestation of these illnesses, the disorders do not simply
represent a predisposition to overpolarization of the CD41 T-
cell response. Epidemiologic studies have shown that the pres-
ence of atopy shows little protection against development of the
TH1/TH17-predominant illness rheumatoid arthritis.115 In fact,
other studies have suggested that patients with an autoimmune ill-
ness are more likely to have an atopic disorder, suggesting that
they have a common underlying cause.116 Development of a thor-
ough understanding of the mechanisms underlying these 2 types
of T cell–mediated inflammation will lead to important new ther-
apeutic options for successful treatment of these common
diseases.117

A special situation in which tolerance is modulated in a
physiologic way concerns the suppression of the maternal
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immune response to permit the maintenance of the semialloge-
neic fetus and placenta in the setting of normal pregnancy. Recent
studies have demonstrated that in midgestation human fetuses
20% to 25% of the CD4 T cells in the lymph nodes and spleen had
a Treg cell phenotype, and levels of TGF-bwere remarkably high
in these lymphoid organs.118 Additionally, lymphocytes in these
secondary lymphoid tissues were poorly activated when exposed
to an allogeneic stimulus.119 These high numbers of Treg cells re-
turned to normal shortly after delivery. Interestingly, spontaneous
abortion has been associated with loss of normal pregnancy-asso-
ciated immune suppression.118 Alterations in Treg cell function
do not constitute the entire mechanism underlying the tolerance
of pregnancy. Other studies have shown very high levels of ex-
pression of galectin-1, an immunoregulatory glycan-binding pro-
tein, in fetal tissues and loss of galectin-1 in failing
pregnancies.120 Additionally, levels of thymic stromal lympho-
poietin are increased in pregnancy, and this induces placental den-
dritic cells to drive the differentiation of TH cells that produce
abundant levels of IL-10, an immunomodulating cytokine well
adapted to help maintain the fetal allograft.121 Understanding
the mechanisms that control tolerance to the fetal allograft might
provide new insights into the regulatory systems that have failed
in autoimmunity and atopy.

CONCLUSION
The immune system uses many mechanisms to combat

infection by microbes and to avoid coincidental damage to
self-tissues. These mechanisms work together, and the fully
integrated immune response draws elements from many effector
systems to tailor a response to the specific invading pathogen or
toxic agent. Abnormal regulation of the various effector mech-
anisms can lead to chronic or acute tissue damage. Understand-
ing the relationships between the different immune effector
pathways will permit improved immunomodulatory therapeutics,
development of improved vaccines, and avoidance of unintended
tissue injury.

REFERENCES
1. Hiemstra PS. The role of epithelial beta-defensins and cathelicidins in host de-

fense of the lung. Exp Lung Res 2007;33:537-42.
2. Holmskov U, Thiel S, Jensenius JC. Collectins and ficolins: humoral lectins of

the innate immune defense. Annu Rev Immunol 2003;21:547-78.
3. Sjoberg AP, Trouw LA, Blom AM. Complement activation and inhibition: a del-

icate balance. Trends Immunol 2009;30:83-90.
4. Bonilla FA, Oettgen HC. Adaptive immunity. J Allergy Clin Immunol 2010;125:

S33-40.
5. Schroeder HW, Cavacini L. Structure and function of immunoglobolins. J Allergy

Clin Immunol 2010;125:S41-52.
6. Huston DP. The biology of the immune system. JAMA 1997;278:1804-14.
7. Robin C, Bollerot K, Mendes S, Haak E, Crisan M, Cerisoli F, et al. Human pla-

centa is a potent hematopoietic niche containing hematopoietic stem and progen-
itor cells throughout development. Cell Stem Cell 2009;5:385-95.

8. Brignier AC, Gewirtz AM. Embryonic and adult stem cell therapy. J Allergy Clin
Immunol 2010;125:S336-44.

9. Jonsson AH, Yokoyama WM. Natural killer cell tolerance licensing and other
mechanisms. Adv Immunol 2009;101:27-79.

10. Balato A, Unutmaz D, Gaspari AA. Natural killer T cells: an unconventional
T-cell subset with diverse effector and regulatory functions. J Invest Dermatol
2009;129:1628-42.

11. Kennedy AD, DeLeo FR. Neutrophil apoptosis and the resolution of infection.
Immunol Res 2009;43:25-61.

12. Benoit M, Desnues B, Mege JL. Macrophage polarization in bacterial infections.
J Immunol 2008;181:3733-9.

13. Gordon S. Alternative activation of macrophages. Nat Rev Immunol 2003;3:
23-35.

14. Minai-Fleminger Y, Levi-Schaffer F. Mast cells and eosinophils: the two key
effector cells in allergic inflammation. Inflamm Res 2009;58:631-8.

15. Schroeder JT. Basophils: beyond effector cells of allergic inflammation. Adv Im-
munol 2009;101:123-61.

16. Lambrecht BN, Hammad H. Biology of lung dendritic cells at the origin of
asthma. Immunity 2009;31:412-24.

17. Gilliet M, Cao W, Liu YJ. Plasmacytoid dendritic cells: sensing nucleic acids in
viral infection and autoimmune diseases. Nat Rev Immunol 2008;8:594-606.

18. Colonna M, Pulendran B, Iwasaki A. Dendritic cells at the host-pathogen inter-
face. Nat Immunol 2006;7:117-20.

19. Naik SH, Sathe P, Park HY, Metcalf D, Proietto AI, Dakic A, et al. Development
of plasmacytoid and conventional dendritic cell subtypes from single precursor
cells derived in vitro and in vivo. Nat Immunol 2007;8:1217-26.

20. Bjorkman PJ. MHC restriction in three dimensions: a view of T cell receptor/
ligand interactions. Cell 1997;89:167-70.

21. Zinkernagel RM, Doherty PC. The discovery of MHC restriction. Immunol Today
1997;18:14-7.

22. Joshi NS, Kaech SM. Effector CD8 T cell development: a balancing act be-
tween memory cell potential and terminal differentiation. J Immunol 2008;
180:1309-15.

23. Niedermann G. Immunological functions of the proteasome. Curr Top Microbiol
Immunol 2002;268:91-136.

24. Tanahashi N, Yokota K, Ahn JY, Chung CH, Fujiwara T, Takahashi E, et al.
Molecular properties of the proteasome activator PA28 family proteins and
gamma-interferon regulation. Genes Cells 1997;2:195-211.

25. Garbi N, Tanaka S, Momburg F, Hammerling GJ. Impaired assembly of the major
histocompatibility complex class I peptide-loading complex in mice deficient in
the oxidoreductase ERp57. Nat Immunol 2006;7:93-102.

26. Momburg F, Tan P. Tapasin-the keystone of the loading complex optimizing pep-
tide binding by MHC class I molecules in the endoplasmic reticulum. Mol Immu-
nol 2002;39:217-33.

27. Melief CJ. Mini-review: regulation of cytotoxic T lymphocyte responses by den-
dritic cells: peaceful coexistence of cross-priming and direct priming? Eur J Im-
munol 2003;33:2645-54.

28. Sigal LJ, Crotty S, Andino R, Rock KL. Cytotoxic T-cell immunity to virus-
infected non-haematopoietic cells requires presentation of exogenous antigen.
Nature 1999;398:77-80.

29. Konig R, Fleury S, Germain RN. The structural basis of CD4-MHC class II inter-
actions: coreceptor contributions to T cell receptor antigen recognition and olig-
omerization-dependent signal transduction. Curr Top Microbiol Immunol 1996;
205:19-46.

30. Turley SJ, Inaba K, Garrett WS, Ebersold M, Unternaehrer J, Steinman RM, et al.
Transport of peptide-MHC class II complexes in developing dendritic cells. Sci-
ence 2000;288:522-7.

31. Van Kaer L. Accessory proteins that control the assembly of MHC molecules
with peptides. Immunol Res 2001;23:205-14.

32. Sadegh-Nasseri S, Chen M, Narayan K, Bouvier M. The convergent roles of
tapasin and HLA-DM in antigen presentation. Trends Immunol 2008;29:141-7.

33. Ghodke Y, Joshi K, Chopra A, Patwardhan B. HLA and disease. Eur J Epidemiol
2005;20:475-88.

34. Reveille JD. Recent studies on the genetic basis of ankylosing spondylitis. Curr
Rheumatol Rep 2009;11:340-8.

35. Pociot F, McDermott MF. Genetics of type 1 diabetes mellitus. Genes Immun
2002;3:235-49.

36. Caillat-Zucman S. Molecular mechanisms of HLA association with autoimmune
diseases. Tissue Antigens 2009;73:1-8.

37. Sonderstrup G, McDevitt HO. DR, DQ, and you: MHC alleles and autoimmunity.
J Clin Invest 2001;107:795-6.

38. Alper CA, Kruskall MS, Marcus-Bagley D, Craven DE, Katz AJ, Brink SJ, et al.
Genetic prediction of nonresponse to hepatitis B vaccine. N Engl J Med 1989;
321:708-12.

39. Poland GA, Ovsyannikova IG, Jacobson RM, Vierkant RA, Jacobsen SJ, Pankratz
VS, et al. Identification of an association between HLA class II alleles and low
antibody levels after measles immunization. Vaccine 2001;20:430-8.

40. Grant EP, Beckman EM, Behar SM, Degano M, Frederique D, Besra GS, et al.
Fine specificity of TCR complementarity-determining region residues and lipid
antigen hydrophilic moieties in the recognition of a CD1-lipid complex. J Immu-
nol 2002;168:3933-40.

41. Prigozy TI, Naidenko O, Qasba P, Elewaut D, Brossay L, Khurana A, et al. Gly-
colipid antigen processing for presentation by CD1d molecules. Science 2001;
291:664-7.

42. Wu J, Groh V, Spies T. T cell antigen receptor engagement and specificity in the
recognition of stress-inducible MHC class I-related chains by human epithelial
gamma delta T cells. J Immunol 2002;169:1236-40.

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

CHAPLIN S21



43. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Van Kaer L. NKT cells:
what’s in a name? Nat Rev Immunol 2004;4:231-7.

44. Gellert M. V(D)J recombination: RAG proteins, repair factors, and regulation.
Annu Rev Biochem 2002;71:101-32.

45. Nguyen HH, Zemlin M, Ivanov II, Andrasi J, Zemlin C, Vu HL, et al. Heterosub-
typic immunity to influenza A virus infection requires a properly diversified an-
tibody repertoire. J Virol 2007;81:9331-8.

46. Miller JF. The discovery of thymus function and of thymus-derived lymphocytes.
Immunol Rev 2002;185:7-14.

47. Nitta T, Murata S, Ueno T, Tanaka K, Takahama Y. Thymic microenvironments
for T-cell repertoire formation. Adv Immunol 2008;99:59-94.

48. Mathis D, Benoist C. Aire. Annu Rev Immunol 2009;27:287-312.
49. Ishikawa H, Naito T, Iwanaga T, Takahashi-Iwanaga H, Suematsu M, Hibi T,

et al. Curriculum vitae of intestinal intraepithelial T cells: their developmental
and behavioral characteristics. Immunol Rev 2007;215:154-65.

50. Salmond RJ, Filby A, Qureshi I, Caserta S, Zamoyska R. T-cell receptor proximal
signaling via the Src-family kinases, Lck and Fyn, influences T-cell activation,
differentiation, and tolerance. Immunol Rev 2009;228:9-22.

51. Nurieva RI, Liu X, Dong C. Yin-Yang of costimulation: crucial controls of im-
mune tolerance and function. Immunol Rev 2009;229:88-100.

52. Riley JL. PD-1 signaling in primary T cells. Immunol Rev 2009;229:114-25.
53. Notarangelo LD. Primary immunodeficiencies. J Allergy Clin Immunol 2010;

125:S182-94.
54. von Boehmer H, Kisielow P, Kishi H, Scott B, Borgulya P, Teh HS. The expres-

sion of CD4 and CD8 accessory molecules on mature T cells is not random but
correlates with the specificity of the alpha beta receptor for antigen. Immunol Rev
1989;109:143-51.

55. Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, Fehervari Z, et al. Foxp31
CD251 CD41 natural regulatory T cells in dominant self-tolerance and autoim-
mune disease. Immunol Rev 2006;212:8-27.

56. Nakamura K, Kitani A, Strober W. Cell contact-dependent immunosuppression
by CD4(1)CD25(1) regulatory T cells is mediated by cell surface-bound trans-
forming growth factor beta. J Exp Med 2001;194:629-44.

57. Curotto de Lafaille MA, Lafaille JJ. Natural and adaptive foxp31 regulatory
T cells: more of the same or a division of labor? Immunity 2009;30:626-35.

58. Huehn J, Polansky JK, Hamann A. Epigenetic control of FOXP3 expression: the
key to a stable regulatory T-cell lineage? Nat Rev Immunol 2009;9:83-9.

59. Sallusto F, Lanzavecchia A. Heterogeneity of CD41 memory T cells: functional
modules for tailored immunity. Eur J Immunol 2009;39:2076-82.

60. Unutmaz D. RORC2: the master of human Th17 cell programming. Eur J Immu-
nol 2009;39:1452-5.

61. Thomas MJ, MacAry PA, Noble A, Askenase PW, Kemeny DM. T cytotoxic
1 and T cytotoxic 2 CD8 T cells both inhibit IgE responses. Int Arch Allergy Im-
munol 2001;124:187-9.

62. Racila DM,Kline JN. Perspectives in asthma:molecular use ofmicrobial products in
asthma prevention and treatment. J Allergy Clin Immunol 2005;116:1202-5.

63. Larkin EA, Carman RJ, Krakauer T, Stiles BG. Staphylococcus aureus: the toxic
presence of a pathogen extraordinaire. Curr Med Chem 2009;16:4003-19.

64. Thomas LR, Cobb RM, Oltz EM. Dynamic regulation of antigen receptor gene
assembly. Adv Exp Med Biol 2009;650:103-15.

65. Jankovic M, Casellas R, Yannoutsos N, Wardemann H, Nussenzweig MC. RAGs
and regulation of autoantibodies. Annu Rev Immunol 2004;22:485-501.

66. Khan WN. B cell receptor and BAFF receptor signaling regulation of B cell
homeostasis. J Immunol 2009;183:3561-7.

67. Kurosaki T, Hikida M. Tyrosine kinases and their substrates in B lymphocytes.
Immunol Rev 2009;228:132-48.

68. Carroll MC. Complement and humoral immunity. Vaccine 2008;26(suppl 8):I28-33.
69. Malisan F, Briere F, Bridon JM, Harindranath N, Mills FC, Max EE, et al. Inter-

leukin-10 induces immunoglobulin G isotype switch recombination in human
CD40-activated naive B lymphocytes. J Exp Med 1996;183:937-47.

70. Chaudhuri J, Basu U, Zarrin A, Yan C, Franco S, Perlot T, et al. Evolution of the
immunoglobulin heavy chain class switch recombination mechanism. Adv Immu-
nol 2007;94:157-214.

71. Schmidlin H, Diehl SA, Blom B. New insights into the regulation of human
B-cell differentiation. Trends Immunol 2009;30:277-85.

72. Durandy A, Taubenheim N, Peron S, Fischer A. Pathophysiology of B-cell intrin-
sic immunoglobulin class switch recombination deficiencies. Adv Immunol 2007;
94:275-306.

73. Tangye SG, Tarlinton DM. Memory B cells: effectors of long-lived immune
responses. Eur J Immunol 2009;39:2065-75.

74. Fu YX, Chaplin DD. Development and maturation of secondary lymphoid tissues.
Annu Rev Immunol 1999;17:399-433.

75. Allen CD, Okada T, Cyster JG. Germinal-center organization and cellular dynam-
ics. Immunity 2007;27:190-202.

76. Schwab SR, Cyster JG. Finding a way out: lymphocyte egress from lymphoid
organs. Nat Immunol 2007;8:1295-301.

77. Fonacier LS, Dreskin SC, Leung DYM. Allergic skin diseases. J Allergy Clin
Immunol 2010;125:S138-49.

78. Pesu M, Candotti F, Husa M, Hofmann SR, Notarangelo LD, O’Shea JJ. Jak3, se-
vere combined immunodeficiency, and a new class of immunosuppressive drugs.
Immunol Rev 2005;203:127-42.

79. Kovanen PE, Leonard WJ. Cytokines and immunodeficiency diseases: critical
roles of the gamma(c)-dependent cytokines interleukins 2, 4, 7, 9, 15, and 21,
and their signaling pathways. Immunol Rev 2004;202:67-83.

80. Chapgier A, Boisson-Dupuis S, Jouanguy E, Vogt G, Feinberg J, Prochnicka-Cha-
lufour A, et al. Novel STAT1 alleles in otherwise healthy patients with mycobac-
terial disease. PLoS Genet 2006;2:e131.

81. Tangye SG, Cook MC, Fulcher DA. Insights into the role of STAT3 in human
lymphocyte differentiation as revealed by the hyper-IgE syndrome. J Immunol
2009;182:21-8.

82. Kaplan MH, Sun YL, Hoey T, Grusby MJ. Impaired IL-12 responses and en-
hanced development of Th2 cells in Stat4-deficient mice. Nature 1996;382:174-7.

83. Medzhitov R. Recognition of microorganisms and activation of the immune re-
sponse. Nature 2007;449:819-26.

84. Spiegelberg HL, Raz E. DNA-based approaches to the treatment of allergies. Curr
Opin Mol Ther 2002;4:64-71.

85. von Bernuth H, Picard C, Jin Z, Pankla R, Xiao H, Ku CL, et al. Pyogenic bac-
terial infections in humans with MyD88 deficiency. Science 2008;321:691-6.

86. Istomin AY, Godzik A. Understanding diversity of human innate immunity recep-
tors: analysis of surface features of leucine-rich repeat domains in NLRs and
TLRs. BMC Immunol 2009;10:48.

87. Sutterwala FS, Ogura Y, Szczepanik M, Lara-Tejero M, Lichtenberger GS, Grant
EP, et al. Critical role for NALP3/CIAS1/Cryopyrin in innate and adaptive immu-
nity through its regulation of caspase-1. Immunity 2006;24:317-27.

88. Eisenbarth SC, Colegio OR, O’Connor W, Sutterwala FS, Flavell RA. Crucial
role for the Nalp3 inflammasome in the immunostimulatory properties of alumin-
ium adjuvants. Nature 2008;453:1122-6.

89. Gantner BN, Simmons RM, Underhill DM. Dectin-1 mediates macrophage recog-
nition of Candida albicans yeast but not filaments. EMBO J 2005;24:1277-86.

90. Waters P, Vaid M, Kishore U, Madan T. Lung surfactant proteins A and D as pat-
tern recognition proteins. Adv Exp Med Biol 2009;653:74-97.

91. Agrawal A, Singh PP, Bottazzi B, Garlanda C, Mantovani A. Pattern recognition
by pentraxins. Adv Exp Med Biol 2009;653:98-116.

92. Sutherland TE, Maizels RM, Allen JE. Chitinases and chitinase-like proteins: po-
tential therapeutic targets for the treatment of T-helper type 2 allergies. Clin Exp
Allergy 2009;39:943-55.

93. Reese TA, Liang HE, Tager AM, Luster AD, Van Rooijen N, Voehringer D, et al.
Chitin induces accumulation in tissue of innate immune cells associated with
allergy. Nature 2007;447:92-6.

94. Kazakova MH, Sarafian VS. YKL-40—a novel biomarker in clinical practice?
Folia Med (Plovdiv) 2009;51:5-14.

95. Ober C, Chupp GL. The chitinase and chitinase-like proteins: a review of genetic
and functional studies in asthma and immune-mediated diseases. Curr Opin Al-
lergy Clin Immunol 2009;9:401-8.

96. Cooper MA, Colonna M, Yokoyama WM. Hidden talents of natural killers: NK
cells in innate and adaptive immunity. EMBO Rep 2009;10:1103-10.

97. Carroll MC. The complement system in regulation of adaptive immunity. Nat Im-
munol 2004;5:981-6.

98. Longhi MP, Harris CL, Morgan BP, Gallimore A. Holding T cells in check—a
new role for complement regulators? Trends Immunol 2006;27:102-8.

99. Tedesco F. Inherited complement deficiencies and bacterial infections. Vaccine
2008;26(suppl 8):I3-8.

100. Harboe M, Mollnes TE. The alternative complement pathway revisited. J Cell
Mol Med 2008;12:1074-84.

101. Botto M, Kirschfink M, Macor P, Pickering MC, Wurzner R, Tedesco F. Comple-
ment in human diseases: lessons from complement deficiencies. Mol Immunol
2009;46:2774-83.

102. Brodsky RA. Narrative review: paroxysmal nocturnal hemoglobinuria: the phys-
iology of complement-related hemolytic anemia. Ann Intern Med 2008;148:
587-95.

103. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflamma-
tion: the leukocyte adhesion cascade updated. Nat Rev Immunol 2007;7:678-89.

104. Abram CL, Lowell CA. The ins and outs of leukocyte integrin signaling. Annu
Rev Immunol 2009;27:339-62.

105. Commins SP, Borish L, Steinke JW. Immunologic messenger molecules: Cyto-
kines, interferons, and chemokines. J Allergy Clin Immunol 2010;125:S53-72.

106. Trimble LA, Prince KA, Pestano GA, Daley J, Cantor H. Fas-dependent elimi-
nation of nonselected CD8 cells and lpr disease. J Immunol 2002;168:4960-7.

J ALLERGY CLIN IMMUNOL

FEBRUARY 2010

S22 CHAPLIN



107. FortnerKA,BuddRC.The death receptor Fas (CD95/APO-1)mediates the deletionof
T lymphocytes undergoing homeostatic proliferation. J Immunol 2005;175:4374-82.

108. Strasser A, Jost PJ, Nagata S. The many roles of FAS receptor signaling in the
immune system. Immunity 2009;30:180-92.

109. Hardie WD, Glasser SW, Hagood JS. Emerging concepts in the pathogenesis of
lung fibrosis. Am J Pathol 2009;175:3-16.

110. Guarino M, Tosoni A, Nebuloni M. Direct contribution of epithelium to organ
fibrosis: epithelial-mesenchymal transition. Hum Pathol 2009;40:1365-76.

111. AnnunziatoF,CosmiL,LiottaF,MaggiE,RomagnaniS.Type17Thelper cells-origins,
features and possible roles in rheumatic disease. Nat Rev Rheumatol 2009;5:325-31.

112. Joseph A, Brasington R, Kahl L, Ranganathan P, Cheng TP, Atkinson J. Immuno-
logic rheumatic disorders. J Allergy Clin Immunol 2010;125:S204-15.

113. OnoSJ.Moleculargenetics of allergic diseases.AnnuRev Immunol 2000;18:347-66.
114. Zhou Z, Song X, Li B, Greene MI. FOXP3 and its partners: structural and biochem-

ical insights into the regulation of FOXP3 activity. Immunol Res 2008;42:19-28.
115. Rudwaleit M, Andermann B, Alten R, Sorensen H, Listing J, Zink A, et al. Atopic

disorders in ankylosing spondylitis and rheumatoid arthritis. Ann Rheum Dis
2002;61:968-74.

116. Simpson CR, Anderson WJ, Helms PJ, Taylor MW, Watson L, Prescott GJ, et al.
Coincidence of immune-mediated diseases driven by Th1 and Th2 subsets sug-
gests a common aetiology. A population-based study using computerized general
practice data. Clin Exp Allergy 2002;32:37-42.

117. Rabin RL, Levinson AI. The nexus between atopic disease and autoimmunity: a
review of the epidemiological and mechanistic literature. Clin Exp Immunol
2008;153:19-30.

118. Burlingham WJ. A lesson in tolerance—maternal instruction to fetal cells. N Engl
J Med 2009;360:1355-7.

119. Mold JE, Michaelsson J, Burt TD, Muench MO, Beckerman KP, Busch MP, et al.
Maternal alloantigens promote the development of tolerogenic fetal regulatory T
cells in utero. Science 2008;322:1562-5.

120. Blois SM, Ilarregui JM, Tometten M, Garcia M, Orsal AS, Cordo-Russo R,
et al. A pivotal role for galectin-1 in fetomaternal tolerance. Nat Med 2007;1:
1450-7.

121. Li DJ, Guo PF. The regulatory role of thymic stromal lymphopoietin (TSLP) in
maternal-fetal immune tolerance during early human pregnancy. J Reprod Immu-
nol 2009;83:106-8.

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

CHAPLIN S23



Innate immunity

Stuart E. Turvey, MB, BS, DPhil,a and David H. Broide, MB, ChBb Vancouver, British Columbia, Canada, and La Jolla, Calif

Recent years have witnessed an explosion of interest in the innate
immune system. Questions about how the innate immune system
senses infection and empowers a protective immune response are
being answered at the molecular level. These basic science
discoveries are being translated into a more complete
understanding of the central role innate immunity plays in the
pathogenesis of many human infectious and inflammatory
diseases. It is particularly exciting that we are already seeing a
return on these scientific investments with the emergence of novel
therapies to harness the power of the innate immune system. In
this review we explore the defining characteristics of the innate
immune system, and through more detailed examples, we
highlight recent breakthroughs that have advanced our
understanding of the role of innate immunity in humanhealth and
disease. (J Allergy Clin Immunol 2010;125:S24-32.)

Key words: Host defense, innate immunity, Toll-like receptors,
nucleotide oligomerization domain–like receptors

THE ‘‘NEW’’ SCIENCE OF INNATE IMMUNITY
The integrated human immune response has traditionally been

divided into 2 branches: innate and adaptive (or acquired)
immunity. Although appreciation of innate immunity dates back
to at least the 1908 Nobel Prize–winning efforts of Ilya
Mechnikov, until the last decade, study of innate immunity has
been eclipsed by dramatic discoveries in the field of adaptive
immunity. However, the recent molecular definition of how the
innate immune system senses infection to empower protective
immune responses has precipitated a renaissance in the field of
innate immunity. Innate immunity has shed its older, disparaging
title of ‘‘nonspecific immunity’’ and now stands as a proud partner
with the adaptive immune system in protecting human hosts from
infectious insults. For any who doubt the impressive protective
capacity of the innate immune system, it is instructive to consider
that only vertebrates boast the added benefits of an adaptive
immune system, leaving most organisms on our planet to survive
on innate immunity alone!

Although innate immunity is critical for host defense against
infectious challenges, the innate immune system is emerging as a
critical regulator of human inflammatory disease. Indeed, innate
immune responses have been implicated in the development of
asthma and atopy, as well as a variety of autoimmune disorders,
including type 1 diabetes, inflammatory bowel disease, and
systemic lupus erythematosus.

In this review we examine the basic structure of the innate
immune system and how innate immunity interfaces with adap-
tive immune responses. We explore the role of innate immunity in
human health and disease, andwe outline how novel therapies can
harness the beneficial capacity of the innate immune system.
Rather than attempting to comprehensively review this enor-
mously broad topic, our focus is on highlighting common defining
mechanisms of innate immunity and illustrating the clinical
relevance of innate immunity to human health. We have delib-
erately avoided a detailed exploration of the complement system
because a separate Primer chapter is devoted to this important
aspect of innate immunity.1

ORGANIZATION OF THE HUMAN IMMUNE
SYSTEM: THREE LEVELS OF HOST DEFENSE

The human microbial defense system can be simplistically
viewed as consisting of 3 levels: (1) anatomic and physiologic
barriers; (2) innate immunity; and (3) adaptive immunity (Fig
1 and Table I). Failure in any of these systemswill greatly increase
susceptibility to infection.

Anatomic and physiologic barriers provide the crucial first line of
defense against pathogens. These barriers include intact skin,
vigorous mucociliary clearance mechanisms, low stomach pH,
and bacteriolytic lysozyme in tears, saliva, and other secretions. The
extreme susceptibility to infections observed in subjects with severe
cutaneous burns or primary ciliary dyskinesia demonstrates that
intact innate and adaptive immune systems are not able to compen-
sate for failure of essential anatomic and physiologic barriers.
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Innate immunity augments the protection offered by anatomic
and physiologic barriers.2 The innate immune system relies on a
limited repertoire of receptors to detect invading pathogens but
compensates for this limited number of invariant receptors by tar-
geting conserved microbial components that are shared by large
groups of pathogens. Speed is a defining characteristic of the in-
nate immune system: within minutes of pathogen exposure, the
innate immune system starts generating a protective inflamma-
tory response. Moreover, innate immunity plays a central role
in activating the subsequent adaptive immune response.

T and B lymphocytes are the main self-defensive weapons of
the adaptive immune system, so-named because this system is
shaped by antigen exposure. In contrast to the limited number of
pathogen receptors used by the innate immune system, the
adaptive immune system boasts an extremely diverse, randomly
generated repertoire of receptors. The benefit of this receptor
diversity is that the adaptive immune system can recognize
virtually any antigen, but there is a price for this diversity.

First is the risk of autoimmune disease. Receptors specific for
self-proteins (eg, insulin and myelin) are created by means of the
random process of gene rearrangement that generates receptors
expressed by T and B cells. Consequently, elaborate tolerance
mechanisms have evolved to eliminate or regulate self-reactive
cells.

Second is the time delay required to generate a protective
adaptive immune response after the first exposure to a pathogen.
Adaptive immunity relies on a clonal system,with eachTandB cell
expressing its own unique receptor, and after the initial encounter
with a pathogen, it takes up to 5 days for clonal expansion of these
rare antigen-specific T and B cells to occur before the adaptive
immune response is sufficiently robust to clear the pathogen.

ELEMENTS OF THE INNATE IMMUNE SYSTEM
In contrast to the adaptive immune system, which depends on T

and B lymphocytes, innate immune protection is a task performed
by cells of both hematopoietic and nonhematopoietic origin (Fig
1 and Table I). Hematopoietic cells involved in innate immune re-
sponses include macrophages, dendritic cells, mast cells, neutro-
phils, eosinophils, natural killer (NK) cells, and NK T cells. In
addition to hematopoietic cells, innate immune responsiveness
is a property of the skin and the epithelial cells lining the respira-
tory, gastrointestinal, and genitourinary tracts.

To augment these cellular defenses, innate immunity also has a
humoral component that includes well-characterized compo-
nents, such as complement proteins, LPS binding protein,
C-reactive protein and other pentraxins, collectins, and antimi-
crobial peptides, including defensins. Circulating innate immune
proteins are involved in both sensing of microbes and effector
mechanisms to facilitate clearance of the infection. For example,
mannose-binding lectin, a member of the collectin family of
receptors, binds mannose-containing carbohydrates on microbes,
triggering activation of the complement cascade, which enhances
clearance of the pathogen.

HOST DEFENSE IS ACHIEVED THROUGH
INTEGRATION OF INNATE AND ADAPTIVE
IMMUNITY

Innate immunity, an evolutionarily ancient component of host
defense, is present in all multicellular organisms, whereas adap-
tive immunity evolved much later and is only found in jawed fish
and all ‘‘higher’’ vertebrates.3 During evolution, adaptive immu-
nity developed in the context of a functioning innate immune

FIG 1. Integrated human immune system. The human microbial defense system can be simplistically
viewed as consisting of 3 levels: (1) anatomic and physiologic barriers; (2) innate immunity; and (3) adaptive
immunity. In common with many classification systems, some elements are difficult to categorize. For
example, NK T cells and dendritic cells could be classified as being on the cusp of innate and adaptive
immunity rather than being firmly in one camp.

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

TURVEY AND BROIDE S25



system. Consequently, the classic demarcation between innate
and adaptive immunity is overly simplistic because many adap-
tive immune responses build on the foundation of innate immu-
nity. For example, the capacity of neutrophils to kill bacteria is
enhancedwhen the bacteria are opsonized by antibodies produced
through the coordinated efforts of Tand B cells. In a similar fash-
ion, the C3d fragment that is generated in the course of comple-
ment activation acts as a molecular adjuvant to profoundly
influence the subsequent adaptive immune response. Specifically,
C3d fragments act to bridge innate and adaptive immunity be-
cause covalent binding of single or multiple copies of C3d to a
foreign antigen generally enhances B-cell effector and memory
function.4 Another illustrative example of the interdependence
of innate and adaptive immunity is the critical role played by an-
tigen-presenting cells of the innate immune system (eg, dendritic
cells) to empower full activation of the T and B cells of the adap-
tive immune system. Further blurring of the distinction between
innate and adaptive immunity is highlighted by the fact that cells
of the adaptive immune system, including regulatory T lympho-
cytes, express Toll-like receptors (TLRs) and other innate im-
mune receptors.5 The interrelatedness of innate and adaptive
immunity is most eloquently articulated by Beutler in his obser-
vation that ‘‘.the roots of adaptive immunity are buried deep
in the soil of the innate immune system.’’6

INNATE IMMUNE RECOGNITION STRATEGIES
The innate immune system serves as the initial immune defense

against foreign and dangerous material. In the most simplistic
view, the innate immune system is hardwired with germline-
encoded receptors for immediate responsiveness. In contrast to
adaptive immunity, innate immune responses do not require

genetic recombination events or a developmental phase to medi-
ate function.

The strategy used for immune recognition is the main feature
distinguishing innate and adaptive immunity. In contrast to the
massive, randomly generated repertoire of antigen receptors
expressed by T and B lymphocytes, the innate immune system
relies on a limited number of genetically predetermined germline-
encoded receptors that recognize either highly conserved struc-
tures expressed by large groups of microbes or common biologic
consequences of infection. Pathogens can rapidly evolve and, in
principle, could avoid detection by the innate immune system by
simply altering the targeted microbial molecules. However, the
innate immune system has evolved to recognize either microbial
components that are essential for the viability and virulence of
microbes and are thus less prone to modifications or common
biologic consequences of infection.

At least 3 broad strategies are used by the innate immune
system to recognize invading microorganisms (Table II). In the
first innate immunity relies on a limited repertoire of germline-en-
coded receptors to recognize ‘‘microbial nonself,’’ conserved mo-
lecular structures that are expressed by a large variety of
microbes. Charles Janeway coined the terms pattern recognition
receptors to collectively describe these receptors and pathogen-
associated molecular patterns (PAMPs) to denote the microbial
structures recognized by the pattern recognition receptos.7 How-
ever, this terminology has been criticized as being vague6; there-
fore in this review wewill focus on naming specific receptors and
their microbial ligands.

A second approach used by the innate immune system is to
detect immunologic danger in the form of damage-associated
molecular patterns (DAMPs). DAMPs represent common meta-
bolic consequences of infection and inflammation.8 DAMPs are

TABLE I. Overview of defining features of innate and adaptive immunity: Comparing and contrasting some of the defining features of

the innate and adaptive immune systems

Innate immune system Adaptive immune system

Cellular elements Hematopoietic cells: macrophages, dendritic cells,
mast cells, neutrophils, eosinophils, NK cells,
and NK T cells

Nonhematopoietic cells: epithelial cells
(eg, skin, airways, and gastrointestinal tract)

Hematopoietic cells: T and B lymphocytes

Humoral elements Large arsenal of components: complement proteins,
LPS binding protein, C-reactive protein and other
acute-phase reactants, antimicrobial peptides, and
mannose-binding lectin

Immunoglobulins secreted by B cells

Receptor characteristics Invariant, germline encoded
All cells of a class express identical
receptors (ie, nonclonal).

Generated by random somatic gene segment rearrangement
All cells of a class express a single type of receptor
with unique specificity (ie, clonal).

Ligands recognized Conserved microbial components
Common metabolic or biologic consequences of
infection (eg, uric acid, K1 efflux, and MHC
class I downregulation)

Specific details or epitopes of macromolecules
(eg, proteins, peptides, and carbohydrates)

Types of receptors Activating: TLR, NLR, and complement
Inhibitory: killer cell immunoglobulin-like receptors

B-cell receptor and T-cell receptor

Response time Immediate Delayed by hours to days
Immunologic memory None: responses are the same with each exposure.

Nonanticipatory immunity
Responsiveness enhanced by repeated antigen exposure.
Anticipatory immunity

Risk of autoreactivity Low: self-tolerant receptors are selected during evolution. High: random gene rearrangement generates autoreactive
receptors requiring the presence of multiple tolerance
mechanisms.

Adapted with permission from Janeway and Medzhitov.1
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molecules that are upregulated and released during the cell lysis
and tissue damage that occurs in the context of both infectious
and sterile inflammation. Well-characterized DAMPs include
highmobility group box 1 protein and other endogenous alarmins,
heat shock proteins, and uric acid.

In the third innate immune recognition strategy, innate immune
receptors detect ‘‘missing self,’’ molecules expressed by normal
healthy cells but not expressed by infected cells or microbes.
Recognition of these signals indicates that all is well, and an
inhibitory signal is delivered to prevent activation of the immune
response against host tissues. This inhibitory system is well
illustrated by NK cells. Inhibitory receptors specific for self–
MHC class I molecules play a central role in missing-self
recognition by NK cells, ensuring NK cells preferentially attack
infected cells that downregulate their MHC class I proteins.9

ROLE OF THE INNATE IMMUNE SYSTEM IN
HEALTH AND DISEASE

We will now turn our attention to specific components of the
innate immune system. We deliberately selected 2 illustrative
examples, TLRs and nucleotide oligomerization domain
(NOD)–like receptor (NLRs), for which our mechanistic under-
standing has increased considerably in the past 5 years and for
which the clinical relevance of these systems is beginning to
emerge.

TLRs
Overview of TLR structure and function. The recent

explosion of interest in innate immunity was catalyzed in the mid-
1990s when the Drosophila species protein Toll was shown to be
critical for defending fruit flies against fungal infections.10 This
observation opened theway for the subsequent description of sim-
ilar proteins, called TLRs, in mammalian cells. The human TLR
family consists of 10 receptors that are critically important for in-
nate immunity.11,12 TLRs allow for recognition and response to
diverse microbial epitopes on pathogens, enabling the innate im-
mune system to discriminate among groups of pathogens and to
induce an appropriate cascade of effector adaptive responses.

TLRs exist as dimeric proteins (either heterodimers or
homodimers). The ectodomains of TLRs are composed of
leucine-rich repeat motifs, whereas the cytosolic component,
called a Toll/IL-1 receptor–like domain (TIR), is involved in
signaling. Individual TLRs recognize a distinct but limited

repertoire of conserved microbial products; for example, well-
characterized receptor-ligand pairs include TLR4 and LPS, TLR5
and flagellin, and TLR1/TLR2/TLR6 and lipoproteins. Collec-
tively, the complete TLR family allows the host to detect infection
by most (if not all) types of microbial pathogens. For example,
gram-positive organisms, such as Streptococcus pneumoniae, are
initially recognized by TLR1, TLR2, TLR4, TLR6, and TLR9,
which in turn interact with a range of downstream signaling mol-
ecules to activate an inflammatory cascade. TLR signaling path-
ways have been the focus of considerable attention (Fig 2).12,13

The emerging model has ligation of microbial products by
TLRs culminating in the activation of nuclear factor kB, activator
protein 1, interferon regulatory factor 3, and other transcription
factors, driving the production of proinflammatory cytokines,
maturation of dendritic cells, and other immunologic responses.

Human disease resulting from TLR defects. Naturally
occurring genetic mutations in human subjects causing extreme
immunodeficiency phenotypes present powerful opportunities to
determine the relationship between specific immunologic defects
and human disease processes in vivo. Recent description of hu-
man primary immunodeficiencies associated with abnormal
TLR signaling demonstrates that this pathway is critical for hu-
man defense against infection. Empowered by technologic ad-
vances in genotyping and bioinformatics, we are now beginning
to appreciate how common genetic variation and polymorphisms
in genes controlling the innate immune response alter infectious
susceptibility in a subtle but specific fashion. Importantly, human
primary immunodeficiencies associated with abnormal TLR sig-
naling provide unique insights into the immunologic pathways vi-
tal for host defense and identify candidate genes that might cause
subtle immunodeficiencies in the broader population of appar-
ently healthy persons.14

Monogenic primary immunodeficiencies. IL-1 recep-
tor–associated kinase 4 (IRAK4) deficiency (OMIM #607676)15

andmyeloid differentiation primary response gene88 (MyD88) de-
ficiency (OMIM #612260)16 are novel primary immunodefi-
ciencies specifically affecting TLR function. MyD88 and IRAK4
are binding partners involved in downstream signaling from most
TLRs (Fig 2); hence the clinical and laboratory phenotypes of
IRAK4 and MyD88 deficiencies are identical. The narrow spec-
trum of infections experienced by affected individuals is striking
in light of their profound impairment ofTLR function andpathogen
sensing. IRAK4- andMyD88-deficient patients predominantly ex-
perience recurrent infections caused by pyogenic gram-positive

TABLE II. Common innate immune recognition strategies

Innate immune recognition strategy Receptor families Specific examples

Receptor Ligand

1. Detecting ‘‘microbial nonself’’ (ie, pathogen-
associated molecular patterns)

TLRs TLR4
TLR5

LPS
Flagellin (extracellular)

NOD-like receptors NOD2
IPAF

Muramyl dipeptide
Flagellin (intracellular)

Collectin family MBP Microbial terminal mannose residues
2. Detecting common metabolic consequences of
cell infection or injury (ie, DAMPs)

NOD-like receptors NLRP3 (or NALP3) Uric acid, K1 efflux, ATP

RAGE family RAGE HMGB1, S100
3. Detecting ‘‘missing self’’ MHC class I–specific inhibitory

receptors
KIR

CD94-NKG2A
heterodimers

Self MHC class I (inhibitory signal)
Self MHC class I (inhibitory

signal)

RAGE, Receptor of advance glycation end product; HMGB1, high mobility group box 1.
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bacteria, with Streptococcus pneumoniae causing invasive infec-
tion in all reported cases and Staphylococcus aureus and Pseudo-
monas aeruginosa causing infections in about half the patients.
The surprising clinical observation that IRAK4-deficient patients

are resistant to viral infections was recently explained at a molecu-
lar level because IRAK4-deficient patients are able to control viral
infections by means of TLR3- and TLR4-dependent production of
interferons.17

FIG 2. Overview of TLR signaling and the NLRP3 inflammasome. TLR ligation initiates a signaling cascade
that culminates in the translocation of the transcription factor nuclear factor kB (NF-kB) and others to the
nucleus, generating an acute inflammatory response. The NLRP3 (or NALP3) inflammasome is triggered
by a wide variety of stimuli, culminating in the activation of caspase 1, which will then cleave pro–IL-
1b and pro–IL-18 to drive an inflammatory response. Human mutations and polymorphisms in many of
the genes encoding elements of these pathways appear to alter susceptibility to infectious and inflamma-
tory diseases. TRAF6, TNF receptor-associated factor 6; TAK1, Transforming growth factor-beta-activated
kinase 1; IKK, I-kappa-B kinase; ASC, Apoptosis-associated speck-like protein containing a card.
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Arguably one of the most powerful messages to arise from the
recognition of IRAK4 and MyD88 deficiency is the value of
studying human subjects to understand human immune function.
Although MyD88-deficient patients are susceptible to S pneumo-
niae and a limited number of pyogenic bacteria, they are able to
resist infection by most common bacteria, viruses, fungi, and par-
asites. In contrast, MyD88 deficiency renders mice profoundly
susceptible to most pathogens tested.

Contribution of TLR polymorphisms to human dis-
ease. At the population level, susceptibility to common diseases,
such as infections, seldom follows the simple pattern of Mende-
lian inheritance seen in IRAK4 andMyD88 deficiency.18Most in-
fections follow a complex mode of inheritance, with disease
arising from an intricate interplay between environmental and ge-
netic factors. The complexity of common infectious diseases has
made them, until very recently, largely impervious to genetic
analysis. However, advances in high-throughput genotyping tech-
niques and bioinformatics are now allowing us to understand how
common genetic variants alter human susceptibility to infection.

Although human subjects are identical at most of the 3 billion
base pairs in their genome, interindividual variation is present in
approximately 3 million nucleotides (ie, 0.1% of the genome).19

A common type of human genetic variation is the single nucleo-
tide polymorphism (SNP), in which 2 alternative bases occur at
appreciable frequency (>1%) in the population. There is convinc-
ing evidence that common TLR SNPs regulate cellular signaling
events, cytokine production, and susceptibility to infection based
on the specific pathogens recognized by the TLR. Arguably the
best evidence implicates amino acid–changing (ie, nonsynony-
mous) SNPs in TLR1, TLR2, and TLR5, as well as variants in
the adaptor molecule TIR-containing adaptor protein (TIRAP,
also know as MyD88 adaptor-like [MAL]). This genetic variation
in the population results in some individuals having a subtle but
specific immunodeficiency. For example, a common TLR5 poly-
morphism in the ligand-binding domain of TLR5 (392STOP)
abolishes flagellin signaling and is associated with increased sus-
ceptibility to Legionnaire disease caused by the flagellated bacte-
rium Legionella pneumophila.20 In a similar fashion,
polymorphisms in the adaptor molecule MAL/TIRAP, which me-
diates signaling through TLR1, TLR2, TLR4, and TLR6, have
been associated with susceptibility to tuberculosis, malaria, and
pneumococcal disease.21

Given the role of TLRs in sensing the extracellular environ-
ment and shaping the inflammatory response, the TLR pathway
has been hypothesized to influence the development of atopy and
asthma. The best-studied example is CD14. CD14 is encoded on
chromosome 5q31.1 in a region linked to atopy and asthma, and
CD14 partners with TLR4 to recognize LPS. Therefore a SNP in
this gene (CD14/2159 C to T), which appeared to alter the func-
tional production of CD14, made an excellent candidate to influ-
ence susceptibility to asthma and atopy. Initial investigations
showed remarkable variation, with some studies indicating the
T allele as a risk factor, others indicating the C allele, and others
finding no association.22 However, when the level of LPS (or en-
dotoxin) exposure was considered, a biologically plausible gene-
environment interaction was revealed, with data suggesting that
the C allele is a risk factor for allergic phenotypes at low levels
of exposure, whereas the T allele is a risk factor at high levels
of exposure.23 Through this informative example, it is clear that
complex interactions between genes and the environment deter-
mine asthma-related outcomes. Consequently, if we fail to

integrate genetic and environmental factors in our study of asthma
and allergy, we will only generate an impoverished appreciation
of the cause of atopic disease.

Although a rapidly growing number of genetic association
studies suggest that TLR polymorphismsmight be associated with
susceptibility to different infectious and immunologically medi-
ated diseases, very few of these studies have been replicated in
a convincing fashion. For example, the initial association reported
between MAL/TIRAP and susceptibility to tuberculosis was not
replicated in another large study.24 As this field advances and ex-
pands to include genome-wide association studies, it is essential
to appreciate that the best studies will include large sample sizes,
statistical adjustments for multiple comparison, replication of
findings with independent cohorts, multiple study designs (in-
cluding case-control and family-based studies), adjustment of
the analysis for population admixture, consideration of environ-
mental variables, and detailed molecular and cellular analyses
to determine whether a polymorphism alters function.

NLRs
Overview of NLR structure and function. Although

TLRs are outward-looking innate immune receptors detecting
microbial signatures either in the extracellular milieu or engulfed
in the lumen of endocytic vesicles, NLRs are a recently appre-
ciated family of receptors that survey the intracellular environ-
ment.25,26 In common with other innate immune receptor
systems, the NLRs have ancient origins, being structurally remi-
niscent of plant R-proteins that mediate plant cell defense against
pathogenic bacteria. NLRs sense microbial products and meta-
bolic stress, driving inflammation through the formation of an in-
flammasome: a large cytoplasmic complex that activates
inflammatory caspases and the production of the cytokines IL-
1b and IL-18.27

The humanNLR family consists of at least 23members and can
be structurally divided into 4 subfamiles based on N-terminal
effector domains.28 The first NLRs reported to have a direct func-
tion as intracellular pathogen detectors were NOD1 and NOD2.26

Both NOD proteins detect distinct substructures generated during
the synthesis, degradation, and remodeling of bacterial peptido-
glycan, ensuring the recognition of peptidoglycan from both
gram-positive and gram-negative bacteria. IL-1b-converting
enzyme (ICE) protease-activating factor (IPAF) is another mem-
ber of the NLR family known to detect bacterial pathogens.29

IPAF partners with TLR5 to detect infection by flagellated bacte-
ria: TLR5 senses extracellular flagellin, whereas IPAF focuses on
intracellular flagellin. In addition to sensing microbial products,
NLRs can sense metabolic stress related to infection and sterile
inflammation. This sensing capacity is best demonstrated by
NLRP3 (NLR family, pyrin domain-containing 3).30 When trig-
gered, NLRP3 (also calledNALP3 or cryopyrin) activates the cas-
pase 1 inflammasome, leading to IL-1b and IL-18 processing (Fig
2). The NLRP3 inflammasome appears to be activated by com-
mon metabolic danger signals, such as potassium efflux, which
occurs during inflammation because of disruption of the plasma
membrane or increased extracellular ATP released by injured
cells. Other clinically relevant NLRP3 activators include uric
acid, asbestos, silica, and alum.

Role of NLRs in human health and disease. Although
our molecular appreciation of NLRs is very recent, this class of
innate immune receptors plays a central role in several human
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inflammatory diseases and mediates the adjuvant effect of a
common vaccine component, alum.

NLR defects associated with inflammatory diseases.
The convergence of clinically defined autoinflammatory disease
with the biology of innate immunity and NLRs came with the
discovery that 3 well-established autoinflammatory diseases are
all caused by activating, gain-of-function mutations in NLRP3.31

These diseases, collectively known as the cryopyrinopathies, are
(1) familial cold autoinflammatory syndrome (OMIM #120100),
which presents with cold-induced fevers, urticaria-like rash, and
constitutional symptoms; (2) Muckle-Wells syndrome (OMIM
#191900), which is characterized by fevers, hives, sensorineural
hearing loss, and arthritis unrelated to cold exposure; and (3) ne-
onatal-onset multisystem inflammatory disease (NOMID) (or
chronic infantile neurologic, cutaneous, and articular syndrome
[CINCA]; OMIM #607115), which is a devastating neonatal dis-
ease presenting with fever, urticaria, and chronic aseptic meningi-
tis. In these disorders NLRP3 mutations affect IL-1b production,
and IL-1b is upregulated in these diseases.32 Appreciation of
the role of the IL-1b axis in these diseases associated with
NLRP3mutations has allowed the rational use of targeted anti-in-
flammatory therapy.33 Strikingly, even the most clinically severe
cryopyrinopathy, NOMID/CINCA, appears to respond well to
the IL-1 receptor antagonist anakinra.34

More insight into the clinical relevance of NLRs arose when it
was recognized that 30% to 50% of patients with Crohn disease in
the Western hemisphere carry NOD2 mutations on at least 1 al-
lele.35,36 The most common mutations are located in or near the
leucine-rich repeat domain of NOD2, and patients homozygous
for the 3020insC mutation, resulting in partial truncation of the
leucine-rich repeat, demonstrate a muchmore severe disease phe-
notype. It seems paradoxical that although Crohn disease results
in overt inflammation that probably is triggered by normal bacte-
rial flora, the NOD2 mutations associated with Crohn disease re-
sult in a protein product less capable of responding to the bacterial
ligand muramyl dipeptide, which is a component of peptidogly-
can. A unifying paradigm addressing this paradox is that NOD2
appears to provide homeostatic signals to maintain the gut envi-
ronment in a state that is tolerant of its flora and cells with
NOD2mutations are deficient in their production of IL-10, an im-
munomodulatory and tolerogenic cytokine.37 Other evidence sug-
gests that NOD2 variants are associated with Crohn disease
because they lead to a decrease in the negative regulation of
TLR responses occurring in the normal gut and thus a pathologic
increase in responses to the normal flora.38 Nevertheless, the ge-
netic polymorphisms that show a well-established association
with Crohn disease (including NOD2) account for only approxi-
mately 20% of the genetic variance observed in patients with
Crohn disease, suggesting that significant additional genetic con-
tributions have yet to be discovered.

NLR contribution to vaccine responsiveness. In-
creased understanding of NLRs has allowed us to shed light on
the mechanism of action of vaccine adjuvants.7 Aluminum-con-
taining adjuvants (alum) have historically served as immunopo-
tentiators in vaccines and continue to be the most widely used
clinical adjuvants. Despite the fact that most persons reading
this review have received vaccines containing alum, it is only
very recently that we have begun to fully appreciate themolecular
mechanism of alum adjuvancy. Studies published in 2008 demon-
strated that the NLRP3 (NALP3) inflammasome is involved in
mediating the adjuvant effects of alum.39-41 This adjuvancymight

occur directly through the triggering of the NALP3 inflamma-
some by alum crystals or indirectly through release of the endog-
enous danger signal uric acid, which subsequently activates
NLRP3.

THERAPEUTIC MODULATION OF INNATE
IMMUNITY

With increased appreciation of the contribution of innate
immunity to human health and disease, attention quickly shifted
to the possibility of therapeutic modulation of innate immunity.
This is an area of active investigation, and therefore rather than
attempting to survey the field broadly, wewill focus our review on
recent attempts to harness the TLR system to modulate infectious
and allergic diseases.

Activation of TLRs and modulation of allergic
immune response

The interaction of 2 fields of research in the 1990s, epidemi-
ologic investigations of the hygiene hypothesis in allergy and
asthma and basic research in the field of TLRs, provided the
impetus to investigate whether activating TLRs might represent a
novel therapeutic option for the treatment and prevention of
allergy and asthma.42 TLR-based therapies in patients with al-
lergy target in particular the dendritic cell interaction with T cells,
which is a critical component in shaping the TH2 immune re-
sponse associated with allergic inflammation. Because TLRs
are highly expressed on dendritic cells but not on T cells, the
goal of TLR-based therapies in allergy and asthma is to activate
dendritic cells to produce a cytokine milieu (eg, IL-12 and inter-
ferons) that favors inhibition of the TH2 immune response. Thus
TLR-based therapies target the innate immune response to conse-
quently inhibit the adaptive TH2 immune response and do not di-
rectly target T cells.

Studies have examined whether activation of TLRs can mod-
ulate allergic immune responses in preclinical animal models of
allergy and asthma, as well as in more limited studies in human
subjects. The majority of studies have evaluated TLR9 agonists,
but additional studies have also examined TLR4 agonists and a
TLR7/8 agonist. Studies of the TLR9 agonist CpG DNA have
demonstrated that it inhibits eosinophilic airway inflammation,
TH2 cytokine responses, mucus expression, airway remodeling,
and airway responsiveness in a murine model.42,43 Administra-
tion of an inhaled TLR9 agonist for approximately 8 months to
monkeys allergic to dust mite demonstrated that they had reduced
eosinophilic airway inflammation, mucus, airway remodeling,
and reduced airway responsiveness.44 The only published studies
in human asthmatic subjects were performed in patients with mild
asymptomatic asthma treated with an inhaled TLR9 agonist be-
fore allergen challenge.45 Although treatment with the inhaled
TLR9 agonist increased expression of interferon-inducible genes,
there was no inhibition of the early- or late-phase decrease in
FEV1 or a reduction in sputum eosinophil counts. These studies
suggest that either TLR9-based therapies will not be effective
in human subjects with asthma or that different doses, routes of
administration (ie, systemic vs local), or study populations
(symptomatic asthmatic subjects as opposed to allergen-chal-
lenged asymptomatic asthmatic subjects) need to be evaluated.

In addition to TLR9 agonists, studies predominantly in murine
models have also evaluated the ability of TLR4- and TLR7/8-
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based therapies to modulate allergic responses. In murine models
of asthma, TLR4 ligands either inhibit or potentiate allergic
responses depending on the timing of administration of the TLR4
ligand and associated allergen sensitization or challenge. In
human studies in subjects with ragweed-induced allergic rhinitis,
administration of a topical intranasal TLR4 ligand was safe but
did not inhibit allergic responses in asymptomatic subjects
challenged intranasally with ragweed allergen.46 Studies have
also investigated whether administration of a TLR7/8 agonist,
imiquimod, would inhibit asthma responses in preclinical models.
Imiquimod is a US Food and Drug Administration–approved
therapy that is used as a topical treatment for genital warts, actinic
keratoses, and superficial basal cell cancer. In preclinical murine
models the TLR7/8 agonist inhibits asthma responses. At present,
no human studies in patients with allergy or asthma have been re-
ported with the TLR7/8 agonist.

TLR-based vaccine adjuvants in allergic disease
Studies have also examined whether administering a TLR9

agonist conjugated to an allergen would enhance the immunoge-
nicity of the allergen when used as a TLR9-conjugated allergen
vaccine in patients with allergic rhinitis or asthma. Studies in
murine models have demonstrated that a conjugate of a TLR9
agonist and an allergen had a 100-fold enhanced uptake by
antigen-presenting cells compared with TLR9 ligand alone.42,47

The ability of a TLR9 ligand to induce a TH1 immune response
is also approximately 100-fold greater than that induced by equiv-
alent amounts of a nonconjugatedmixture of the TLR9 ligand and
allergen. In murine models the TLR9 allergen conjugate signifi-
cantly reduces rhinitic and asthmatic responses.42

Thus based on this enhanced immunogenicity of the TLR9
allergen conjugate, studies have examined whether a TLR9
ragweed allergen conjugate would reduce allergic responses in
human subjects with allergic rhinitis. Studies in human subjects
have demonstratedmixed results in terms of the effectiveness of the
TLR9 ragweed allergen vaccine. Studies in subjects with ragweed-
induced allergic rhinitis in Canada demonstrated that administra-
tion of the TLR9 ragweed allergen vaccine reduced nasal mucosal
biopsy eosinophil counts andTH2 cytokine levels but did not reduce
nasal symptom scores during the ragweed season.48A second study
in Baltimore demonstrated that administration of the same TLR9
ragweed allergen vaccine significantly reduced rhinitis symptom
scores in subjects with ragweed-induced allergic rhinitis during
the ragweed season.49 Subjects treated with the TLR9 ragweed al-
lergy vaccine also used fewer doses of allergy rescue medications
during the ragweed season compared with the placebo-treated sub-
jects. Interestingly, although the study subjects immunizedwith the
TLR9 ragweed vaccine only received 6 injections of the vaccine be-
fore the first ragweed season, the beneficial reduction in symptoms
persisted through the second ragweed season without administra-
tion of additional vaccine.

At present, there are limited numbers of published human studies
with either administration of TLRs alone or with TLRs conjugated
to allergens. Further studies are thus needed to determine whether
the interesting observations regarding TLRs in preclinical models
will translate into safe and effective therapeutic advances in allergy
and asthma. Potential safety concerns of TLR-based therapies in
allergy and asthma include the induction of autoimmune disease.
However, induction of autoimmune disease has not been observed
in the limited number of clinical trials with TLR9-based therapies.

TLR-based vaccine adjuvants in infectious disease
Vaccination has proved extremely effective in preventing

infectious diseases, but knowledge of the immunologic mecha-
nisms that allow vaccines to be so successful is rather limited. In
contrast to live vaccines, subunit vaccines, which consist of
specific components of pathogens, have little inherent immuno-
genicity and need to be supplemented with adjuvants to promote a
protective immune response. However, there is a paucity of
licensed adjuvants for clinical use, and thus there is a critical need
to develop safe and effective adjuvants. The renaissance in innate
immune biology is facilitating the rational design of novel
vaccine adjuvants.50 Characterization of the NLR system has
shed light on the mechanism of action of alum adjuvancy, and
our understanding of TLR function is accelerating the discovery
of safe and effective vaccine adjuvants.

An illustrative example is the development of the novel
adjuvant monophosphoryl lipid A (MPL).51 The TLR4 ligand
LPS is a potent adjuvant, but its toxicity prevents its use in human
subjects. However, MPL comes from the cell-wall LPS of gram-
negative Salmonella minnesota R595 and is detoxified by mild
hydrolytic treatment and purification. MPL lacks the toxicity of
LPS but retains the beneficial adjuvant properties.MPL combined
with aluminum salt (referred to as the AS04 adjuvant system)
shows efficacy in a vaccine against human papilloma virus52

and as a hepatitis B vaccine for patients with advanced renal dis-
ease.53 Interestingly, this adjuvant combination likely benefits
from the immune-enhancing capacity of both the TLR pathway
(triggered by MPL) and the NALP3 inflammasome (triggered
by alum crystals). Further advances in this area are almost certain
because many other TLR ligands are being developed as potential
vaccine adjuvants.

CONCLUSIONS
In the last decade, we have witnessed exhilarating advances in

our understanding of the molecular mechanisms used by the
innate immune system to sense infection and trigger a protective
immune response. For clinicians and scientists alike, the chal-
lenge is to translate this basic mechanistic understanding into a
more complete appreciation of the role of innate immunity in
health and disease.

We thank the members of the UBC Center for Understanding and
Preventing Infections in Children for constructive input and Rachel Victor
for creating our high-quality figures.
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Adaptive immunity

Francisco A. Bonilla, MD, PhD, and Hans C. Oettgen, MD, PhD Boston, Mass

The innate immune system provides critical mechanisms for the
rapid sensing and elimination of pathogens. Adaptive immunity
has evolved to provide a broader and more finely tuned
repertoire of recognition for both self- and nonself-antigens.
Adaptive immunity involves a tightly regulated interplay
between antigen-presenting cells and T and B lymphocytes,
which facilitate pathogen-specific immunologic effector
pathways, generation of immunologic memory, and regulation
of host immune homeostasis. Lymphocytes develop and are
activated within a series of lymphoid organs comprising the
lymphatic system. During development, sets of gene segments
are rearranged and assembled to create genes encoding the
specific antigen receptors of T and B lymphocytes. The
rearrangement mechanism generates a tremendously diverse
repertoire of receptor specificities capable of recognizing
components of all potential pathogens. In addition to specificity,
another principal feature of adaptive immunity is the
generation of immunologic memory. During the first encounter
with an antigen (pathogen), sets of long-lived memory T and B
cells are established. In subsequent encounters with the same
pathogen, the memory cells are quickly activated to yield a more
rapid and robust protective response. (J Allergy Clin Immunol
2010;125:S33-40.)

Key words: Adaptive immunity, antibody, B cell, lymphocytes, T cell

Although the innate immune system has evolved to rapidly
sense and effect the elimination of a wide range of pathogens, the
range of common pathogenic molecular patterns it can recognize
is limited. The overwhelming variability of antigenic structures,
as well as the ability of pathogens to mutate to avoid host
detection, has driven the evolution of the adaptive immune
system.1 In contrast to the recognition receptors of the innate im-
mune system, which are all encoded in their fully functional form
in the germline genome, adaptive immune responses depend on
receptors that are custom tailored and selected through a process
of somatic recombination of a large array of gene segments. These
arose by means of gene duplication early in the evolution of ver-
tebrates to generate highly specific and flexible immune re-
sponses. After initial pathogen encounters, cells expressing
these immune receptors can persist in the host for life, providing

immunologic memory and the capacity for rapid response in the
event of re-exposure.

Cells of the adaptive immune system include the effectors of
cellular immune responses, the T lymphocytes, which mature in
the thymus, and antibody-producing cells, the B lymphocytes,
which arise in the bone marrow. Lymphocytes are highly mobile.
After developing in the primary lymphoid organs (thymus and
bone marrow), they traffic to secondary lymphoid organs, includ-
ing lymph nodes and the spleen, which serve to capture circulating
antigens from lymph and blood, respectively. Adaptive immune
responses originate in these areas, often under the influence of
innate immune system signals provided either directly by circu-
lating pathogens or indirectly by pathogen-activated cutaneous or
mucosal antigen-presenting cells (APCs) migrating to the sec-
ondary lymphoid organs. Lymphocytes emigrating from the
spleen and lymph nodes can then travel to many sites in the
body to exert effector functions. This trafficking is regulated by an
array of adhesion molecules and chemokine receptors; CLA-
11CCR4-bearing lymphocytes traffic to skin, whereas cells bear-
ing the a4b7 integrin which binds to mucosal addressin cellular
adhesion molecule-1 (MadCAM-1) on gut endothelial cells pref-
erentially home to the gastrointestinal tract.

T CELLS AND CELLULAR IMMUNITY
T-cell development

T cells develop in the thymus from common lymphoid
progenitors coming from the bone marrow or fetal liver.2-4 Seed-
ing of the thymus is promoted by the interaction of platelet selec-
tin glycoprotein 1 on the progenitors with the adhesion molecule
P-selectin on thymic epithelium. Recently arrived cells rapidly
expand under the influence of IL-7, the receptor of which signals
through the common g chain, which is encoded on the X-chromo-
some, and is shared by a number of other cytokine receptors (IL-2,
IL-4, IL-9, IL-15, and IL-21). Mutations in this polypeptide un-
derlie X-linked severe combined immunodeficiency (SCID),
which is characterized by absent T cells. This early thymocyte ex-
pansion is accompanied by induction of Notch-1 and other
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transcription factors, which commit precursors to the T-cell line-
age and induce the expression of genes important in T-cell recep-
tor (TCR) assembly. Subsequent differentiation of the expanded
pool of T-cell progenitors or pro-T cells in the thymus involves
an antigen-independent process in which a coordinated series of
genomic rearrangements leads to the creation of functional genes
encoding the a and b or g and d chains of the TCR.

In their germline configuration the TCR loci contain arrays of
V (variable), D (diversity) and J (joining) segments. V and J
segments are present at all TCR loci, whereas only the b and d
TCR loci contain D segments. In a spatially and sequentially
ordered process, one V, one D (for b and d) and one J segment are
randomly spliced together (Fig 1). This is mediated by an enzy-
matic complex, the V(D)J recombinase composed of 2 proteins
encoded by the recombinase-activating genes 1 and 2 (RAG1
and RAG2). RAG1 and RAG2 bind to recombinase signal se-
quences flanking the borders of V-D-J segments. Recombination
signal sequence accessibility is regulated by chromatin structure.5

The V(D)J recombinase cleaves the DNA at these sites to give rise
to hairpin structures. These, in turn, are substrates for cleavage by
the nuclear enzyme Artemis, which is activated by DNA-depen-
dent protein kinase catalytic subunit and exerts endonuclease ac-
tivity on 59 and 39 overhangs and hairpins. Repair of the DNA
breaks with resultant genomic juxtaposition of V, D, and J seg-
ments is effected by ubiquitous DNA repair enzymes including
XRCC4 (X-ray repair cross-complementing protein 4) and Ligase
IV in a process called nonhomologous end-joining. As would be
predicted, null mutations in RAG, Artemis (DCLRE1C), DNALi-
gase IV, and other enzymes involved in V(D)J recombination (in-
cluding the XRCC4-like enzyme Cernunnos) give rise to SCID.

Each assembled V-D-J cassette represents one of a huge
number of possible permutations of recombinations of the
component V, D, and J segments, and the resulting structure
dictates the amino acid sequence and binding specificity of the
TCR. This is referred to as combinatorial diversity. Additional
diversity, known as junctional diversity, is conferred by some
inherent imprecision in the DNA-joining reactions involved in
ligation of double-strand DNA breaks, resulting in some addition
or removal of bases. Furthermore, the enzyme terminal deoxy-
ribonucleotidyl transferase catalyzes the template-independent
addition of several (generally 1-5) nucleotides at the joints. These
junctional areas encode the third complementarity determining
region of the antigen-binding pocket of the TCR, and this is the
site of greatest variability.

In their germline configuration the component gene segments
of the TCR are separated by large amounts of DNA. These
intervening stretches of DNA are excised in the process of
recombination but remain in the nucleus, where they circularize
and are stable in an episomal form known as T-cell receptor
excision circles (TRECs). TRECs are not duplicated during cell
division, and therefore they dilute as newly formed T-cell
clones expand. Measurement of TRECs in peripheral blood by
means of PCR can be used to examine T-cell emigration from
the thymus, and this approach is now in used in several states to
analyze newborn blood spots in pilot screening programs for
SCID.6

Gene-segment rearrangements are termed productive if they do
not introduce stop codons and give rise to a gene encoding a full-
length TCR protein. Sequential productive rearrangements of 2
TCR genes leading to surface expression of an ab or gd TCR
marks the transition from a pre-T to a double-positive T cell; these

cells express both CD4 and CD8. The TCR chains are assembled
at the cell surface as a complex with the proteins constituting
CD3, including the g, d, e and z chains.

Further differentiation of these double-positive cells, which
reside in the thymic cortex, to single-positive T cells, which are
found in the medulla, is regulated by both positive and negative
selection events involving antigens and molecules of the MHC.
Positive selection occurs when the TCR of double-positive T cells
binds with low avidity to self-MHC (complexed with self-
peptides) on thymic epithelium. Double-positive cells bearing a
TCR, which does not bind to self-MHC, are eliminated. Con-
versely, negative selection is exerted on double-positive T cells,
the TCR of which binds with very high avidity to self-MHC/
peptide, ensuring that autoreactive T-cell precursors are not
permitted to mature (central tolerance). Deletion of T-cell clones
interacting with peptides normally expressed in distant organs is
facilitated by the function of the gene AIRE (autoimmune regula-
tor), which stimulates expression of genes with wide tissue

FIG 1. Sequential recombination of a random assortment of gene frag-
ments dictates TCR structure and specificity. This schematic depiction of
the TCR Vb1 locus indicates the relative locations of the Vb, Db, and Jb seg-
ments upstream of Cb1. 1, The V(D)J recombinase recognizes signal se-
quences (triangles) upstream of one of many possible Jb segments and
introduces DNA breaks. The same process occurs at an upstream Db seg-
ment. Double-stranded DNA breaks are generated, and the 2 broken DNA
ends are brought together and ligated by means of cellular DNA repair
mechanisms (nonhomologous end-joining). The excised intervening DNA
(the stretch between Db and Jbn) circularizes and remains in the nucleus
as an episome known as a TREC. Such DNA circles are stable but are not
replicated during cell division and dilute out during clonal expansion after
T cells exit the thymus. 2, By using the same mechanism, one of approxi-
mately 70 possible Vb segments is brought into juxtaposition with the
DJb segment. A second excision product is generated. 3, Transcripts of
the rearranged TCRb locus contain Vb, Db, Jb, and C cassettes. 4, If this se-
ries of events has not introduced any stop codons, the rearrangement is
termed productive, and a full functional TCRb protein is translated. This
event is permissive for subsequent TCRa rearrangement followed by ex-
pression of the complete TCR complex, including TCRab and CD3gdez
chains at the T-cell surface. Rearrangement of a genes is the same as for
b genes, except that the a gene is assembled only from Va, Ja, and Ca.
The g chain of the TCR is similar to a and is also assembled from V, J,
and C segments. The TCR d chain is similar to the b chain and is comprised
of V, D, J, and C segments. The a and d gene loci are on chromosome 14.
The b and g loci are on chromosome 7.
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specificity in thymic epithelium.7 Dysfunction of this gene is per-
missive for the escape of some self-reactive T cells and can give
rise to autoimmune polyendocrine syndromes. Double-positive
thymocytes that pass both positive and negative selection mature
to CD81 single-positive T cells by means of further interaction
with thymic epithelial MHC class I molecules, whereas those se-
lected on MHC class II acquire a CD41 single-positive pheno-
type. Both CD41 and CD81 single-positive cells are found in
the thymicmedulla fromwhich they exit to the circulation as fully
differentiated but antigen-naive T cells.

T-cell activation
Mature T cells are activated on interaction of their TCRs with

antigenic peptides complexed with MHC molecules. CD81 T
cells can interact with peptides (9-11 amino acids in length)
on almost any cell expressing MHC class I (HLA-A, HLA-B,
and HLA-C). These MHC class I–restricted peptides are gener-
ally produced from proteins translated within the cell (endoge-
nous antigens) encoded either in the host genome or by
infecting viruses or other pathogens replicating intracellularly.
In contrast, the TCRs of CD41 T cells engage peptides bearing
MHC class II (HLA-DR, HLA-DQ, and HLA-DP). Unlike
MHC class I expression, which is constitutive in all nucleated
cells, MHC class II molecules are present on APCs and are
inducible by innate immune stimuli, including ligands for
Toll-like receptors (TLRs). APCs are specialized samplers of
environmental antigens and danger signals (ligands for TLR
and other systems of pattern-recognition receptors). They are
present in large numbers in the skin and mucosal sites, where
pathogen encounter is most likely, and they actively sample
exogenous proteins by means of phagocytosis or endocytosis.
Activation of these cells leads not only to induction of MHC
class II expression but also to emigration from skin and mucosal

sites to regional lymph nodes, where interaction with T cells
can occur, leading to initiation of immune responses.

T-cell activation is initiated when the TCR and associated
proteins recognize a peptide/MHC complex on an APC, leading
to a rapid clustering of TCR-associated molecules at the physical
interface between T cells and APCs and the formation of a so-
called immunologic synapse.8 This is also called a supramolecu-
lar activation complex. The T-cell side of the synapse is focused
around a central cluster of CD3 (g, d, e, and z) and TCR (a and
b), which bind specifically to the peptide/MHC complex, as well
as CD4/CD8 molecules, which stabilize this interaction by bind-
ing to nonpolymorphic regions of MHC class I or MHC class II,
respectively. The synapse is stabilized by adhesion molecules
known as integrins. The aggregation of these molecules in the
synapse facilitates the early events in TCR signaling (Fig 2). Si-
multaneous binding to MHC/peptide on the APCs by TCRs and
CD4/CD8 in the synapse brings the cytosolic domains of these
molecules into proximity. As a result, the CD4- and CD8-associ-
ated Src family protein tyrosine kinase Lck is able to phosphor-
ylate tyrosine residues contained in cytoplasmic immunoreceptor
tyrosine-based activation motifs of the TCR-associated CD3
chains. This results in the recruitment of the critical adaptor mol-
ecule, z-associated protein, 70 kd (ZAP-70), which binds to im-
munoreceptor tyrosine-based activation motif phosphotyrosines
and phosphorylates a number of cytosolic proteins triggering
the assembly of an intracellular complex of scaffolding and acti-
vated signaling proteins, including linker of activated T cells and
SH2-containing leukocyte protein, 76 kd. The CD45 transmem-
brane protein, which contains 2 tyrosine phosphatase domains
and is ubiquitous in lymphoid cells, might play a critical role
in TCR-triggered activation of this kinase cascade by dephos-
phorylating inhibitory phosphotyrosine residues in Src family
kinases, such as Lck. Mutations in CD45 give rise to a SCID
phenotype.

FIG 2. Signaling molecules in T-cell activation. The TCR a and b chains recognize peptide/MHC complexes
expressed on APCs, an interaction that is stabilized by the simultaneous binding of T-cell CD8 toMHC class I
or CD4 toMHC class II. Signaling is initiated by the CD3 chains (g, d, e, and z) through cytoplasmic ITAMs (red
diamonds), which are phosphorylated by Src family kinases, including CD4/8-associated Lck, leading to re-
cruitment of signaling molecules, including ZAP-70. The tyrosine phosphatase CD45 dephosphorylates in-
hibitory phosphotyrosines in Lck and is important for initiation of signaling. ZAP-70–mediated
phosphorylation of downstream molecules, including the adapter proteins linker of activated T cells
(LAT) and SH2-containing leukocyte protein, 76 kd (SLP-76), drives the recruitment of PLCg1, which hydro-
lyzes the membrane lipid phosphatidylinositol bisphosphate (PIP2), generating inositol-trisphosphate (IP3)
and diacylglycerol (DAG). IP3 increases intracellular calcium (Ca21) levels, and DAG activates protein kinase
C, leading to the induction of nuclear factor kB (NF-kB)–mediated and mitogen-activated protein kinase
(MAPK)–mediated gene transcription.
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One of the active signaling enzymes recruited to linker of
activated T cells and phosphorylated by ZAP-70 is phospholipase
Cg1 (PLCg1). PLCg1 mediates hydrolysis of the membrane
inositol phospholipid phosphatidylinositol bisphosphate, gener-
ating inositol-trisphosphate and diacylglycerol. Inositol-trisphos-
phate induces a rapid increase in intracellular calcium (Ca21)
levels by means of activation of stores contained within the endo-
plasmic reticulum. This calcium flux activates a calcium release–
activated calcium channel facilitating the influx of extracellular
calcium.9 Calcium entering the cytosol from the endoplasmic re-
ticulum or extracellular space binds to the regulatory protein cal-
modulin, which in turn activates the phosphatase calcineurin,
which dephosphorylates nuclear factor of activated T cells in
the cytosol, generating the active form of this critical transcription
factor, which then translocates to the nucleus.

In a simultaneous, parallel pathway triggered by diacylglycerol,
the other product of PLCg1-mediated hydrolysis of phosphati-
dylinositol bisphosphate, protein kinase C is activated. This leads,
through intermediates, to the activation of nuclear factor kB,
another critical transcription factor in T-cell activation. Activation
of themitogen-activated protein kinase pathway,which is initiated
by recruitment of RasGTP to the supramolecular activation
complex, leads to the generation of the activator protein 1 tran-
scription factor. The coordinated action of this series of transcrip-
tion factors (nuclear factor of activated T cells, nuclear factor kB,
and activator protein 1), as well as others, induces a constellation
of gene expression important for the function of activated T cells.

T-cell effector subsets
Although the basic principles of thymic development and the

mechanisms of activation are shared by all T cells, there is a
remarkable diversity of effector functions that are elicited in
response to activation.T cells can play direct roles in elimination of
pathogens by killing infected target cells. They can function as
helper cells, providing cognate (involving direct cellular contact)
or cytokine signals to enhance bothB- andT-cell responses, aswell
as causing activation of mononuclear phagocytes. Finally, T cells
regulate immune responses, limiting tissue damage incurred by
means of autoreactive or overly inflammatory immune responses.

The largest group of T cells in the body is the CD41 ab TCR
population. Most of these cells serve a helper function and have
been designated TH cells. On activation, TH cells produce a range
of cytokines. About 20 years ago, immunologists Robert Coffman
and Tim Mossman first discovered that not every individual
CD41 TH cell has the capacity to produce the full range of cyto-
kines known to be in the T-cell repertoire.10 Instead, by means of
analysis of T-cell clones, they demonstrated 2 main categories of
TH cells, both TH1 and TH2 cells, each producing (mostly) mutu-
ally exclusive panels of cytokines. TH1 cells were characterized
by their capacity to make IFN-g and IL-2 and were shown to dif-
ferentiate from naive TH0 precursors under the influence of IL-12
and IFN-g and the T-box expressed in T cells transcription factor
(T-bet) (Fig 3). In contrast, TH2 cells are producers of IL-4, IL-5,
IL-10, and IL-13, and their development is driven by IL-4 and the
transcription factor GATA-3. TH1 cell cytokines drive cell-medi-
ated responses, activating mononuclear phagocytes, natural killer
(NK) cells, and cytolytic T cells for killing of intracellular mi-
crobes and virally infected targets. The TH2 cytokine profile en-
hances antibody production, as well as a number of aspects of
hypersensitivity and parasite-induced immune responses, includ-
ing eosinophilopoiesis. In some cases there is more plasticity to

T-cell production of TH1 and TH2 cytokine production than the
constraints of the TH1/TH2 paradigm would suggest; overlapping
cytokine expression profiles are possible. For example, it was
recently shown that T-box transcription factor expression, along
with IFN-g production, can be induced in some TH2 cells.11

Over the 2 decades since their discovery, the relationship
between TH1 and TH2 cells has been viewed as a Yin-Yang para-
digm, and immune responses to pathogens or immunologically
mediated disease processes have been considered as primarily
TH1 or TH2 mediated. However, inconsistencies between the
TH1/TH2 model and clinical observations and animal data sug-
gested that not all CD41-driven processes could be attributed to
cytokines predicted to arise from TH1 or TH2 responses. In the
past 2 years, strong evidence for additional TH diversity has
arisen.12 TH17 cells are induced by IL-6 and TGF-b and express
the transcription factor RORgt (retinoic acid receptor related
orphan receptor gt). TH17 cells produce IL-17, a group of 5 ho-
mologous molecules designated IL-17A-F. TH17 cells produce
mainly IL-17A and IL-17F, and IL-17E is now called IL-25.
IL-17A and IL-17F are potent proinflammatory cytokines capable
of inducing IL-6 and TNF production, as well as driving granulo-
cyte recruitment and tissue damage. TH17 cells are thought to
be important in autoimmunity; IL-17 is present in the inflamed tis-
sues of patients with arthritis, multiple sclerosis, and systemic lu-
pus erythematosus. In animal models genetic deletion or antibody
inhibition of IL-17 blocks experimental autoimmune diseases,
such as experimental autoimmune encephalomyelitis. TH17 cells
are also prominent in chronic allergic inflammatory processes,
such as asthma.13 Defects that impair TH17 production in human

FIG 3. CD41 TH cell subsets. Antigen-specific naive TH0 T cells are stimu-
lated to expand on interaction with APCs expressing MHC class II/peptide
complexes. Depending on the type of APC and the cytokine milieu (arrows)
at the site of antigen encounter, TH0 cells can be driven down one of several
differentiation pathways. The TH populations that arise retain the TCR spec-
ificity of the parent TH0 cell but secrete unique constellations of cytokine
products that mediate distinct effector functions, including activation for
killing of microbes (TH1), production of antibodies and expulsion of hel-
minths (TH2), induction of inflammatory responses (TH17), and dampening
of immune activation (regulatory T [Treg] cells). Specific transcription fac-
tors (indicated in the nuclei) stabilize lineage commitments and dictate
the specific cytokine secretion profiles. FoxP3, Forkhead box protein 3;
RORgt, (retinoic acid receptor related orphan receptor gt); STAT3, signal
transducer and activator of transcription 3; T-bet, T-box expressed in T cells.
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subjects, such as signal transducer and activator of transcription 3
mutations in the hyper-IgE syndrome, are associated with de-
creased inflammatory response and recurrent infections. It is likely
that future investigations will uncover further diversity of TH

subsets. The existence of IL-9–producing TH9 cells has recently
been suggested by the observation that exposure of TH2 cells to
a combination of IL-4 and TGF-b reprograms them to produce
IL-9, a potent mast cell growth factor and mediator of helminthic
immunity.14,15 A specialized subset of TH cells, follicular T helper
(TFH) cells resides in lymph nodes and the spleen. TFH cells are
memory CD41 cells expressing the chemokine receptor
CXCR5, which mediates their recruitment to follicles. These cells
trigger B-cell activation, leading to germinal center formation.

The critical function of regulation of T-cell responses also
resides within the CD41 ab TCR subset of lymphocytes and is
likely effected by several regulatory cell types. IL-10–producing
regulatory T (TR1) cells, as well as both naturally occurring and
inducible CD251CD41T cells expressing the transcription factor
forkhead box protein 3, have been shown to quell T-cell re-
sponses. Absence of forkhead box protein 3, which is encoded
on the X-chromosome, gives rise to a severe multisystem inflam-
matory disorder (immune dysregulation, polyendocrinopathy, X-
linked syndrome). The complexity of the regulatory T-cell system
has recently been well reviewed.16

CD81 T cells represent a major fraction of circulating T cells
and act to remove both cells harboring intracellular pathogens, in-
cluding viruses and transformed cells. Because CD8 serves as a
coreceptor for MHC class I and CD81 thymocytes are selected
onMHC class I, CD81 T cells primarily recognize antigenic pep-
tides derived from cytosolic proteins. Cytolytic T lymphocytes
(CTLs) kill target host cells in a contact-dependent mechanism.
Recognition of foreign cytosolic peptides of the target cell in
the context of host MHC class I by the CTLTCR leads to the for-
mation of a conjugate with an immunologic synapse. Within min-
utes, the CTL activates apoptotic cell death in the target cell. This
process is mediated by rapid mobilization of CTL granules to the
synapse followed by fusion of granule membranes with the target
cell plasmamembrane and exocytosis of granule contents, includ-
ing granzymes and perforin. The granzymes are serine proteases
that target a number of proteins in the host cell, leading to activa-
tion of apoptosis. In a parallel proapoptotic pathway, TCR activa-
tion in the immune synapse drives expression of Fas ligand on the
CTL. This in turn engages Fas (CD95) on the target cell mem-
brane, again triggering apoptosis.

A small subset of T cells expresses a gd TCR, and most are
double negative (expressing neither CD4 nor CD8), with some
variably CD41 or CD81. In human subjects these represent less
than 5% of lymphocytes in most tissues but are found in higher

FIG 4. A, Antigen-independent B-cell development in the bone marrow. The earliest recognized committed
stage is thepre-/pro-B cell,where immunoglobulinDHandJHgenes rearrange. In thepro-B cell stage, aVH seg-
ment is joined to the DJH unit. At this point, if heavy chain gene rearrangement on at least 1 chromosome has
been successful, an IgMheavy chainmight formandpairwith the surrogate light chainheterodimer (lambda5
and VpreB) tomake the surface-expressed pre-B cell receptor (BCR) at the large pre-B cell (Lg pre) stage. Sub-
sequent to signaling through the receptor, precursors undergo expansion through proliferation (not shown)
andlight chaingenes rearrange (k chainsfirstandl chainsnext, ifk rearrangement isunsuccessful) at thesmall
pre-B cell (Smpre) stage. If light chain assembly is successful, the cellmight express a fully formed IgM recep-
tor on its surface at the immature (Imm) stage and leave the bone marrow (BM). Subsequently, the cell also
expresses IgD on the surface in addition to IgM and becomes a mature (Mat) B cell. B, Antigen-dependent
B-cell development in the periphery. Many B cells recirculate through the lymphatic system and lymph nodes
(LN), where they can encounter antigen.When activated, these cells proliferate andmight become short-lived
antibody-secreting plasma cells (PC). Alternatively, they might enter follicles and establish germinal centers
(GC). Memory B cells are mainly formed in GCs. Memory cells can be subsequently activated and become
long-lived plasma cells at some time in the future. Cells that have been activated acquire the CD27 surface
marker. Cells that retain surface expression of IgM and IgD are called unswitched, whereas cells that have un-
dergone immunoglobulin class-switching and have lost expression of IgM and IgD are called switchedmem-
oryBcells.Cells canalsoenter thesplenicmarginal zone (MZ),where theydonotactively recirculate. If theyare
activated here in the absence of cognate T-cell help (see text), they also undergo clonal expansion and form
plasma cells. However, little B-cell memory is generated in this pathway.
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numbers in the gastrointestinal epithelium. Unlike ab T cells, gd
cells recognize antigens not in the context ofMHC class I orMHC
class II molecules but rather as presented by nonclassical MHC
molecules of the CD1 family. The gd subset is expanded in the
setting of mycobacterial infection, and it is thought that these T
cells might respond to mycobacterial antigens. In addition to rec-
ognizing peptide antigens, the gd TCR can bind to small mole-
cules, including phospholipids and alkyl amines.

Natural killer T (NKT) cells represent another subset of T cells,
which, like gd T cells, recognize nonpeptide antigens presented by
nonclassical MHC molecules of the CD1 family. NKT cells are
defined by their simultaneous expression of T-cell (CD3, TCRab)
and NK cell antigens (CD56). A large fraction of NKT cells is
characterized by the expression of a single unique TCRa rear-
rangement, Va24-Ja18 with Vb11, and are referred to as invariant
NKTcells.ActivatedNKTcells are capable of rapid and substantial
production of cytokines, including IL-4, and have been implicated
in allergic pathogenesis.17 A currently very active area of research
is the identification of endogenous and pathogen-derived ligands
that might stimulate NKT expansion and activation.

B CELLS AND HUMORAL IMMUNITY
B-cell development

Adaptive humoral immunity is mediated by antibodies pro-
duced by plasma cells that develop from B cells under the
direction of signals received from T cells and other cells, such as
dendritic cells. B cells arise from hemopoietic stem cells in the
bone marrow. Commitment to the B-cell lineage is under the

control of several transcription factors, such as PU.1, IKAROS
(IKAROS family zinc finger 1), E2A, EBF (early B cell factor 1),
PAX5 (paired box gene 5) and IRF8 (interferon regulatory factor
8).18-20 In the bone marrow B cells pass through several distinct
developmental stages, during which they acquire their antigen
specificity (Fig 4, A). Reaching the immature stage, B cells exit
the marrow and complete development to the mature or naive
stage. This is signaled by the appearance of IgD in addition to
IgM on the cell surface. This entire developmental sequence oc-
curs in the absence of any contact with exogenous antigen.
Thus it is called antigen-independent B-cell development. Any
genetic mutations affecting components of the pre-B cell receptor
or the signaling pathways connected to it (Fig 5) lead to immuno-
deficiency with agammaglobulinemia and absence of B cells.21

The genes encoding immunoglobulins are assembled from
segments in a manner entirely analogous to the process for TCR
genes. Heavy chains are assembled from 4 segments (VH, D, JH
and CH); light chains are assembled from 3 segments (VL, JL,
and CL). There are 9 different heavy chain types (IgM, IgD,
IgG1-4, IgA1 and IgA2, and IgE) and 2 light chain types (k and
l). The heavy chain genes are on chromosome 14, and the k
and l genes are on chromosomes 2 and 22, respectively. Immuno-
globulin structure is considered in detail in the chapter ‘‘Structure
and function of immunoglobulins.’’

B-cell subsets
In mice the presence of the surface marker CD5 distinguishes a

population of B1 B cells with distinct characteristics: they
develop early in ontogeny, they tend not to undergo somatic
hypermutation (SHM; see below), and they secrete IgM antibody
with polyspecificity, including binding to self-antigens.22 The
CD52 population is called B2 or conventional B cells. B cells ex-
pressing CD5 also exist in human subjects, and at least a subset of
these cells might have characteristics similar to those of murine
B1 cells. However, clear-cut phenotypically and functionally dis-
tinct B1- and B2-cell sublineages are not well described in human
subjects. Furthermore, the marginal zone of the periarteriolar
lymphoid sheath in the murine spleen contains B cells with a par-
ticular role in responding to so-called T-independent type 2 anti-
gens (see below).23 The histologic structure of the human spleen is
distinct, and it is not yet clear whether an identical distinct popu-
lation of marginal-zone B cells exists in human subjects.

Several subpopulations of B cells in peripheral blood can be
distinguished based on surface-marker expression (Table I).

FIG 5. Signaling molecules in B-cell activation. The immunoglobulin
receptor contains 2 signaling molecules called Ig-a and Ig-b (encoded by
the CD79A and CD79B genes, respectively). The cytoplasmic domains of
these molecules contain ITAMs (red diamonds), which recruit signaling
molecules to clusters of cross-linked or immobilized receptors on the cell
surface. The tyrosine phosphatase CD45 is important for initiation of signal-
ing, and the coreceptormolecule CD19 also assists in the recruitment of sig-
naling molecules to the complex. Some of the proximal signaling
molecules include the tyrosine kinases Lyn, Syk, and Btk; the adaptor pro-
tein B-cell linker protein (BLNK); the guanine nucleotide exchange factor
Vav; phospholipase Cg2 (PLCg2); and phosphoinositide 39 kinase (PI3 K).
Additional downstream signaling events include the release of intracellular
calcium stores, the influx of extracellular calcium, activation of protein ki-
nase C (PKC), activation of mitogen-activated protein kinases (MAPK),
and activation of transcription regulated by a variety of factors, including
OCA-B/OBF-1 (Oct binding factor 1, also called POU domain class 2 associ-
ating factor 1) and Pip/IRF-4 (interferon regulatory factor 4).

TABLE I. B-cell subpopulations in peripheral blood

Surface phenotype B-cell subset

IgM1IgD2CD272 Immature
IgM1IgD1CD272 Naive
IgM1IgD1CD271 Marginal zone (unswitched memory)
IgM2IgD2CD271 Germinal center (switched memory)*
CD38lowCD21low Uncharacterized!
CD38highIgMhigh Transitional (activated)
CD38highIgM2 Plasmablast

*Reduction in this population is associated with several complications of common
variable immunodeficiency.
!Expansion of this (thus far) otherwise uncharacterized population is seen in patients
with autoimmune diseases, such as lupus, and in patients with common variable
immunodeficiency with autoimmune complications.
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These mainly represent different developmental stages and path-
ways, as described above (and below) and in Fig 4. Alterations of
some of these populations have been associated with clinical phe-
notypes in immunodeficiency and autoimmune disease.24

B-cell activation
The second phase of B-cell development occurs after encounter

with antigen and activation and is called the antigen-dependent
phase (Fig 4, B). Depending on the various contacts and cytokine
stimuli received by the activated cell (discussed below), it will be-
comeeither amemorycell to be activatedonce again in the futureor
it will become a plasma cell producing large amounts of antibody.

T-independent antigens. Some antigens elicit antibody
formation in the absence of T cells, and are called T-independent
(TI) antigens. Although the phenomenon is most clearly seen in
murine models, similar mechanisms of B-cell activation exist in
human subjects. Certain molecules, such as some plant lectins
(eg, pokeweed mitogen), are alone capable of inducing prolifer-
ation and antibody production from mature B cells. These are
called TI type 1 antigens.25

Some macromolecules, such as polymerized proteins or pol-
ysaccharides, possess repeating molecular patterns that can
interact with multiple immunoglobulin receptors on the cell
surface and cross-link them. This might deliver a partially
activating signal that can progress to memory or plasma cell
development with only the additional signals provided by cyto-
kines or other cell contacts provided by dendritic cells.26 These
are called TI type 2 antigens. In many cases the antigens them-
selves might also provide more than 1 activating signal because
some might interact with other receptor systems, such as TLR.27

Another important signaling system in direct dendritic cell–
B-cell interactions involves transmembrane activator and CamL

interactor (TACI, also TNFRSF13B), which is expressed on
activated B cells.28 One TACI ligand, a proliferation inducing lig-
and (APRIL, also TNFSF13), is expressed on a broad range of
leukocytes. Another TACI ligand, B cell–activating factor
(BAFF, also TNFSF13B) is expressed on dendritic cells and my-
eloid cells. In combination with the signals described above, this
system can promote immunoglobulin isotype switching (see be-
low) independently of T cells. This process could underlie some
rapid responses to polysaccharide antigens to provide adequate
immunity before the recruitment of effective T-cell help.

T-dependent antigens. The vast majority of antibody
responses to proteins and glycoproteins require participation of
T cells, and these antigens are called T dependent. Mature B cells
recirculate through secondary lymphoid organs, including lymph
nodes, the spleen, and mucosal-associated lymphoid tissues. In
the lymph nodes B cells are concentrated in the cortex in primary
follicles in contact with follicular dendritic cells. T cells are in the
paracortical areas. Low-molecular-weight antigens might diffuse
directly into B-cell areas in secondary lymphoid tissues. Larger
molecules require transport by means of cellular mechanisms that
are still being elucidated.29 Antigens complexed to varying to de-
grees with IgM, IgG, and complement might be carried on the sur-
faces of specialized macrophages, follicular dendritic cells, or
even B cells themselves, all of which have receptors for IgG Fc
and complement fragments. Antigen presented on these surfaces
can stimulate B cells through immunoglobulin receptor cross-
linking, expression of other interacting surfacemolecules, and cy-
tokine secretion.

B cells require 2 principal types of signals to become activated.
Signal 1 is delivered by cross-linking of the immunoglobulin
receptor, as described above. This cross-linking leads to activa-
tion of intracellular signaling pathways (Fig 5) that render the cell
capable of interacting with T cells and thereby receiving signal 2.
B cells are active as APCs and express peptides along with MHC
class II on their surface. These peptides can arise from processed
antigen that was internalized after binding to the B-cell surface
immunoglobulin receptor. When the B cell contacts a CD41 T
cell specific for such a peptide with self-MHC class II and having
been previously activated by an APC, the T cell is able to provide
cognate (direct cellular contact) help and activate the B cell for
further differentiation into memory cells or plasma cells.

The cognate interaction betweenT cells andB cells is analogous
to the interaction between T cells and dendritic cells. B cells
express many of the same costimulating molecules found on
dendritic cells, such as CD40, B7-1 (CD80), and B7-2 (CD86). T
cells and B cells form an analogous immunologic synapse, and the
signaling pathways involved are similar. This initial interaction
takes place at themargin between primary follicles andT-cell areas
in secondary lymphoid tissues. The activated B cells enter one of 2
pathways. Either they immediately become short-lived plasma
cells secreting low-affinity antibody without somatic mutation, or
they enter a follicle to establish a germinal center (Fig 4).30

In the germinal center (Fig 6) B cells can change from the pro-
duction of IgM and IgD to other isotypes, such as IgG, IgA, and
IgE. This is called class-switching.31 This process occurs through
a mechanism of gene rearrangement somewhat analogous to the
process of TCR and B-cell receptor gene segment rearrangement
described above. In class-switching a DNA sequence between the
VDJ unit and the genes encoding IgM and IgD is cut and ligated to
a similar sequence in front of another immunoglobulin C-region
gene encoding any of the subclasses of IgG, IgA, or IgE. The

FIG 6. Diagram of a germinal center. Cells (and antigens) enter the light
zone, which is positioned to facilitate exposure to sources of antigen (eg,
intestinal lumen, splenic arterioles, and subcapsular sinus in lymph nodes).
This area has a high concentration of follicular dendritic cells (FDC), TH

cells, and tingible body macrophages (TBM), which are engulfing apoptotic
B cells. Light zone B cells (centrocytes) that interact effectively with FDCs
and TH cells lose expression of immunoglobulin and migrate to the dark
zone and become centroblasts. Here they undergo immunoglobulin
class-switching and SHM. If these processes destroy the ability to express
immunoglobulin, the cells die by means of apoptosis and are engulfed
by TBM. If they succeed in expressing immunoglobulin again, they migrate
back to the light zone and interact with antigen on FDCs. If antigen specific-
ity has been lost because of SHM, the cells die by means of apoptosis and
are engulfed by TBM. The B cells with the highest affinity for antigen re-
ceive the most effective activating signals and are able to express more
peptides for recognition by TH cells. These cells might become memory
cells or long-lived plasma cells (whereupon they leave the germinal center),
or they might re-enter the dark zone and repeat the cycle.
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result is the loss of the intervening DNA and the production of an
antibody with the same specificity (same VDJ unit) with a new C-
region isotype. The process of class-switching is partly under cy-
tokine control. For example, IL-4 and IL-13 promote switching to
IgE.32 IFN-g can antagonize this effect. IL-10 and TGF-b pro-
mote switching to IgA.33

At the same time that class-switching is occurring, amechanism
of nucleotide substitution is activated, leading to the accumulation
of point mutations in the immunoglobulin heavy and light chain
variable regions. This process is knownas SHM.34,35 The enzymes
activation-induced cytidine deaminase and uracil nucleoside gly-
cosylase, among others, are important for the DNA cutting and
splicing events of class-switching, as well as for the nucleotide
substitutions leading to SHM. Lack of either activation-induced
cytidine deaminase or uracil nucleoside glycosylase enzymes
leads to immunodeficiency (forms of hyper-IgM syndrome). As
a result of the selectionmechanisms operating in the germinal cen-
ter, SHM leads to the production of antibodies with higher affinity
for antigen. This is known as affinity maturation.

The immune response to the first exposure to an antigen is called
the primary response. It is relatively slow (it takes a few weeks to
develop fully) and leads to production of predominantly IgM
antibody of relatively low affinity. Other isotypes, such as IgG, IgA,
or IgE, appear relatively late (2 weeks or longer) and show higher
affinity (affinitymaturation).During the primary response,memory
T cells and B cells are generated. In a subsequent exposure to the
same antigens (pathogen), these cells are activated more quickly in
comparison with a primary response, so that production of high-
affinity IgG (or IgA or IgE) is established quickly (within 1 week).
This is called a secondary response.

CONCLUSION
Phylogenetically ancient mechanisms of innate immunity are

still critical for the protection of more highly evolved organisms
from many pathogens. The evolution of pathogens that them-
selves had the capacity to alter their molecular patterns to evade
innate immune mechanisms drove the counter-evolution of the
mechanisms of adaptive immunity briefly reviewed above. The
key feature of adaptive immunity is the vast repertoire of T- andB-
lymphocyte receptor specificities generated through the somatic
recombination of gene segments. Another important feature is the
generation of immunologic memory or the ability of the system to
learn or record its experiences of encounters with various
pathogens in a manner leading to even more effective and rapid
responses with subsequent challenges with the same or similar
infections. The ability to generate such a wide repertoire of
specificities vastly increases the opportunities for inappropriate
attack against self-components. Thus a third principal feature of
adaptive immunity is the requirement for complex and robust
regulatory systems to prevent such attack.
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Structure and function of immunoglobulins

Harry W. Schroeder, Jr, MD, PhD,a and Lisa Cavacini, PhDb Birmingham, Ala, and Boston, Mass

Immunoglobulins are heterodimeric proteins composed of 2
heavy and 2 light chains. They can be separated functionally
into variable domains that bind antigens and constant domains
that specify effector functions, such as activation of complement
or binding to Fc receptors. The variable domains are created by
means of a complex series of gene rearrangement events and can
then be subjected to somatic hypermutation after exposure to
antigen to allow affinity maturation. Each variable domain can
be split into 3 regions of sequence variability termed the
complementarity-determining regions (CDRs) and 4 regions of
relatively constant sequence termed the framework regions. The
3 CDRs of the heavy chain are paired with the 3 CDRs of the
light chain to form the antigen-binding site, as classically
defined. The constant domains of the heavy chain can be
switched to allow altered effector function while maintaining
antigen specificity. There are 5 main classes of heavy chain
constant domains. Each class defines the IgM, IgG, IgA, IgD,
and IgE isotypes. IgG can be split into 4 subclasses, IgG1, IgG2,
IgG3, and IgG4, each with its own biologic properties, and IgA
can similarly be split into IgA1 and IgA2. (J Allergy Clin
Immunol 2010;125:S41-52.)

Key words: Antibody structure, antibody function, immunoglobulin
structure, immunoglobulin function, immunoglobulin gene rear-
rangement, class switching, somatic hypermutation

In 1890, von Behring and Kitasato reported the existence of an
agent in the blood that could neutralize diphtheria toxin. The fol-
lowing year, referencewasmade to ‘‘Antik€orper,’’ or antibodies, in
studies describing the ability of the agent to discriminate between
2 immune substances. Subsequently, the substance that induces
the production of an antibody was referred to as the ‘‘Antisomato-
gen 1 Immunk€orperbildner,’’ or the agent that induces the anti-
body. The term ‘‘antigen’’ is a contraction of this term. Thus an
antibody and its antigen represent a classic tautology.

In 1939, Tiselius and Kabat used electrophoresis to separate
immunized serum into albumin, a-globulin, b-globulin, and
g-globulin fractions. Absorption of the serum against the antigen
depleted the g-globulin fraction, yielding the terms g-globulin,
immunoglobulin, and IgG. ‘‘Sizing’’ columns were then used to
separate immunoglobulins into those that were ‘‘heavy’’ (IgM),
‘‘regular’’ (IgA, IgE, IgD, and IgG), and ‘‘light’’ (light chain dimers).

More than 100 years of investigation into the structure and
function of immunoglobulin has only served to emphasize the
complex nature of this protein. Typically, receptors bind to a
limited and defined set of ligands. However, although individual
immunoglobulin also bind a limited and defined set of ligands,
immunoglobulins as a population can bind to a virtually unlimited
array of antigens sharing little or no similarity. This property of
adjustable binding depends on a complex array of mechanisms
that alter the DNA of individual B cells. Immunoglobulins also
serve 2 purposes: that of cell-surface receptors for antigen, which
permit cell signaling and cell activation, and that of soluble
effector molecules, which can individually bind and neutralize
antigens at a distance. The molecular mechanisms that permit
these many and varied functions are the focus of this chapter.

STRUCTURAL ELEMENTS
The immunoglobulin domain: The basic
immunoglobulin superfamily building block

Immunoglobulins belong to the eponymous immunoglobulin
superfamily (IgSF).1-3 They consist of 2 heavy (H) and 2 light (L)
chains (Fig 1), where the L chain can consist of either a k or a l
chain. Each component chain contains oneNH2-terminal variable
(V) IgSF domain and 1 or more COOH-terminal constant (C)
IgSF domains, each of which consists of 2 sandwiched b-pleated
sheets pinned together by a disulfide bridge between 2 conserved
cysteine residues.1 Each Vor C domain consists of approximately
110 to 130 amino acids, averaging 12,000 to 13,000 kd. Both im-
munoglobulin L chains contain only 1 C domain, whereas immu-
noglobulin H chains contain either 3 or 4 such domains. H chains
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with 3 C domains tend to include a spacer hinge region between
the first (CH1) and second (CH2) domains. A typical L chain will
thusmass approximately 25 kd, and a 3C domain CgHchainwith
its hinge will mass approximately 55 kd. Considerable variability
is allowed to the amino acids that populate the external surface of
the IgSF domain and to the loops that link the b strands. These
solvent-exposed surfaces offer multiple targets for docking with
other molecules.

Antigen recognition and the Fab
Early studies of immunoglobulin structurewere facilitated by the

use of enzymes to fragment IgGmolecules. Papain digests IgG into
2 Fab fragments, each of which can bind antigen, and a single Fc
fragment. Pepsin splits IgG into anFc fragment and a single dimeric
F(ab)2 that can cross-link, as well as bind, antigens. The Fab con-
tains 1 complete L chain in its entirety and the Vand CH1 portion
of 1 H chain (Fig 1). The Fab can be further divided into a variable
fragment (Fv) composed of the VH and VL domains, and a constant
fragment composed of the CL and CH1 domains. Single Fv frag-
ments can be genetically engineered to recapitulate themonovalent
antigen-binding characteristics of the original parent antibody.4

Intriguingly, a subset of antibodies in a minority of species
(camelids5 and nurse shark6) lack light chains entirely and use
only the heavy chain for antigen binding. Although these unusual
variants are not found in human subjects, there are a number of
ongoing attempts to humanize these types of antibodies for ther-
apeutic and diagnostic purposes.7

Paratopes, epitopes, idiotypes, and isotypes
Immunoglobulin-antigen interactions typically take place be-

tween the paratope, the site on the immunoglobulin at which the
antigen binds, and the epitope, which is the site on the antigen that
is bound. In vivo immunoglobulins tend to be produced against in-
tact antigens in soluble form and thus preferentially identify sur-
face epitopes that can represent conformational structures that are
noncontiguous in the antigen’s primary sequence. This ability to
identify component parts of the antigen independently of the rest
makes it possible for the B cell to discriminate between 2 closely
related antigens, each of which can be viewed as a collection of
epitopes. It also permits the same antibody to bind divergent an-
tigens that share equivalent or similar epitopes, a phenomenon re-
ferred to as cross-reactivity.

Immunization of heterologous species with mAbs (or a
restricted set of immunoglobulins) allowed the identification of
both common and individual immunoglobulin antigenic deter-
minants. Individual determinants, termed idiotypes, are contained
within V domains. Common determinants, termed isotypes, are
specific for the constant portion of the antibody and allow
grouping of immunoglobulins into recognized classes, with
each class defining an individual type of C domain. Determinants
common to subsets of individuals within a species yet differing
between other members of that species are termed allotypes and
define inherited polymorphisms that result from gene alleles.8

IMMUNOGLOBULIN GENE ORGANIZATION AND
REARRANGEMENT

Immunoglobulin heavy and light chains are each encoded by a
separate multigene family,9,10 and the individual Vand C domains

are each encoded by independent elements: V(D)J gene segments
for the V domain and individual exons for the C domains. The
primary sequence of the V domain is functionally divided into
3 hypervariable intervals termed complementarity-determining
regions (CDRs) that are situated between 4 regions of stable
sequence termed framework regions (FRs; Fig 1).

Immunoglobulin rearrangement
Each V gene segment typically contains its own promoter, a

leader exon, an intervening intron, an exon that encodes the first
3 framework regions (FRs 1, 2, and 3), CDRs 1 and 2 in their en-
tirety, the amino-terminal portion of CDR3, and a recombination
signal sequence (RSS). Each joining (J) gene segment begins with
its own recombination signal, the carboxy terminal portion of
CDR3, and the complete FR4 (Figs 1 and 2).

The creation of a V domain is directed by the RSSs that flank
the rearranging gene segments. Each RSS contains a strongly
conserved 7-bp (or heptamer) sequence (eg, CACAGTG) that is
separated from a less well-conserved 9-bp (or nonamer) sequence
(eg, ACAAAACCC) by either a 12- or 23-bp spacer. These spacers
place the heptamer and nonamer sequences on the same side
of the DNA molecule separated by either 1 or 2 turns of the
DNA helix. A 1-turn RSS (12-bp spacer) will preferentially recog-
nize a 2-turn signal sequence (23-bp spacer), thereby avoiding
wasteful V-V or J-J rearrangements.

Initiation of the V(D)J recombination reaction requires re-
combination-activating genes (RAGs) 1 and 2, which are almost
exclusively expressed in developing lymphocytes.11 RAG1 and
RAG2 introduce a DNA double-strand break between the termi-
nus of the rearranging gene segment and its adjacent RSS.
These breaks are then repaired by ubiquitously expressed com-
ponents of a DNA repair process, which is known as nonhomol-
ogous end-joining (NHEJ), that are common to all cells of the
body. Thus although mutations of RAG affect only lympho-
cytes, loss or alteration-of-function mutations in NHEJ proteins
yield susceptibility to DNA damage in all cells of the body. The
NHEJ process creates precise joins between the RSS ends and
imprecise joins of the coding ends. Terminal deoxynucleotidyl
transferase (TdT), which is expressed only in lymphocytes,
can variably add non–germline-encoded nucleotides (N nucleo-
tides) to the coding ends of the recombination product.

Typically, the initial event in recombination will be recognition
of 12-bp spacer RSS by RAG1. RAG2 then associates with RAG1
and the heptamer to form a synaptic complex. Binding of a second
RAG1 and RAG2 complex to the 23-bp, 2-turn RSS permits the
interaction of the 2 synaptic complexes to form what is known
as a paired complex, a process that is facilitated by the actions
of the DNA-bending proteins HMG1 and HMG2.

After paired complex assembly, the RAGproteins single-strand
cut the DNA at the heptamer sequence. The 39 OH of the coding
sequence ligates to 59 phosphate and creates a hairpin loop. The
clean-cut ends of the signal sequences enable formation of precise
signal joints. However, the hairpin junction created at the coding
endsmust be resolved by renicking the DNA, usually within 4 to 5
nucleotides from the end of the hairpin. This forms a 39 overhang
that is amenable to further modification. It can be filled in through
DNA polymerases, be nibbled, or serve as a substrate for TdT-
catalyzed N addition. DNA polymerase m, which shares homol-
ogywith TdT, appears to play a role inmaintaining the integrity of
the terminus of the coding sequence.
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The cut ends of the coding sequence are then repaired by the
NHEJ proteins. NHEJ proteins involved in V(D)J recombination in-
cludeKu70,Ku80,DNA-PKcs,Artemis,XRCC4, and ligase.4Ku70
and Ku80 form a heterodimer (Ku) that directly associates with
DNA double-strand breaks to protect the DNA ends from degrada-
tion, permit juxtapositionof the ends to facilitate codingend ligation,

and help recruit other members of the repair complex. DNA-PKcs
phosphorylates Artemis, inducing an endonuclease activity that
plays a role in the opening of the coding joint hairpin. Finally,
XRCC4 and ligase 4 help rejoin the ends of the broken DNA. Defi-
ciency of any of these proteins creates sensitivity to DNA breakage
and can lead to a severe combined immunodeficiency phenotype.

FIG 2. Rearrangement events in the human k locus. See the text for further details.

FIG 1. Two-dimensionalmodelof an IgGmolecule. TheHandLchainsat the topdeconstruct theantibodyat a
nucleotide level. The chains at the bottom deconstruct the protein sequence. See the text for further details.
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The k locus
The k locus is located on chromosome 2p11.2.12 k V domains

represent the joined product of Vk and Jk gene segments (Fig 2),
whereas the k C domains are encoded by a single Ck exon. The
locus contains 5 Jk and 75 Vk gene segments upstream of Ck
(Fig 3). One third of the Vk gene segments contain frameshift mu-
tations or stop codons that preclude them from forming functional
protein, and of the remaining sequences, less than 30 of the Vk
gene segments have actually been found in functional immuno-
globulins. V gene segments can be grouped into families on the
basis of sequence and structural similarity.13,14 There are 6 such
families for Vk.

Each active Vk gene segment has the potential to rearrange
to any of the 5 Jk elements, generating a potential ‘‘combina-
torial’’ repertoire of more than 140 distinct VJ combinations.
The Vk gene segment contains FR1, FR2, and FR3; CDR1
and CDR2; and the amino-terminal portion of CDR3. The Jk
element contains the carboxy terminus of CDR3 and FR4 in
its entirety. The terminus of each rearranging gene segment
can undergo a loss of 1 to 5 nucleotides during the recombina-
tion process, yielding additional junctional diversity. In human
subjects TdT can introduce random N nucleotides to either re-
place some or all of the lost Vk or Jk nucleotides or to add to
the original germline sequence.15 Each codon created by N
addition increases the potential diversity of the repertoire
20-fold. Thus the initial diversification of the k repertoire is fo-
cused at the VJ junction that defines the light chain CDR3, or
CDR-L3.

The l locus
The l locus, which is located on chromosome 22q11.2,

contains 4 functional Cl exons, each of which is associated
with its own Jl (Fig 3). Vl genes are arranged in 3 distinct clus-
ters, each containing members of different Vl families.16 De-
pending on the individual haplotype, there are approximately
30 to 36 potentially functional Vl gene segments and an equal
number of pseudogenes.

During early B-cell development, H chains form a complex
with unconventional l light chains, known as surrogate or
pseudo-light chains (CLC), to form a pre–B-cell receptor. The
genes encoding the CLC proteins l14.1 (l5) and VpreB are lo-
cated within the l light chain locus on chromosome 22. Together,
these 2 genes create a product with considerable homology to
conventional l light chains. A critical difference between these
unconventional CLC genes and other L chains is that l14.1 and
VpreB gene rearrangement is not required for CLC expression.
The region of the CLC gene that corresponds to CDR-L3 covers
CDR-H3 in the pre–B-cell receptor, allowing the pre–B cell to
avoid antigen-specific selection.17

The H chain locus
The H chain locus, which is located on chromosome 14q32.33,

is considerably more complex than the light chain clusters. The
approximately 80 VH gene segments near the telomere of the long
arm of chromosome 14 can be grouped into 7 different families of
related gene segments.18 Of these, approximately 39 are

FIG 3. Representation of the chromosomal organization of the immunoglobulin H, k, and l gene clusters.
The typical numbers of functional gene segments are shown. The k gene cluster includes a k-deleting
element that can rearrange to sequences upstream of Ck in cells that express l chains, reducing the
likelihood of dual k and l light chain expression.
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functional. Adjacent to the most centromeric VH, V6-1, are 27DH

(D for diversity) gene segments (Fig 3)19 and 6 JH gene segments.
Each VH and JH gene segment is associated with a 2-turn RSS,
which prevents direct V/ J joining. A pair of 1-turn RSSs flanks
eachDH segment. Recombination begins with the joining of aDH

to a JH gene segment, followed by the joining of a VH element to
the amino-terminal end of the DJ intermediate. The VH gene seg-
ment contains FR1, FR2, and FR3; CDR1 and CDR2; and the
amino-terminal portion of CDR3. The DH gene segment forms
the middle of CDR3, and the JH element contains the carboxy ter-
minus of CDR3 and FR4 in its entirety (Fig 1). Random assort-
ment of one of approximately 39 active VH and one of 27 DH

gene segments with one of the 6 JH gene segments can generate
more than 104 different VDJ combinations (Fig 4).

Although combinatorial joining of individual V, D, and J gene
segments maximizes germline-encoded diversity, the junctional
diversity created by VDJ joining is the major source of variation
in the preimmune repertoire (Fig 4). First, DH gene segments can
rearrange by either inversion or deletion, and each DH gene seg-
ment can be spliced and translated in each of the 3 potential read-
ing frames. This gives each DH gene segment the potential to
encode 6 different peptide fragments.

Second, the rearrangement process proceeds through a step that
creates a hairpin ligation between the 59 and 39 termini of the
rearranging gene segment. Nicking to resolve the hairpin struc-
ture leaves a 39 overhang that creates a palindromic extension,
termed a P junction, that can add germline-encoded nucleotides.

Third, the terminus of each rearranging gene segment can
undergo a loss of 1 to several nucleotides during the recombina-
tion process.

Fourth, TdT can add numerous N nucleotides at random to
replace or add to the original germline sequence. N nucleotides
can be inserted between the V andD segments, as well as between
the D and J segments. The imprecision of the joining process and
variation in the extent of N addition permits generation of CDR-
H3s of varying length and structure. As a result, more than 107 dif-
ferentH chainVDJ junctions, orCDR-H3s, can begenerated at the
time of gene segment rearrangement. Taken as a whole, somatic
variation in CDR3, combinatorial rearrangement of individual
gene segments, and combinatorial association between different
L and H chains can yield a potential preimmune antibody reper-
toire of greater than 1016 different immunoglobulins.

Class-switch recombination
Located downstream of the VDJ loci are 9 functional CH genes

(Fig 3).20 These constant genes consist of a series of exons, each en-
coding a separate domain, hinge, or terminus. AllCH genes can un-
dergo alternative splicing to generate 2 different types of carboxy
termini: either a membrane terminus that anchors immunoglobulin
on the B-lymphocyte surface or a secreted terminus that occurs in
the soluble form of the immunoglobulin. With the exception of
CH1d, each CH1 constant region is preceded by both an exon that
cannot be translated (an I exon) and a region of repetitive DNA

FIG 4. The antigen-binding site is the product of a nested gradient of diversity.A, H chain rearrangement can
yield as many as 38,000 different VDJ combinations. The addition of 9 N nucleotides on either side of the D
gene segment can yield up to 64,000,000 different CDR-H3 junctional sequences. B, The view is looking
into the binding site as an antigenwould see the antigen-binding site. This site is created by the juxtaposition
of the 3 CDRs of the H chain and the 3 CDRs of the light chain. The VH domain is on the right side. The central
location of CDR-H3, which because of N addition is the focus for repertoire diversity, is readily apparent.
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termed the switch. Cocktails of cytokine signals transmitted by T
cells or other extracellular influences variably activate the I exon,
initiating transcription and thusactivating thegene.Through recom-
binationbetween theCm switch regionandoneof the switch regions
of the 7 other H chain constant regions (a process termed class-
switching or class-switch recombination [CSR]), the same VDJ
heavy chainvariabledomain canbe juxtaposed to anyof theHchain
classes.20 This enables the B cell to tailor both the receptor and the
effector ends of the antibody molecule to meet a specific need.

Somatic hypermutation
A final mechanism of immunoglobulin diversity is engaged

only after exposure to antigen. With T-cell help, the variable
domain genes of germinal center lymphocytes undergo somatic
hypermutation (SHM) at a rate of up to 1023 changes per base pair
per cell cycle. SHM is correlated with transcription of the locus,
and in human subjects 2 separate mechanisms are involved: the
first mechanism targets mutation hot spots with the RGYW (pu-
rine/G/pyrimidine/A) motif,21 and the second mechanism incor-
porates an error-prone DNA synthesis that can lead to a
nucleotide mismatch between the original template and the

mutated DNA strand.22 Other species use gene conversion be-
tween functional and nonfunctional V sequences to introduce ad-
ditional somatic diversity. SHM allows affinity maturation of the
antibody repertoire in response to repeated immunization or expo-
sure to antigen.

Activation-induced cytidine deaminase
Activation-induced cytidine deaminase (AID) plays a key

role in both CSR and SHM.11,23 AID is a single-strand DNA
cytidine deaminase that can be expressed in activated germinal
center B cells.24 Transcription of an immunoglobulin V domain
or of the switch region upstream of the CH1 domain opens the
DNA helix to generate single-strand DNA that can then be de-
aminated by AID to form mismatched dU/dG DNA base pairs.
The base excision repair protein uracil DNA glycosylase re-
moves the mismatched dU base, creating an abasic site. Differ-
ential repair of the lesion leads to either SHM or CSR. The
mismatch repair proteins MSH2 and MSH6 can also bind
and process the dU:dG mismatch. Deficiencies of AID and ura-
cil DNA glycosylase underlie some forms of the hyper-IgM
syndrome.

FIG 5. Immunoglobulin diversification and B-cell development. B-cell development as a function of
immunoglobulin rearrangement and modification is shown. After birth, B-cell development begins in the
bone marrow and is independent of antigen stimulation. The pre–B cell is defined by the presence of
cytoplasmic m protein (Cm1). With development, the fate of the B cell becomes increasingly dependent on its
response to antigen. Immature B cells leave the bone marrow and begin to express IgD. They recirculate
through the blood, the secondary lymphoid organs, and the bone marrow. Encounter with cognate antigen
can cause the cell to become amemory B cell or a plasma cell. Patients with X-linked agammaglobulinemia
(XLA) lack Bruton tyrosine kinase function and have difficulty making immature B cells and IgM. Patients
with hyper-IgM syndrome (Hyper IgM) are unable to class-switch. Patients with selective IgA deficiency
(IgAD) or common variable immune deficiency (CVID) can class-switch but have difficulty becoming plasma
cells or memory B cells.
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Generation of immunoglobulin diversity occurs at
defined stages of B-cell development

Creation of immunoglobulin diversity is hierarchical. In pro–B
cells DH / JH joining precedes VH / DJH rearrangement, and
VL / JL joining takes place at the late pre–B-cell stage. Produc-
tion of a properly functioning B-cell receptor is essential for
development beyond the pre–B-cell stage. For example, func-
tion-loss mutations in RAG1/2 and DNA-dependent protein
kinase (DNA-PKcs and Ku 70/80) preclude B-cell development,
as well as T-cell development, leading to severe combined
immune deficiency. In frame, functional VDJH rearrangement
allows the pro–B cell to produce m H chains, most of which are
retained in the endoplasmic reticulum. The appearance of
cytoplasmic m H chains defines the pre–B cell.

Pre–B cells whose m H chains can associate VpreB and l14.1
(l5), which together form the surrogate light chain (CLC),
begin to express a pre–B-cell receptor. Its appearance turns
off RAG1 and RAG2, preventing further H chain rearrangement
(allelic exclusion). This is followed by 4 to 6 cycles of cell di-
vision.25 Late pre–B daughter cells reactivate RAG1 and RAG2
and begin to undergo VL / JL rearrangement. Successful pro-
duction of a complete k or l light chain permits expression of
conventional IgM on the cell surface (sIgM), which identifies
the immature B cell. Immature B cells that have successfully
produced an acceptable IgM B-cell receptor extend transcription
of the H chain locus to include the Cd exons downstream of Cm.
Alternative splicing permits co-production of IgM and IgD.
These now newly mature IgM1IgD1 B cells enter the blood
and migrate to the periphery, where they form the majority of
the B-cell pool in the spleen and the other secondary lymphoid
organs. The IgM and IgD on each of these cells share the same
variable domains.

The lifespan of mature B cells expressing surface IgM and IgD
appears entirely dependent on antigen selection. After leaving the
bonemarrow, unstimulated cells live only days or a fewweeks. As
originally postulated by Burnet’s ‘‘clonal selection’’ theory, B
cells are rescued from apoptosis by their response to a cognate
antigen. The reaction to antigen leads to activation, which might
then be followed by diversification. The nature of the activation
process is critical. T cell–independent stimulation of B cells
induces differentiation into short-lived plasma cells with limited
class switching. T-dependent stimulation adds additional layers of
diversification, including SHM of the variable domains, which
permits affinity maturation, class-switching to the entire array of
classes available, and differentiation into the long-lived memory
B-cell pool or into the long-lived plasma cell population.

H CHAIN C DOMAIN STRUCTURE AND FUNCTION
In general, the C domain of the H chain defines effector

function, whereas the paired V domains of the antibody confer
antigenic specificity. The H chain constant domain is generally
defined as CH1-CH2-CH3 (IgG, IgA, and IgD), with an additional
domain (CH4) for IgM and IgE. As described above, the CH1 do-
main is located within the F(ab) region, whereas the remaining CH

domains (CH2-CH3 or CH2-CH4) comprise the Fc fragment. This
Fc fragment defines the isotype and subclass of the immunoglob-
ulin. Despite amino acid differences between the isotypes and
subclasses, each CH region folds into a fairly constant structure
consisting of a 3-strand/4-strand b sheet pinned together by an in-
trachain disulfide bond. The Fc fragment mediates effector

function by binding to the Fc receptor (FcR) on effector cells or
activating other immune mediators, such as complement.26 For
this reason, changes in the Fc region can significantly affect the
end result of an antibody-antigen interaction. The Fc region can
also affect the affinity or kinetics of binding of the antibody by
the Fv region and thus influence antigen recognition or binding.27

Role of glycosylation
Immunoglobulins are glycoproteins, and the glycans associ-

ated especially with the Fc domain of immunoglobulins have been
shown to affect antibody function. The extent of glycosylation
varies by isotype (Fig 6).28 For IgG molecules, there is an N-
linked glycosylation site located at Asn297 on each of the 3
CH2 domains. The core of this complex biantennary type of sugar
is a heptasaccharide consisting of N-acetylglucosamine and man-
nose. Variation in glycosylation is seen between IgG molecules,
as well as within the 3 sites on the same molecule because of dif-
ferences in terminal sialic acid, galactose, N-acetylglucosamine,
and fucosylation of the core. These differences can lead to as
many as 32 possible glycosylation patterns. The glycans at this
site interact with a hydrophobic pocket on the Fc domain that sta-
bilizes the immunoglobulin structure.29,30 At a similar site in the
CH2 domain of IgD, Asn354, mutations that prevent glycosyla-
tion are associated with the loss of IgD production, suggesting
that glycans in the CH2 domain can be essential for immunoglob-
ulin stability.

Glycans on immunoglobulins profoundly influence binding to
FcRs on effector cells, as well as immune mediators. When IgG
sequences are mutated such that glycosylation is eliminated, there
is reduced or no binding of the aglycosylated IgG to FcgR. This
led to the suggestion that the N-glycan at Asn297 was critical for
the engagement of IgG with FcgR. This is in contrast to
engagement between IgA and IgE and FcaR and FceR,

FIG 6. Structural and glycosylation properties of immunoglobulins. Depic-
tion of the structure and glycosylation sites (indicated by amino acid
location) for human IgM, IgG, IgD, IgE, IgA2, and IgA2. Adapted from
Arnold et al.28
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respectively, where it had been shown that glycans were not
required for interaction. Subsequently, it was shown that point
mutations could be introduced to the CH domains that would per-
mit binding to FcgR in the absence of glycosylation.31 However,
the observation that the Asn297 site is conserved across evolution
and that IgG is subjected to posttranslational modifications at this
site suggests that glycosylation at this positionmakes a significant
contribution to antibody function in vivo.

A key effector function for IgG antibodies is antibody-depen-
dent cellular cytotoxicity (ADCC) in which antibody-coated
antigens activate effector cells, such as natural killer cells or
monocytes, to destroy the antibody-coated target by binding of
the complex to the FcgR. The ADCC activity was shown to be
significantly dependent on the glycan composition of the IgG and,
furthermore, the net result of binding to activating and inhibitory
FcgR. A number of engineered cell lines, as well as glycosidase
inhibitors, are available to direct the sugar composition of glycans
on an immunoglobulin. Through these studies, it was demon-
strated that ADCC activity increases after a reduction in the
fucose content of an antibody.32,33

Complement-dependent cytotoxicity is another effector func-
tion of IgG that is dependent on the binding of C1q to the Fc
domain. Glycosylation also plays a role in complement-depen-
dent cytotoxicity, requiring the presence of a complex structure
containing at least 2 N-acetylglucosamines with multiple galac-
toses and sialic acids.

There are also experiments of nature in which aberrantly
glycosylated immunoglobulins are associated with detrimental
effects. For example, higher than normal levels of IgG lacking
sialic acid or galactose are found in patients with a number of
autoimmune diseases, rheumatoid arthritis in particular. N-gly-
cans terminate with N-acetylglucosamine, which can activate the
complement cascade through mannose-binding lectin and create
an inflammatory state.34 Removal of the majority of the second-
ary glycan structure with Endo-S (1 N-acetylglucosamine, a ter-
minal fucose, or both remains with the core sugar) has been
shown to reduce the pathogenesis and proinflammatory properties
of autoantibodies in murine models.35 This is not limited to IgG
because a reduction in terminal galactose on IgA has been associ-
ated with decreased clearance of IgA from the circulation, with
the subsequent development of nephropathy.

Intravenous immunoglobulin can be used in selected circum-
stances toameliorate inflammatorydiseases.The anti-inflammatory
activity of intravenous immunoglobulin has shown to be associ-
atedwith sialic acid in a 2,6 linkage to a terminal galactose on IgG.

Recently, a receptor specific to this sialyated Fc has been identified
on myeloid cells.36 Engagement of this receptor with sialyated
IgG might upregulate inhibitory FcgR to reduce inflammation
by means of IgG/activating FcgR engagement.

Immunoglobulin glycosylation can also alter other antibody
functions. For example, it has been shown that an anti-HIV
antibody that fails to neutralize acquires neutralization activity
when expressed in a cell line that results in posttranslational
modification of an antibody with a marked increase in sialic acid,
fucose, and N-acetylglucosamine levels.37 It is hypothesized that
the glycan interactions between the antibody and virus interfere
with the normal infection process.

O-linked glycans also play a pivotal role in the immune
response. There are several potential O-linked sites in the hinge
region of IgD and IgA antibodies, which serve to protect the hinge
from proteases, bind bacteria, or both. Understanding the effect of
differential glycosylation on immunoglobulin function is con-
tributing to the design ofmore effective immunotherapies through
either engineered passive immunotherapy4 or in vivo treatment
with glycan modifiers.38

Heavy chain isotypes
Early in B-cell development, productively rearranged variable

domains (VH and VL) are expressed in association with the m
heavy chain to produce IgM and then IgD by means of alternative
splicing. Later during development and in response to antigenic
stimulation and cytokine regulation, these variable domains can
associate with the other isotypes (IgG, IgA, and IgE) in a con-
trolled process; that is, isotype switching does not occur merely
by chance. The CH genes for each isotype are aligned in the
same transcriptional orientation on human chromosome 14. Iso-
types differ in a number of properties, including size, complement
fixation, FcR binding, and isotype response to antigen. The choice
of isotype is dependent on the antigen itself and the signaling
pathways that are activated, as well as the local microenviron-
ment, as summarized in Table I.

IgM. IgM is the first immunoglobulin expressed during B-cell
development. Naive B cells express monomeric IgM on their
surface and associatewith CD79a and CD79b, polypeptide chains
that participate in IgM cell signaling. Onmaturation and antigenic
stimulation, multimeric (usually pentameric and rarely hexa-
meric) IgM, in which single IgM units link to each other by
disulfide bonds in the CH4 region, is secreted (Figure 5). The pen-
tamer also contains a polypeptide chain, the J-chain, which is
bound to 2 of the monomers by means of a disulfide bond. The

TABLE I. Properties of immunoglobulin isotypes/subclasses

Serum (%) Structure Complement fixation Opsonizing Cross-placenta Other functions FcR

IgG 75 Monomer 1 111 1 For all IgG subclasses: FcgR
IgG1 67% IgG Monomer Yes Yes 1 Secondary response I, II, III
IgG2 22% IgG Monomer Yes Yes 1 Neutralize toxins and II
IgG3 7% IgG Monomer Yes Yes 1 virus I, II, III
IgG4 4% IgG Monomer No No 1 I, II
IgM 10 Pentamer 111 1 2 Primary response
IgA 15 Monomer, dimer 2 2 2 Mucosal response FcaR (CD89)
IgA1 Monomer, dimer 2 2 2
IgA2 Monomer, dimer 2 2 2
IgD <0.5 Monomer 2 2 2 Homeostasis FcdR
IgE <0.01 Monomer 2 2 2 Allergy FceR I, II
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J-chain facilitates secretion at mucosal surfaces (see below). Gen-
erally, although monomeric IgM molecules have low affinity be-
cause of their immaturity, high avidity can be attained by means
of multimeric interactions between the pentameric secreted anti-
body and the antigen, especially if that antigen contains multiple
repeating epitopes itself. IgM functions by opsonizing (coating)
antigen for destruction and fixing complement. The pentameric
nature of the antibody renders it very efficient in this process.

IgM antibodies are associated with a primary immune response
and are frequently used to diagnose acute exposure to an
immunogen or pathogen. Given that IgM is expressed early in
B-cell development, them heavy chain associates with VH and VL

regions that have not undergone much somatic mutation in re-
sponse to antigen. As a result, IgM antibodies tend to bemore pol-
yreactive than other isotypes, which allows IgM-bearing B cells to
respond quickly to a variety of antigens. These relatively low-af-
finity IgM antibodies are also called natural antibodies. Some of
these natural antibodies not only participate as a first line of de-
fense but also play a role in immunoregulation.39 Natural anti-
bodies might react with autoantigens but are rarely responsible
for autoimmune disease or pathogenesis. Pathogenic autoanti-
bodies tend to be drawn from the somatically mutated, high-affin-
ity IgG population.

IgD. Circulating IgD is found at very low levels in the serum,
with a short serum half-life, which can be attributed to the
sensitivity of the molecule, with the hinge region in particular, to
proteolysis. The function of circulating IgD is unclear because it
is not known to participate in the major antibody effector
mechanisms. Circulating IgD can react with specific bacterial
proteins, such as the IgD-binding protein ofMoraxella catarrha-
lis, independently of the variable regions of the antibody.40 The
binding of these bacterial proteins to the constant region of IgD
results in B-cell stimulation and activation.

Although the membrane-bound form of IgD has been more
extensively studied, even here its function remains poorly under-
stood. Similar to IgM, membrane-bound IgD is associated with
CD79a and CD79b for signaling. IgD is expressed on the
membranes of B cells when they leave the bone marrow and
populate secondary lymphoid organs. Most IgD1 B cells also co-
express IgM, and both participate in B-cell receptor signaling
through CD79a and CD79b. IgD can replace IgM and vice versa
on IgD1IgM1B cells. It has been proposed that membrane-bound
IgD regulates B-cell fate at specific developmental stages through
changes in activation status.41

IgG. IgG is the predominant isotype found in the body. It has
the longest serum half-life of all immunoglobulin isotypes. It is
also the most extensively studied class of immunoglobulins.
Based on structural, antigenic, and functional differences in the
constant region of the heavy chain, CH1 and CH3 in particular, 4
IgG subclasses (IgG1, IgG2, IgG3, and IgG4) were identified.
These IgG subclasses were numbered in reference to the rank or-
der (IgG1> IgG2> IgG3> IgG4) of the serum levels of these an-
tibodies in the blood of healthy subjects living in an affluent
western European environment. The differences in the CH do-
mains affect antibody flexibility and functional affinity, some of
which facilitate cooperative interactions with multivalent anti-
gens. The mobility or flexibility of the F(ab) and Fv portions of
the antibody are primarily controlled by the CH1 domain and
hinge region. The IgG subclasses exhibit different functional ac-
tivities. Activation of the complement cascade is an important
means of clearance of opsonized pathogens. Although IgG4 is

the only subclass that fails to fix complement, affinity for C1q,
which is the first component of the complement pathway and
binds to the CH2 domain of IgG, differs between members of
the other 3 IgG subclasses (IgG3 > IgG1 > IgG2). There are
also defined differences in the affinity to the 3 classes of FcgR
(I, II, and III). IgG1 and IgG3 bind to all 3 FcgR classes. IgG4
binds only FcgRII and FcgRIII, although this binding is signifi-
cantly weaker than that of IgG1. IgG2 binds only to FcgRII.

There are also similarities within the subclasses, such as
transplacental transport and participation in the secondary im-
mune response. Within the secondary antibody response, there is
skewing in the predominant subclass that is induced. For example,
IgG1 and IgG3 antibodies are generally induced in response to
protein antigens, whereas IgG2 and IgG4 antibodies are associ-
ated with polysaccharide antigens. The response to a given
antigen can also result in a skewed IgG subclass response, and
this is frequently a source of investigation as to correlates of
protection or for the design of vaccines.

Specific subclasses can be associated with individual disease
processes. For example, in patients with pemphigus vulgaris, a
mucocutaneous blistering disease, IgG4 antibodies to desmoglein
3 are pathogenic,42,43 whereas first-degree relatives with IgG1 au-
toantibodies to the same protein show no evidence of the disease.

IgG antibodies also contribute directly to an immune response,
including neutralization of toxins and viruses. Here again, IgG
subclass affects the outcome of this interaction. In patients with
HIV, it has been shown that IgG3 antibodies can bemore effective
at neutralizing virus than IgG1 antibodies, presumably through an
increase in antibody flexibility, improving antibody access or
inducing changes in the oligomer structure of the virus.44,45

IgA. IgA serum levels tend to be higher than IgM levels but
considerably lower than IgG levels. Conversely, IgA levels are
much higher than IgG levels at mucosal surfaces and in secre-
tions, including saliva and breast milk.46 In particular, IgA can
contribute up to 50% of the protein in colostrum, the ‘‘first
milk’’ given to the neonate by the mother. Although generally a
monomer in the serum, IgA at the mucosa, termed secretory
IgA (sIgA), is a dimer (sometimes trimer and tetramer) associated
with a J-chain and another polypeptide chain, the secretory com-
ponent (SC; discussed below). Similar to IgM, the CH3 domains
of IgA have short tailpieces to which the J-chain binds through di-
sulfide bonds, whereas the SC is disulfide bonded to one of the
CH2 domains of the dimer. There are 2 subclasses of IgA, IgA1
and IgA2, with structures that differ mainly in their hinge regions.
IgA1 has a longer hinge region with a duplicated stretch of amino
acids that is lacking in IgA2. This elongated hinge region in-
creases the sensitivity of IgA1 to bacterial proteases in spite of
partial protection by glycans. Such increased protection against
protease digestion might explain why IgA2 predominates in
many mucosal secretions, such as the genital tract, whereas
more than 90% of serum IgA is in the form of IgA1.

IgA is critical at protecting mucosal surfaces from toxins,
viruses, and bacteria by means of direct neutralization or
prevention of binding to the mucosal surface. Intracellular IgA
might also be important in preventing bacterial or viral infection,
pathogenesis, or both. The polymeric nature of sIgA might be
particularly important. For example, polymeric IgA (pIgA) is
more effective thanmonomeric IgA at preventingClostridium dif-
ficile toxin A–induced damage to epithelial cells.47 Although
complement fixation by IgA does not appear to be amajor effector
mechanism at the mucosal surface, the IgA receptor is expressed
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on neutrophils, which might be activated to mediate ADCC lo-
cally. As described above, specific bacteria can be trapped by
the glycans on IgA. Finally, it has been proposed that sIgA might
also act as a potentiator of the immune response in intestinal tissue
by means of uptake of antigen to dendritic cells.48

IgE. Although it is present at the lowest serum concentration
and has the shortest half-life, IgE is a very potent immunoglob-
ulin. It is associated with hypersensitivity and allergic reactions,
as well as the response to parasitic worm infections. IgE binds
with extremely high affinity to FceRI, which is expressed on mast
cells, basophils, Langerhans cells, and eosinophils. Circulating
IgE upregulates FceR expression on these cells. The combination
of strong binding and upregulation of FceR expression contrib-
utes to the remarkable potency of this immunoglobulin.

Recently, there has been the development of anti-IgE anti-
bodies as therapy for allergy and asthma.49 Antibodies are
designed to target free IgE, as well as B cells with membrane-
bound IgE, but not IgE bound to FceR because the latter would
stimulate degranulation and the release of inflammatory media-
tors. IgE has a much lower affinity for FceRII, or CD23, which
is expressed both on the same cells as FceRI and on B cells, nat-
ural killer cells, and platelets.

Higher-order structures
The J-chain. The J-chain is a relatively conserved, 15- to 16-

kd polypeptide (137 amino acids) incorporated into pIgA or
polymeric IgM in the antibody-producing cell during the secretory
pathway. There are 6 cysteine residues for intrachain disulfide
bonds plus the 2 cysteines for attachment to the IgA or IgM
tailpiece. There is a single N-linked glycan that contributes
approximately 8% of the mass to the molecule. This glycan is
critical to association with monomeric IgA. Although the J-chain
is produced by B cells, it is not necessarily produced by all B cells.
It appears that J-chain expression might be restricted to those
areas, such as the lamina propria, in which mucosal antibody is
important, as opposed to B cells in the distal bone marrow. Free
J-chain is not found outside the cell and is only found as part of the
polymeric immunoglobulin complex. It has been shown that the
J-chain is essential for polymerization and secretion of IgA. In
contrast, pentameric IgM requires the J-chain for secretion (but not
formation), and hexameric IgM does not require the J-chain at all.

Dimers, pentamers, and hexamers. Polymeric immu-
noglobulin is generally more effective than monomeric immuno-
globulin in terms of binding to FcR on the cell surface. As
described above, IgA and IgM molecules have the capacity to be
naturally expressed as multimeric antibodies. Both immunoglob-
ulins have a short tailpiece (18 amino acids) in the CH3 domain,
with a penultimate cysteine residue to which the J-chain forms
a disulfide bondwith one of themonomers, with the other forming
a tailpiece-to-tailpiece disulfide bond. Typically dimeric struc-
tures are formed for IgA, and pentameric structures are formed
for IgM.

FCRS
FcgR

FcRs for immunoglobulin link the humoral immune compart-
ment to the cellular immune compartment. The net result of
binding of immunoglobulin to receptor is a function of the
receptor, the cell on which it is expressed, and any ancillary

signals. Tight regulation of binding to the FcR is necessary to
maintain a healthy immune system.

The most extensively studied FcRs are the IgG-binding recep-
tors, termed FcgR. In human subjects 3 classes of FcgR have been
identified: I, II, and III. FcgRII and FcgRIII each have 2 isoforms,
A and B. These FcgRs are expressed, to varying degrees, on many
hematopoietic cells, as well as other cells, such as endothelial
cells. T cells have proved to be a stark exception. The FcgRs differ
in their binding affinity to IgG, with FcgRI showing the highest
affinity, whereas FcgRII and FcgRIII bind with lower affinity. For
that reason, only FcgRI binds monomeric IgG, whereas the other
2 receptors bind aggregated IgG or immune complexes. Of note,
FcgRI has 3 extracellular domains, whereas FcgRII and FcgRIII
have only 2 extracellular domains.

As described above, there are differences in binding of IgG
subclasses to FcgR. There are also differences in the signaling
pathway that is associated with each FcgR. FcgRI, FcgRIIA,
and FcgRIIIA all transduce an activating signal when IgG
binds. However, FcgRIIB transmits an inhibitory signal, and no
signal is associated with binding to FcgRIIIB. Although the
other FcgRs are typical transmembrane proteins, FcgRIIIB
lacks this feature and instead is attached by glycophosphatidy-
linositol tail. The end result of the interaction of antibody and
antigen with FcgR tends to be a balancing act between
inhibitory and stimulatory activities and a complex function
of the IgG subclass, the particular FcgR bound, and the cells
expressing the FcgR.50

The neonatal FcR
There is another FcgR, the neonatal Fc receptor (FcRn), which

was originally shown to mediate the transcytosis of maternal IgG
to the neonate. Subsequently, it was determined that the FcRn is
also responsible for the regulation of serum IgG levels. IgG binds
to FcRn in the acidic environment of the endosomes, which
protects it from destruction by lysosomes. The IgG is recycled to
the surface and released into circulation by the pH change. The
FcRn is saturable, and once IgG levels exceed a threshold, it is
degraded by the lysosomes. Whereas the CH3 domain of IgG Fc
binds to FcgR, it is the CH2-CH3 region that binds to FcRn. Bind-
ing is thus independent of the sugar moiety, which is attached to
the CH2 domain. It should also be noted that binding to FcRn is
strictly pH dependent, whereas this is not the casewith FcgR.Mu-
tagenesis studies have demonstrated that mutations in the Fc re-
gion can increase or decrease interactions with FcRn. For
example, mutations at positions 250 and 428 of IgG1 resulted
in an increase in serum half-life for the single mutant M428L
and the double mutant T250Q/M428L.51 Others have shown
that a single mutation of human IgG1, N434A, and a triple mu-
tant, T307A/E380A/N434A, also show an enhanced half-life
when tested in human FcRn transgenic mice.52 That affinity for
FcRn can be increased, resulting in increased immunoglobulin
half-life, suggests that improved therapeutics might be designed
to decrease dosing.

FceR
The FcRs for IgE are also relatively well studied, especially in

terms of the development of therapeutic anti-IgE antibodies for
the treatment of allergy and asthma, as described above. It is the
CH3 domain of IgE that binds to FceRI and CD23; however, there
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are distinct differences in binding. FceRI captures both CH3 do-
mains of IgE because of the unique shape of the IgE molecule.
On the other hand, CD23 consists of a trimer on the cell surface,
and 2 heads of this trimer must separately contact a CH3 domain
of IgE for strong binding.

FcaR
The FcR for IgA, CD89, is expressed on myeloid cells,

including PMNs, monocytes, and a population of dendritic cells.
There are 5 exons, including 2 extracellular domains, EC1 and
EC2, each of which encodes a single immunoglobulin-like
domain. IgA binds to membrane-distal EC1 in contrast to the
usual binding of IgG to the membrane-proximal extracellular
domain of FcgR. Multiple splice variants have been demon-
strated, and whereas full-length CD89 binds pIgA with higher
affinity than serum IgA, there is no difference in binding to
truncated CD89. Signaling through the FcaR is accomplished
through the FcR g-chain which contains an immunoreceptor
tyrosine-based activation motif signaling motif. Not all FcaRs
associatewith g-chain, resulting in ‘‘g-less’’ FcRs that endocytose
bound IgA to early endosomes and then recycle IgA back to the
cell surface. Cross-linking of FcaR with an associated g-chain
results in the activation of a number of signaling molecules in the
lipid rafts, calcium release, and induction of nicotinamide ade-
nine dinucleotide phosphate oxidase activity. Outside of endocy-
tosis, the biologic and cellular functions of PMNs after FcaR
stimulation are dependent on tyrosine kinase activity of the asso-
ciated g-chain. Cross-linking of FcaR has also been shown to in-
duce effector functions, such as phagocytosis and ADCC.

FcdR
The FcR for IgD is less well understood. A receptor for IgD has

been reported to be present on human CD4 and CD8 T cells. Its
expression is upregulated by mitogenic stimulation of the T cells.
Binding of IgD to this putative FcdR ismediated by glycans on the
IgD surface and might not necessarily be a function of a defined
FcdR. Binding of IgD to receptors with putative FcdR activity on
T cells has been proposed to serve as a bridge for stimulation of
IgD-expressing B cells or as antigen presentation by the B cells to
the T cells, but this remains controversial.

IMMUNOGLOBULIN TRANSPORT
The transport of polymeric immunoglobulin into mucosal

secretions is a function of the polymeric immunoglobulin recep-
tor (pIgR). This receptor is found on the basolateral surface of
epithelial cells lining the mucosal surface. Membrane-bound
pIgR consists of 5 immunoglobulin-like domains (extracellular
portion) with a transmembrane and cytoplasmic domain. pIgA
(with the J-chain) binds to the pIgR on the epithelial cell. It is then
internalized and transcytosed to the apical cell membrane. The
extracellular portion of the pIgR is cleaved to form the SC and
covalently associates with the pIgA. The complex of pIgA with
SC forms sIgA. The SC forms a disulfide link with Cys311 in Ca2
of one of the monomers of the pIgA. Although the SC is not
physically associated with the J-chain of the pIgA, the J-chain is
required for SC to associatewith pIgA. SC is not covalently linked
to pentameric IgM but rather associates noncovalently with
pentameric IgM because of excess free SC.

Extensive analysis of the glycosylation patterns of the compo-
nents of sIgA has predicted amodel in whichmost of themolecule
is covered in glycans, with the exception of the F(ab) or antigen-
binding sites. In this manner sIgA participates in both the adaptive
(antigen binding) and innate (adhesion caused by glycans) arms
of the immune system. Although the SC does not have a direct
role in the biologic activity of sIgA, it does confer some protection
from proteolytic cleavage after secretion and anchors the sIgA to
mucus lining the epithelium. Moreover, as a result of covalent
binding of SC to pIgA, sIgA is the most stable immunoglobulin in
secretions.

We thankMs ElenaM. Schroeder for her help in creating the figures for this
manuscript.
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Immunologic messenger molecules: Cytokines, interferons,
and chemokines

Scott P. Commins, MD, PhD, Larry Borish, MD, and John W. Steinke, PhD Charlottesville, Va

Cytokines and chemokines are secreted proteins involved in
numerous aspects of cell growth, differentiation, and activation.
A prominent feature of these molecules is their effect on the
immune system with regard to cell trafficking and development
of immune tissue and organs. The nature of an immune
response determines which cytokines are produced and
ultimately whether the response is cytotoxic, humoral, cell
mediated, or allergic. For this chapter, cytokines are grouped
according to those that are predominantly antigen-presenting
cell or T lymphocyte derived; that mediate cytotoxic, humoral,
cell mediated, and allergic immunity; or that are
immunosuppressive. A discussion of chemokine function and
their role in cell trafficking and disease follows. (J Allergy Clin
Immunol 2010;125:S53-72.)

Key words: Cytokine, chemokine, interferon, antigen-presenting
cell, T lymphocyte

Cytokines are secreted proteins with growth, differentiation,
and activation functions that regulate and determine the nature of
immune responses. For this review, cytokines are grouped
according to those that are predominantly antigen-presenting
cell (APC) or T lymphocyte derived; that predominantly mediate
cytotoxic (antiviral and anticancer), humoral, cell-mediated
(TH1 and TH17), or allergic immunity (TH2); or that are immuno-
suppressive (regulatory T [Treg]). This is followed by a discus-
sion of the complementary family of secreted immune proteins,
the chemokines. Cytokine families are summarized in Table I.

CYTOKINE PRODUCTION BY ANTIGEN-
PRESENTING CELLS

Cytokines primarily derived from dendritic cells (DCs), mon-
onuclear phagocytes, and other APCs are particularly effective in
subserving the dual functions of generating a potent innate
immune response and providing signals contributing to initiation
and guidance of the nature of the adaptive immune response. The
processing of antigens as they are taken up byAPCs, metabolized,
and presented to TH lymphocytes provides one pathway for this

class of cytokine production. Alternatively, APCs are potently
triggered to produce cytokines through their pattern recognition
receptors. The cytokines predominantly produced by APCs in-
clude TNF, IL-1, IL-6 (and other glycoprotein 130 [gp130]–utiliz-
ing factors), CXCL8 (IL-8), and other members of the chemokine
family (discussed later), as well as IL-12, IL-15, IL-18, IL-23,
IL-27, and IL-32.

TNF
TNF represents 2 homologous proteins primarily derived from

mononuclear phagocytes (TNF-a) and lymphocytes (TNF-b).1

TNF-a is also produced by neutrophils, lymphocytes, natural
killer (NK) cells, endothelium, and mast cells. TNF-a is
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Abbreviations used
ABPA: Allergic bronchopulmonary aspergillosis
AHR: Airway hyperreactivity
APC: Antigen-presenting cell

APRIL: A proliferation-inducing signal
BAFF: B-cell activation factor from the TNF family

DC: Dendritic cell
Foxp3: Forkhead box protein 3
gp130: Glycoprotein 130
ICAM: Intercellular adhesion molecule
IFNGR: IFN-g receptor
IL-1ra: IL-1 receptor antagonist
IL-2R: IL-2 receptor
IL-4R: IL-4 receptor
IL-5R: IL-5 receptor
IL-6R: IL-6 receptor
IL-10R: IL-10 receptor
IL-12R: IL-12 receptor
IL-13R: IL-13 receptor
IL-17R: IL-17 receptor
IL-20R: IL-20 receptor
IL-22R: IL-22 receptor

IRS: Insulin response element
iTreg: Induced regulatory T
JAK: Janus kinase

MAPK: Mitogen-activated protein kinase
MCP: Monocyte chemoattractant protein

M-CSF: Macrophage colony-stimulating factor
MIP: Macrophage inflammatory protein
NK: Natural killer

nTreg: Natural regulatory T
ROR: Retinoic acid receptor–related orphan receptor
SCF: Stem cell factor
STAT: Signal transducer and activator of transcription
TACI: Transmembrane activator and calcium modulator

and cyclophilin ligand interactor
T-bet: T-box expressed in T cells
Treg: Regulatory T
TSLP: Thymic stromal lymphopoietin

VCAM: Vascular cell adhesion molecule
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processed as a membrane-bound protein from which the soluble
active factor is cleaved by using the enzyme TNF-a converting
enzyme.2 TNF-b (also known as lymphotoxin a) can be synthe-
sized and processed as a typical secreted protein but is usually
linked to the cell surface by forming heterotrimers with a third
membrane-associated member of this family, lymphotoxin b.
TNF-a and TNF-b bind to the same 2 distinct cell-surface recep-
tors, TNF receptor I (p75) and TNF receptor II (p55), with similar
affinities and produce similar, although not identical, effects.3 No-
tably, the active form of both cytokines is a homotrimer. TNFs in-
duce antitumor immunity through direct cytotoxic effects on
cancerous cells and by stimulating antitumor immune responses.
TNFs interact with endothelial cells to induce intercellular adhe-
sion molecule (ICAM) 1, vascular cell adhesion molecule
(VCAM) 1, and E-selectin, permitting the egress of granulocytes
into inflammatory loci. TNFs are a potent activator of neutrophils,
mediating adherence, chemotaxis, degranulation, and the respira-
tory burst. TNFs are responsible for the severe cachexia that oc-
curs in chronic infections and cancer.1 Furthermore, TNFs
induce vascular leakage and have negative inotropic effects, and
because the most potent inducer of TNF is endotoxin, it is the
primary mediator of septic shock.4

IL-1
The IL-1 family represents 5 peptides (IL-1a, IL-1b, the

IL-1 receptor antagonist [IL-1ra], IL-18, and IL-33).5 IL-1a and
IL-1b have similar biologic activities and, along with IL-1ra, have
similar affinities for the 2 IL-1 receptors. Type I receptors trans-
duce the biologic effects attributed to IL-1.6 Type II receptors
have a minimal intracellular domain, and the capture and
sequestration of IL-1 by these inactive receptors serves an
anti-inflammatory function. The capacity of IL-1ra to bind
IL-1 receptor without transducing activities is the basis for its

antagonist function.7 IL-1ra is secreted in inflammatory pro-
cesses in response to many cytokines, including IL-4, IL-6,
IL-13, and TGF-b. Production of IL-1ra moderates the poten-
tially deleterious effects of IL-1 in the natural course of
inflammation.

IL-1 is primarily produced by cells of the mononuclear
phagocytic lineage but is also produced by endothelial cells,
keratinocytes, synovial cells, osteoblasts, neutrophils, glial cells,
and numerous other cells. IL-1 production is stimulated by a
variety of agents, including endotoxin, that stimulate molecular
pattern receptors. Both IL-1a and IL-1b, as well as the related
proteins IL-18 and IL-33 (discussed later), are synthesized as
inactive precursors without a secretory sequence. The mechanism
for their secretion depends on cleavage by a specific converting
enzyme, termed IL-1 converting enzyme or caspase-1, contained
within a specialized intracellular complex termed the inflamma-
some, which cleaves the procytokines into their active secreted
forms.8

One of the most important biologic activities of IL-1 is its
ability to activate T lymphocytes by enhancing the production of
IL-2 and the expression of IL-2 receptors. In the absence of IL-1, a
diminished immune response or tolerance develops. The produc-
tion of IL-1 (and other APC-derived cytokines) during the
immune response produces a spectrum of changes associated
with being ill. IL-1 interacts with the central nervous system to
produce fever, lethargy, sleep, and anorexia. An IL-1–hepatocyte
interaction inhibits production of housekeeping proteins (eg,
albumin) and stimulates the synthesis of acute-phase response
peptides (eg, amyloid peptide, C-reactive peptide, and comple-
ment). IL-1 stimulates endothelial cell adherence of leukocytes
through the upregulation of ICAM-1, VCAM-1, and E-selectin.
IL-1 contributes to the hypotension of septic shock. TNF and IL-
1 share numerous biologic activities, the major distinction being
that TNF has no direct effect on lymphocyte proliferation.

IL-6
Mononuclear phagocytic cells are the most important source of

IL-69; however, IL-6 is also produced by T and B lymphocytes,
fibroblasts, endothelial cells, keratinocytes, hepatocytes, and
bone marrow cells. IL-6 signals through a ligand-binding IL-6
receptor (IL-6R) a chain (CD126) and the signal-transducing
component gp130 (CD130). CD130 is the common signal transducer
for several cytokines in the IL-6 family and is ubiquitously ex-
pressed. In contrast, the expression of IL-6Ra is restricted. In ad-
dition to the membrane-bound receptor, a soluble form of IL-6R
can capture circulating IL-6 and make it available to bind and ac-
tivate gp130.10 In contrast, soluble gp130 functions as an anti-
inflammatory decoy receptor. Other cytokines that signal through
gp130-containing receptors are IL-11, IL-27, IL-31, ciliary neu-
rotrophic factor, leukemia inhibitory factor, oncostatin M, and os-
teopontin. These cytokines are referred to as the IL-6–like or
gp130-utilizing cytokines (Table II).11

Under the influence of IL-6, B lymphocytes differentiate into
mature plasma cells and secrete immunoglobulins. IL-6 mediates
T-cell activation, growth, and differentiation. In addition to
lymphocyte activation, IL-6 shares several activities with IL-1,
including the induction of pyrexia and the production of acute-
phase proteins. IL-6 is the most important inducer of acute-phase
proteins. As discussed below, IL-6 has a primary role in TH17 im-
mune deviation.

TABLE I. Cytokine families

Family Members

Hematopoietic
Common g chain IL-2, IL-4, IL-7, IL-9, IL-15, IL-21
Shared b chain (CD131) IL-3, IL-5, GM-CSF
Shared
IL-2b chain (CD122)

IL-2, IL-15

Other hematopoietic IFN-g, IL-7, IL-13, IL-21, IL-31, TSLP
IL-1 family IL-1a, IL-1b, IL-1ra, IL-18, IL-33
gp130-utilizing IL-6, IL-11, IL-27, IL-31, ciliary

neurotrophic factor (CNTF),
cardiotrophin 1 (CT-1), leukemia
inhibitory factor (LIF), oncostatin
M (OSM), osteopontin

IL-12 IL-12, IL-23, IL-35
IL-10 superfamily IL-10, IL-19, IL-20, IL-22, IL-24,

IL-26, IL-28, IL-29

IL-17 IL-17A-F, IL-25 (IL-17E)
Interferons

Type I interferons IFN-a, IFN-b, IFN-v
Type II interferon IFN-g (also a hematopoietic cytokine)
Type III interferons IFN-l1 (IL-29), IFN-l2 (IL-28A),

IFN-l3 (IL-28B)
TNF superfamily TNF-a, TNF-b, BAFF, APRIL
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IL-12, IL-18, and IL-23
IL-12 and IL-23 are heterodimers that share a larger (IL-12p40)

subunit. Both are primarily derived from DCs.12,13 Their recep-
tors are also heterodimers having distinct a chains and shared
use of the IL-12 receptor (IL-12R) b1 chain. These cytokines
are involved in T-cell activation and immune deviation of TH1
and TH17 cells, respectively (discussed later).

IL-12 is derived most importantly from DCs but also from
Langerhans cells, mononuclear phagocytic cells, B cells, PMNs,
and mast cells. The biologically active form is a heterodimer. The
larger subunit (IL-12p40) is homologous to the soluble receptor
for IL-6, whereas the smaller subunit (IL-12p35) is homologous
to IL-6. Homodimers of IL-12p40 are also functional (IL-12p80).
IL-12 stimulates IFN-g production and activates and induces
proliferation, cytotoxicity, and cytokine production of NK cells.
Other activities attributed to IL-12 include proliferation of TH and
cytotoxic lymphocytes.

IL-18, along with IL-12 and IL-23, is an inducer of IFN-g.14

Similar to IL-1, IL-18 requires a specific converting enzyme
(caspase-1) to permit secretion and activation. In contrast to
most cytokines, IL-18 is constitutively expressed, and release of
its active form is regulated through activation of this converting
enzyme. IL-18 has an important role in cellular adhesion, being
the final common pathway used by IL-1 and TNF that leads to
ICAM-1 expression. IL-18 binds to a unique heterodimer recep-
tor, the expression of which is upregulated by IL-12, and hence
these 2 cytokines synergize to stimulate IFN-g release.

Finally, as noted, IL-23 is a heterodimer consisting of a
larger subunit shared with IL-12 (IL-12p40) and a unique
subunit (IL-23p19). Its inflammatory response includes induc-
tion of remodeling through activation of matrix metalloprotei-
nases, increased angiogenesis, and reduced CD8 T-cell
infiltration. Its important synergistic role in TH17 differentiation
is discussed below.

IL-15
Mononuclear phagocytic cells are the main source of IL-15,

whereas epithelium, fibroblasts, and placenta are additional
sources. IL-15 is distinguished from IL-2 through its use of a
unique a chain as part of its receptor signaling complex.15 Both
receptors share the use of the IL-2 receptor (IL-2R) b and com-
mon g chain (Table I). IL-15, similar to IL-2, is a T-cell growth
factor and is chemotactic for T lymphocytes. The most important
activity of IL-15 might be its activation of NK cells. IL-2 and
IL-15 are contrasted in their roles in adaptive immune responses
in which IL-2, but not IL-15, is involved in the generation and
maintenance of Treg cells, whereas IL-15 is necessary for main-
taining the survival of CD8memory T cells. IL-15 is also active as
an accessory mast cell growth factor.

IL-27
The cells responsible for most of the production of IL-27 are

macrophages and DCs. IL-27 is a heterodimer composed of
IL-27B (EBV-induced gene B) and IL-27p28 (also known as
IL-30).16 IL-27 subserves important functions in TH1 immunity,
reflecting its ability to synergize with IL-12 to induce IFN-g
production from NK and TH cells (TH1 immune deviation). The
effects of IL-27 are mediated through interaction with a receptor
complex consisting of IL-27 receptor a and gp130.17

IL-32
IL-32 was discovered in a search for IL-18–inducible genes.18

Its biologic activities include induction of proinflammatory cyto-
kines (eg, TNF-a) and chemokines from differentiated macro-
phages. The highest levels of expression are observed in NK
and T cells; however, expression can also be observed in epithelial
cells in response to IFN-g and IL-1b. IL-32 synergizes with nu-
cleotide-binding oligomerization domain 1 and 2 ligands to stim-
ulate IL-6 and IL-1b release in a caspase-1–dependent manner.19

CYTOTOXIC IMMUNITY
Immune responses directed against virus-infected and neo-

plastic cells are primarily mediated by CD81 cytotoxic lympho-
cytes and NK cells. As discussed elsewhere, numerous cytokines
contribute to cytotoxic immunity, as well as IL-11 and the
interferons.

IL-11
In addition to its functions in promoting cytotoxic antiviral

immune responses, IL-11 was originally described as a stimula-
tory factor for hematopoietic cells, synergizing with other growth
factors to produce erythrocytes and platelets. IL-11 increases the
production of acute-phase proteins and induces lymphoid cell
differentiation. It is an important stimulatory factor for connective
tissue cells, such as fibroblasts, that stimulate proliferation and
collagen deposition. A role for IL-11 in asthma remodeling is
suggested by studies demonstrating expression of IL-11 in
patients with severe asthma.20,21

Interferons
Interferons derive their name from their ability to interferewith

viral growth. There are 3 major classes of interferons. Type I

TABLE II. IL-6–like (gp130-utilizing) cytokines

IL-6–like
cytokine Characteristics

IL-31 Primarily expressed by TH lymphocytes under TH2
conditions. Induces chemokines that recruit neutrophils,
monocytes, T cells. Overexpression in mice leads to atopic
dermatitis model. Increased IL-31 receptor levels in murine
model of AHR.

IL-11 Increases production of acute-phase proteins. Induces
lymphoid cell differentiation. Stimulatory factor for
fibroblasts. Expression in severe asthma with remodeling.

Osteopontin Induced by IFN-g, IL-1b, and TNF-a. Expression inhibited
by IL-4 and IL-13. Upregulated in patients with chronic
sinusitis, nasal polyps, and asthma.

Oncostatin Synthesized by T cells and monocytes. Proinflammatory or
anti-inflammatory functions. Roles in liver development,
hematopoiesis, inflammation, and possibly CNS
development. Signals through a shared type I receptor of
gp130/LIFR-b and a specific type II receptor of gp130/
OSMRb.

LIF Induces terminal differentiation of myeloid leukemia cells.
Influences bone metabolism, cachexia, neural development,
embryogenesis, and inflammation. Binds to the specific LIF
receptor (gp130/LIFR-a).
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interferons (IFN-a/b/v) are primarily derived from monocytes,
macrophages, B lymphocytes, and NK cells. An important source
of IFN-a is plasmacytoid DCs, reflecting their activation by viral
RNA acting through Toll-like receptors 3 and 7. The antiviral
activity of type I interferons is mediated through their ability to
inhibit viral replication within virus-infected cells, protect unin-
fected cells from infection, and stimulate antiviral immunity by
cytotoxic (CD81) lymphocytes andNK cells. IFN-a has other im-
portant biologic actions, including upregulation of class I MHC
antigens and mediation of antitumor activity. IFN-v22 displays
a high degree of homology with various IFN-a species, including
positions of the cysteine residues involved in disulfide bonds23;
however, sequence divergence allows classification as a unique
protein family. IFN-v binds to the same receptors as IFN-a and
IFN-b.24

A solemembermakes up the class of type II interferons: IFN-g.
IFN-g is a homodimer primarilymade by T cells andNK cells and
to a lesser degree by macrophages. The biologic activities of IFN-
g include only modest antiviral activity, and its derivation
primarily from T lymphocytes suggests that it is more of an
interleukin than an interferon. IFN-g and its role in cellular
immunity are discussed below.

The type III interferons consist of IFN-l1, IFN-l2, and IFN-l3,
also called IL-29, IL-28A, and IL-28B, respectively. Type III
interferons share with type I interferons the same Janus kinase
(JAK) and signal transducer and activator of transcription (STAT)
signaling pathways. IFN-ls exhibit several other common fea-
tures with type I interferons, including antiviral, antiproliferative,
and antitumor activities. Despite amino acid homologywith type I
interferons, the intron-exon structure of the IFN-l family more
closely resembles that of IL-10.25Moreover, IFN-ls act through a
cell-surface heterodimer receptor, one chain being IFN-g–specific
(IFNLR1) and the second, IL-10 receptor (IL-10R) 2, being shared
by IL-10, IL-22, and IL-26 (Table III). In addition to the full-
length IFNLR1, 2 inhibitory splice variants have been identified,
one variant deletes 29 amino acids in its intracytoplasmic portion,
likely disabling its signaling capacity, and the second encodes a
secreted (decoy) receptor.25Although IL-10R2 is ubiquitously ex-
pressed, IFNLR1 is more tightly regulated. IFN-l subtypes are

induced on infection by multiple viruses, which is consistent
with their antiviral activities,25,26 and pretreating hepatocellular
cells prevents viral infection.25 One notable difference between
IFN-l and type I interferons is that IFN-l shifts immature DCs to-
ward a program characterized by the ability to produce forkhead
box protein 3 (Foxp3)–expressing CD41CD251 Treg cells.27

HUMORAL IMMUNITY
At least 2 cytokines contribute to B-lymphocyte maturation in

the bone marrow: the lymphoid stem cell growth factors IL-7 and
IL-11. IL-7 is critically important to the development of both B
and T lymphocytes through its production by stromal tissue of the
bone marrow and thymus, from which it interacts with lymphoid
precursors. In addition, IL-7 stimulates the proliferation and
differentiation of cytotoxic T and NK cells and stimulates the
tumoricidal activity of monocytes and macrophages. The central
importance of IL-7 to lymphoid maturation is reflected in severe
combined immune deficiency resulting from the absence of either
IL-7 or functional IL-7 receptors (IL-7 receptor a [CD127] or
common g chain).

IL-21
IL-21 is increasingly recognized as being central to B-cell

proliferation, survival, and differentiation into immunoglobulin-
producing plasma cells.28 Its induction of activation-induced cyt-
idine deaminase contributes to class-switch recombination. IL-21
receptors are expressed on activated B, T, and NK cells. It shares
numerous biologic activities with IL-2 and IL-15, with which it is
homologous, including the capacity to activate NK cells and pro-
mote the proliferation of B and T lymphocytes.29 Its receptor
shares the common g chain with IL-2, IL-4, IL-7, IL-9, and
IL-15. Among T cells, it is preferentially expressed by TH17 cells
and is involved in TH17 differentiation (discussed below).

TABLE III. IL-10 superfamily

Interleukin 18 Cell source Receptor
Activated signal

transducer Biologic effect Clinical association

IL-10 Monocytes,
B cells, Treg cells

IL-10R1/IL-10R2 JAK1, TYK2,
STAT1, STAT3

Immune suppression, anti-
inflammatory

Burkitt lymphoma, malignant
B-cell lymphomas

IL-19 Monocytes IL-20R1/IL-20R2 STAT1, STAT3 Skin development,
immunoregulatory

Psoriasis, asthma

IL-20 Monocytes, skin
keratinocytes

IL-20R1/IL-20R2, IL-
22R1/IL-10R2

JAK/STAT Skin development, innate
immunity, hematopoiesis

Psoriasis, atherosclerosis,
angiogenesis

IL-22 Activated T cells, activated
NK cells, TH17 cells

IL-22R1/IL-10R2 STAT3 Acute-phase response,
innate immunity

Crohn disease, interstitial lung
disease, rheumatoid arthritis,
psoriasis

IL-24 Melanocytes,
monocytes, TH2 cells

IL-20R1/IL-20R2, IL-
22R1/IL-20R2 (skin
only)

STAT3 Proapoptosis, epidermal
functions, inflammatory
cascade

Melanoma, psoriasis,
inflammation

IL-26 Monocytes,
memory T cells

IL-20R1/IL-10R2 STAT1, STAT3 Mucosal and cutaneous
immunity

T-cell transformation

IL-28,
IL-29

DCs IFNLR1/IL-10R2 JAK1, STAT1, STAT2,
STAT3, and STAT5

Antiviral immunity Hepatitis B/C infections
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B-cell activation factor from the TNF family and a
proliferation-inducing ligand

Two other TNF family cytokines, B-cell activation factor from
the TNF family (BAFF) and a proliferation-inducing ligand
(APRIL), enhance the maturation and survival of transitional and
mature B cells. BAFF and APRIL are expressed in bone marrow
nonlymphoid cells, with low levels also in developing B cells.
BAFF overexpression leads to an expanded B-cell compartment,
and increased amounts of BAFF have been found in autoimmune
patients. BAFF knockout mice have a severe block in B-cell
development in the spleen, although not in bone marrow. Three
receptors from the TNF receptor family bind to BAFF and
APRIL: transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI), B-cell maturation antigen,
and BAFF-R.30,31 BAFF-R binds specifically to BAFF, whereas
TACI and BMCA bind primarily to APRIL. Similar to BAFF-de-
ficient mice, BAFF-R–null mice show defective splenic B-cell
maturation. Mutations in TACI have been identified as an impor-
tant factor in common variable immunodeficiency.32,33

After B cells egress from the bone marrow, isotype switching,
the activation of mature B cells into immunoglobulin-secreting B
cells, and their final differentiation into plasma cells are processes
that are under T-cell control.34 Cytokines that trigger isotype
switching include IL-4 and IL-13, which induces the IgE isotype
TGF-b, which triggers IgA, and IL-10, which contributes to the
generation of IgG4.

CELLULAR IMMUNITY
IL-2

Stimulation of T cells by antigen (signal 1) in the presence of
accessory signals provided by the cognate interaction of the B7
molecules (CD80 or CD86) with CD28 (signal 2) and the
cytokines IL-1 and IL-6 (signal 3) induces the simultaneous
secretion of IL-2 and the expression of high-affinity IL-2R by
effector T cells. Subsequently, the binding of secreted IL-2 to
these IL-2R–expressing T cells induces clonal T-cell prolifera-
tion. The requirement for both IL-2 production and IL-2R
expression for T-cell proliferation ensures that only effector T
cells specific for the antigen inciting the immune response
become activated. This is in contrast to Treg cells, which
constitutively express IL-2R and can thereby be spontaneously
activated in the presence of IL-2. IL-2 is also necessary during
Treg cell development in the thymus.35 IL-2 signals through a re-
ceptor complex consisting of IL-2–specific IL-2Ra (CD25), IL-
2Rb (CD122), and the common g chain. In addition to its role
as an effector and Treg cell growth factor, IL-2 is also involved
in activation of NK cells, B cells, cytotoxic T cells, and macro-
phages. Many of the immunosuppressive drugs used in the treat-
ment of autoimmune diseases, such as corticosteroids,
cyclosporine, and tacrolimus, work, in part, by inhibiting the pro-
duction of IL-2 by antigen-activated T cells, whereas others (eg,
rapamycin) block IL-2R signaling.

IFN-g
The most important cytokine responsible for cell-mediated

immunity is IFN-g.36 It is the signature cytokine produced by
TH1 cells but is also derived from cytotoxic T cells and NK
cells. IFN-g mediates increased MHC class I and II expression
and stimulates antigen presentation and cytokine production by

APCs. IFN-g stimulates mononuclear phagocytic functions, in-
cluding adherence, phagocytosis, secretion, respiratory burst,
and nitric oxide production. The net result is the accumulation
of macrophages at the site of cellular immune responses, with
their activation into macrophages capable of killing intracellu-
lar pathogens. In addition to its effects on mononuclear phago-
cytes, IFN-g stimulates killing by NK cells and neutrophils. It
stimulates adherence of granulocytes to endothelial cells
through the induction of ICAM-1, an activity shared with
IL-1 and TNF. As with other interferons, IFN-g inhibits viral
replication. IFN-g is critical for many aspects of innate and
adaptive immunity, but its singular importance in the immune
response to intracellular pathogens is shown by the enhanced
susceptibility to tuberculosis observed in patients with muta-
tions that result in defects in its synthesis or responsiveness.37

IFN-g is an inhibitor of TH2-mediated allergic inflammatory re-
sponses through its capacity to suppress many IL-4–mediated
effects.

Cellular responses to IFN-g are activated through its interac-
tion with a heterodimer receptor consisting of IFN-g receptor
(IFNGR) 1 and IFNGR2. Binding of IFN-g to the receptor
activates the JAK-STAT pathway. JAK1 and JAK2 constitutively
associate with IFNGR1 and IFNGR2, respectively, and binding
ultimately leads to phosphorylation of 2 STAT1 molecules, as
discussed in greater detail below.38

IL-16
IL-16 is a T cell–derived product that is chemotactic for CD41

lymphocytes, eosinophils, and monocytes and uses the CD4 mol-
ecule as its receptor.39 The product of this gene undergoes prote-
olytic processing by caspase-3 and yields 2 functional proteins.
The cytokine function is exclusively attributed to the secreted
C-terminal peptide, whereas the N-terminal product might play
a role in cell-cycle control.40

IL-17
Whereas IFN-g is important in orchestrating the cellular

immune response to intracellular pathogens, IL-17 generates T
cell–mediated immune responses to extracellular pathogens. It
is produced by a unique family of TH lymphocytes, termed
TH17 cells. IL-17 comprises a structurally related family of 6
proteins (IL-17A through IL-17F) having no sequence similar-
ity to any other cytokine.41 Because of its unique spectrum of
activities, IL-17E is now termed IL-25 and is discussed sepa-
rately. IL-17A (generally referred to as IL-17) is mainly ex-
pressed in CD41 TH (TH17) cells and, to a lesser extent,
neutrophils, eosinophils, and CD8 T cells. Similar to IL-17A,
its most closely structurally related family member, IL-17F, is
expressed by TH17 cells but also activated basophils and mast
cells.41 The primary cellular sources for IL-17B and IL-17C
have not been determined. IL-17D is expressed in resting
CD4 T and B cells.

IL-17 induces expression of a variety of cytokines and
chemokines from stromal cells, fibroblasts, endothelium, and
epithelium, including IL-6, IL-11, granulocyte colony-stimulat-
ing factor, GM-CSF, CXCL8, CXCL10 (IFN-inducible protein
10), and TGF-b, cytokines important to both fibroblast activation
and neutrophil recruitment. Activation of fibroblasts by IL-17
might contribute to fibrotic autoimmune diseases, and a role for
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IL-17 has been proposed in inflammatory bowel disease and
multiple sclerosis. IL-17 family members are also expressed in
patients with asthma.42 The tendency to induce neutrophil, but not
eosinophil, migration makes it plausible that IL-17 plays a role in
severe persistent asthma, in which accumulation of neutrophils is
a hallmark. Both IL-17 and IL-17F induce goblet cell hyperplasia
and mucus hypersecretion and activate epithelial innate immune
responses. IL-17 could therefore plausibly contribute to the devel-
opment of airway hyperreactivity (AHR), remodeling, neutro-
philic infiltration, and subepithelial fibrosis.

Induction of cytokines responsible for PMN recruitment and
activation is central to its role in driving cellular immune responses
to extracellular pathogens, as suggested by increased susceptibility
to infection by Staphylococcus aureus and Citrobacter and Klebsi-
ella species in IL-17–deficientmice.43 Inhuman subjects hyper-IgE
syndrome has been characterized by a genetic deficiency in TH17
cell differentiation.44,45 Increased susceptibility of these patients
to infections with Candida species and S aureus is consistent
with TH17 cells’ role in immunity against these pathogens.46

The IL-17 receptor (IL-17R) family consists of 5 broadly
distributed receptors that have individual ligand specificities.
IL-17RA is the best described and binds both IL-17A and IL-17F.
IL-17RB binds both IL-17B and IL-17E, whereas the less
well-described IL-17RC and IL-17RD might undergo alternate
splicing to produce soluble (decoy) forms.41 The least described
of these receptors, IL-17RE, is expressed in the pancreas, brain,
and prostate.

IL-34
IL-34 is a newly discovered interleukin also having no homol-

ogy to other cytokines.47 It is expressed in numerous tissues but is
most abundant in the spleen. The receptor for IL-34 is colony-
stimulating factor 1 receptor (CD115), a receptor also used by
macrophage colony-stimulating factor (M-CSF), and like M-
CSF, IL-34 stimulates monocyte proliferation and function.

ALLERGIC IMMUNITY
An additional outcome of proinflammatory T-cell activation is

the development of allergic (and presumably antiparasitic)
immunity. Several features specifically associated with the aller-
gic state are regulated by cytokines, including the regulation of
IgE, eosinophilia, and mast cell proliferation, and these will be
discussed separately.

Regulation of IgE
The inappropriate production of IgE in response to allergen

defines atopy and is primarily mediated by IL-4 and IL-13.
IL-4. In addition to TH2 lymphocytes, IL-448 is derived from

basophils,NKTcells, eosinophils, andmast cells. Inbotheosinophils
and basophils, IL-4 exists as a preformed, granule-associated pep-
tide that can be rapidly released in allergic inflammatory re-
sponses. IL-4 stimulates MHC class II, B7 (CD80/CD86),
CD40, surface IgM, and low-affinity IgE receptor (CD23) expres-
sion byB cells, thereby enhancing the antigen-presenting capacity
of B cells. IL-4 induces the immunoglobulin isotype switch from
IgM to IgE.49,50 IL-4 can be identified in the sera, bronchoalveolar
lavage fluid, and lung tissue of asthmatic subjects and in nasal
polyp tissue and nasal mucosa of subjects with allergic rhinitis.

In addition to these effects on B cells, IL-4 has important
influences on T lymphocytes. As will be discussed later, IL-4
contributes to the differentiation of naive TH0 lymphocytes to-
ward a TH2 phenotype. IL-4 is also important in maintaining al-
lergic immune responses by preventing apoptosis of TH2
lymphocytes.51,52 IL-4 renders TH2 cells refractory to the anti-
inflammatory influences of corticosteroids.

Another important activity of IL-4 in allergic inflammation is
its ability to induce expression of VCAM-1. This produces
enhanced adhesiveness of endothelium for T cells, eosinophils,
basophils, and monocytes, but not neutrophils, as is characteristic
of TH2-mediated allergic reactions.53 IL-4 interacts with mast
cells to stimulate IgE receptor expression and regulates expres-
sion of leukotriene C4 synthase, thereby determining their capac-
ity to produce cysteinyl leukotrienes.54 IL-4 contributes to the
excessive mucous production in the asthmatic airway. Functional
IL-4 receptors are heterodimers consisting of the IL-4 receptor
(IL-4R) a chain interacting with either the shared g chain or the
IL-13 receptor (IL-13R) a1 chain.55 This shared use of the
IL-4Ra chain by IL-13 and IL-4 explains many of the common
biologic activities of these cytokines.

In contrast to these proinflammatory effects, IL-4 down-
regulates antibody-dependent cellular cytotoxicity by mononu-
clear phagocytes, inhibits their expression of Fcg receptors and
differentiation into macrophages, and downregulates production
of nitric oxide, IL-1, IL-6, and TNF-a while stimulating produc-
tion of IL-1ra and IL-10.56

IL-13. IL-13 shares much of IL-4’s biologic activities on
mononuclear phagocytic cells, endothelial cells, epithelial cells,
and B cells. Thus IL-13 induces the IgE isotype switch and
VCAM-1 expression.57 Functional IL-13 receptors are hetero-
dimers containing the IL-4Ra chain and a unique IL-13Ra chain.
The 2 IL-13Ra chains include the active form (IL-13Ra1) and a
decoy (IL-13Ra2), which lacks the motif required for initiating
intracellular signaling cascades.58 IL-13Ra1 expression is more
limited than IL-4 receptors and includes endothelial cells, B cells,
mononuclear phagocytes, and basophils but not mast cells or T
cells. This more limited distribution of IL-13Ra1 explains the
unique ability of IL-4 to induce TH2 lymphocyte differentiation
andmast cell activation. However, IL-13 is morewidely produced
than IL-4 and is more readily identified in allergic inflammatory
tissue.59 In murine studies IL-13 has a singularly important role
in causing mucus hypersecretion and nonspecific AHR, and its
expression results in the characteristic airway metaplasia of
asthmawith the replacement of epithelial cells with goblet cells.59

Eosinophilia
Another characteristic feature of allergic diseases is the pres-

ence of increased numbers of activated eosinophils.
IL-5. IL-5 is the most important eosinophilopoietin.60 In addi-

tion to stimulating eosinophil production and release from the
bone marrow,61 IL-5 is chemotactic for eosinophils and activates
mature eosinophils, inducing eosinophil secretion and enhanced
cytotoxicity. Another mechanism by which IL-5 promotes accu-
mulation of eosinophils is through its ability to upregulate chemo-
kine receptors and aDb2 integrins, thereby promoting their
adherence to VCAM-1–expressing endothelial cells. IL-5 pro-
longs eosinophil survival by blocking apoptosis.62 Administration
of IL-5 causes mucosal eosinophilia and an increase in bronchial
hyperreactivity. IL-5–dependent activation of eosinophils is now
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thought to be less central to the pathophysiology of asthma as a re-
sult of the disappointing results in trials using IL-5 antagonists,
perhaps because of redundant cytokine profiles involving GM-
CSF and heterogeneous presentations of asthma that are less de-
pendent on eosinophils. Thus in asthmatic patients screened for
sputum eosinophils, anti–IL-5 does have increased therapeutic
benefit.63,64 Other activities of IL-5 include basophil differentia-
tion. In addition to TH2-like lymphocytes, other sources for IL-5
include mast cells, NK T cells, and eosinophils themselves. IL-5
interactswith specific IL-5 receptors (IL-5Rs) that consist of a het-
erodimer containing IL-5Ra and a b chain (CD131) shared with
GM-CSF receptor and IL-3 receptor (Table I).65

IL-3 and GM-CSF. In addition to IL-5, IL-366 and GM-CSF67

also strongly contribute to the activity of eosinophils in allergic in-
flammation through their capacities to prolong eosinophil survival
and to generate activated eosinophils. IL-3 is an important factor
that supports the growth of precursors for a variety of hematopoietic
cells, including DCs, erythrocytes, granulocytes (especially baso-
phils), macrophages, mast cells, and lymphoid cells. The major
source of IL-3 isT lymphocytes, but inpatientswith allergic inflam-
mation, it is also derived from eosinophils and mast cells.

GM-CSF supports the maturation of DCs, neutrophils, and
macrophages. GM-CSF synergizes with other colony-stimulating
factors to support the production of platelets and erythrocytes.
GM-CSF is an activating factor for mature granulocytes and
mononuclear phagocytic cells. In the lungs GM-CSF is uniquely
important in the maturation of alveolar macrophages, including
their expression of matrix metalloproteinases and reactive oxygen
species and their processing of surfactant proteins.68,69 The role
of GM-CSF in allergic immunity is derived from its shared ability
with IL-3 and IL-5 to inhibit apoptosis of eosinophils and thereby
prolong the survival of eosinophils at sites of allergic inflamma-
tion. GM-CSF is particularly important in the allergic airway
because mature activated eosinophils lose their expression of
IL-5Rs and responsiveness to IL-5 but instead upregulate GM-CSF
receptors. Thus GM-CSF, and not IL-5, might be responsible
for the persistent survival and function of eosinophils in the asth-
matic airway. These observations provide one explanation for the
failure of IL-5 antagonism in asthma trials. GM-CSF activates
mature eosinophils, increasing their degranulation, cytotoxicity,
and response to chemoattractants.

Mast cell proliferation and activation
Increased numbers of mast cells characterize allergic diseases,

and this is a T cell–dependent process. The most important
cytokine responsible for mast cell growth and proliferation from
hematopoietic precursors is stem cell factor (SCF; or c-kit
ligand).70 SCF is derived from bone marrow stromal cells, endo-
thelial cells, and fibroblasts. SCF induces histamine release from
mast cells but inconsistently from basophils and remains the only
cytokine with this property. In addition to being essential for mast
cell differentiation, SCF interacts with other hematopoietic
growth factors to stimulate myeloid, lymphoid, and erythroid pro-
genitor cells. Several cytokines, including and especially IL-3,
IL-5, IL-6, IL-9, IL-10, IL-11, and nerve growth factor, also con-
tribute tomast cell proliferation.71-75 In addition to the factors that
stimulate mast cell proliferation, several cytokines induce hista-
mine release from basophils, including several members of the
chemokine family (discussed later).

Other TH2 cell–derived cytokines involved in allergic
inflammation: IL-9, IL-25, and IL-31

IL-9 was originally described as amast cell growth factor76 and
contributes to mast cell–mediated allergic responses through its
ability to stimulate production of mast cell proteases. In addition,
IL-9 increases expression of the IgE high-affinity receptor on
mast cells. IL-9 synergizes with IL-4 to enhance the production
of IgE and IL-5 to enhance the production of eosinophils. IL-9
supports the growth and survival of T lymphocytes. IL-9 has other
important activities in allergic inflammation, including inducing
expression of CCL11 (eotaxin-1), IL-5 receptors, and chemokine
receptor 4. IL-9 is derived from eosinophils and TH2-like lympho-
cytes. Its selective production by TH2 cells supports a role in al-
lergic inflammation. It appears to be primarily produced by a
unique subfamily of TH2 cells termed TH9 lymphocytes (dis-
cussed below).77,78

IL-25was originally described as amember of the IL-17 family
(IL-17E) but has now been given its distinct nomenclature
because of its unique spectrum of activities. Similar to IL-4,
IL-5, IL-9, and IL-13, it is derived in part from TH2-like lympho-
cytes. It stimulates release of IL-4, IL-5, and IL-13 from nonlym-
phoid cells and from TH lymphocytes themselves, contributing to
TH2 immune deviation. IL-25 enhances IgE secretion through its
ability to stimulate IL-4 and IL-13 production.79 IL-25 stimula-
tion of IL-5 production promotes eosinophilopoiesis. IL-25 in-
creases expression of CCL5 (RANTES) and CCL11, which
further contribute to the homing of eosinophils to the lungs.41

IL-31 is a member of the subfamily of hematopoietin cytokines
that also includes IL-3, IL-5, and GM-CSF. It is primarily
expressed by TH2 lymphocytes. Its activities include induction
of chemokines that are involved in recruitment of neutrophils,
monocytes, and T cells. Overexpression of IL-31 in mice pro-
duces an inflammatory infiltrate suggestive of atopic dermati-
tis.80-82 Similarly, the murine model of AHR demonstrates
increased expression of the IL-31 receptor.

ANTI-INFLAMMATORY CYTOKINES
In addition to cytokines that stimulate cytotoxic, cellular,

humoral, and allergic inflammation, several cytokines have pre-
dominantly anti-inflammatory effects, including, as previously
discussed, IL-1ra, but alsoTGF-b andmembers of the IL-10 family.

TGF-b
TGF-b represents a family of peptides that are arguably the

most pleiotropic of the cytokines, including having both stimu-
latory and inhibitory effects on numerous cell types.83 TGF-b is
synthesized as an inactive precursor that requires cleavage for
activation. It is produced by numerous cell types, including eosin-
ophils, monocytes, and T cells. TGF-b is an important stimulant
of fibrosis, inducing formation of the extracellular matrix and pro-
moting wound healing and scar formation. In immunity it is
largely inhibitory for B cells and TH/cytotoxic lymphocytes. In
general, it inhibits proliferation and induces apoptosis. The pro-
duction of TGF-b by apoptotic cells creates an immunosuppres-
sive milieu and is one explanation for the absence of
inflammation and autoimmunity as a consequence of apoptotic
cell death.84 It inhibits cytotoxicity of mononuclear phagocytes
and NK cells. The primary TGF-b–producing TH lymphocytes
are Treg cells (discussed below), and the expression of
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membrane-bound TGF-b mediates much of their suppressive ac-
tivity. TGF-b production by mucosal (TH3) cells supports the a
isotype switch and secretory IgA production by B cells85 and is
also critical for the maintenance of immune nonresponsiveness
to otherwise benign gut pathogens and food allergens. TGF-b is
constitutively produced in the healthy lung and helps promote
B- and T-cell nonresponsiveness and lessens allergic inflamma-
tion through inhibition of IgE synthesis and mast cell prolifera-
tion. In established allergic inflammation, eosinophils comprise
the most important source of TGF-b,86 and their expression of
TGF-b is a cause of the fibrosis observed in patients with asthma.

In contrast to these largely anti-inflammatory influences, TGF-
b is central to the differentiation of TH17 and IL-9–producing TH2
(TH9) lymphocytes. These conflicting proinflammatory and anti-
inflammatory effects reflect the distinctive actions of TGF-b as a
function of which cells are producing it, the stage of the immune
response during which it is acting, different signaling pathways it
engages, and other divergent influences.

IL-10 family
IL-10 is an important immunoregulatory cytokine with multiple

biologic effects on different cell types. Although the primary T-cell
source for IL-10 is regulatory T lymphocytes, monocytes and B
cells are the major sources of IL-10 in human subjects.87 IL-10
forms a homodimer and exerts its biologic function through IL-
10R1 and IL-10R2 receptor complex. IL-10 inhibits production
of IFN-g by TH1 lymphocytes; IL-4 and IL-5 by TH2 lymphocytes;
IL-1b, IL-6, CXCL8, IL-12, and TNF-a by mononuclear phago-
cytes; and IFN-g and TNF-a byNK cells. MHC class II expression
by APCs is inhibited by IL-10, as is CD23 (low-affinity IgE recep-
tor [FceRII]) and ICAM-1. IL-10 inhibition of expression of the
costimulatory molecules CD80 and CD86 by DCs and other
APCs eliminates the ability of the APC to provide the accessory
signals necessary for TH cell activation,88 which is primarily
responsible for the inhibition of cytokine production. However,
IL-10 also functions directly on T cells to inhibit their cytokine
production by suppressing expression ofCD28 and inducible T-cell
costimulator.89 Constitutive expression of IL-10 in the respiratory
tract of healthy subjects has a role in the maintenance of tolerance
to allergens, whereas asthma and allergic rhinitis are associated
with diminished IL-10 expression.90 This diminished IL-10 expres-
sion contributes to the development of an inflammatory milieu,
reflecting in part the presence of mature DCs.

Other members of the IL-10 family: IL-19, IL-20, IL-
22, IL-24, IL-26, IL-28, and IL-29

These newer members of the IL-10 family cytokines and their
receptors loosely share homologies with interferons/interferon
receptors, and many display antiviral activity.91 In contrast to
IL-10, none of these cytokines significantly inhibit cytokine syn-
thesis, an activity that remains unique for IL-10. Features of the
IL-10 superfamily are summarized in Table III.

IL-19 shares 21% amino acid identity with IL-10, but as with
other members of the IL-10 superfamily, it is the exon-intron
structure that primarily defines their homology. Within the
immune system, IL-19 is primarily produced by monocytes,
and its expression can be induced by LPS, IL-4, and GM-CSF.
IL-19 signals through a receptor complex composed of the IL-20
receptor (IL-20R) 1 and IL-20R2 chains and activates monocytes

to release IL-6, TNF-a, and reactive oxygen species. IL-19
contributes to TH2 immune deviation, as well as the development
of airway inflammation, in murine models, and its increased ex-
pression has been observed in asthmatic patients.92

Similar to IL-19, IL-2093 signals through the IL-20R1/IL-20R2
heterodimer; however, IL-20 also binds to the receptor complex
composed of IL-22 receptor (IL-22R) 1/IL-20R2. IL-20 is pre-
dominantly expressed by monocytes and skin keratinocytes, and
it is overexpressed in patients with psoriasis. It induces keratino-
cyte proliferation, and overexpression in mice is lethal, secondary
to defective skin formation.

IL-22 is derived from T lymphocytes, mast cells, and, at lower
levels, activated NK cells.94 Among T-lymphocyte subsets, IL-22
is preferentially expressed by TH17 cells. Notably, patients with
psoriasis, Crohn disease, interstitial lung diseases, and rheuma-
toid arthritis all have evidence of increased levels of IL-22 that
correlate with disease severity.95-97 The IL-22 receptor complex
is a heterodimer consisting of IL-22R1/IL-10R2 chains. Neither
resting nor stimulated immune cells express IL-22R1, and there-
fore despite its structural similarity to IL-10, immune cells are not
the target cells of IL-22. The predominant biologic activity de-
scribed for IL-22 is induction of acute-phase proteins by hepato-
cytes, including serum amyloid A protein, and it likely provides a
protective role in liver injury. In addition, IL-22 leads to the pro-
duction of antimicrobial peptides, and consistent with its expres-
sion by TH17 cells, it is presumed to play an important role in
defense against extracellular pathogens.

IL-24 is produced by both monocytes and TH2 lymphocytes in
an IL-4–inducible fashion. Originally identified as a tumor-sup-
pressor molecule (melanoma differentiation-associated gene 7)
that was expressed in healthy melanocytes but not metastatic mel-
anoma cells, it was subsequently discovered to share structural
homology with IL-10 and to be located within the same locus
on chromosome 1. IL-24 signals through a heterodimer consisting
of IL-20R1/IL-20R2. Its potential role as a cancer therapeutic is
derived from evidence that IL-24 induces antitumor immune
responses with significant independent ‘‘bystander’’ antitumor
effects.98,99 Given the apparently ubiquitous apoptotic effect on
malignant cells, the lack of an effect on normal cells, and the
absence of significant side effects (eg, cytokine storm), IL-24 is
a potential cancer therapeutic.

IL-26 is located in a chromosomal cluster with IL-22 and IFN-
g in an area thought to contribute to allergic and autoimmune
diseases; in contrast, IL-10, IL-19, IL-20, and IL-24 cluster
separately. IL-26 is primarily generated by monocytes and T
memory cells. IL-26 has a unique receptor consisting of a
heterodimer of IL-20R1/IL-10R2.100 Binding of the IL-26 recep-
tor leads to induction of CXCL8, IL-10, and ICAM-1.

As previously discussed, the type III interferons IL-28 and
IL-29 are closely related to the type I interferons, but their genomic
organization and receptor use is more similar to that of members
of the IL-10 family.

IL-35
IL-35 is a dimer composed of IL-12p35 and IL-27p28 (IL-30)

chains. It is primarily secreted by Treg cells and suppresses
inflammatory responses by causing proliferation of Treg cells
while reducing the activity of TH17 cells.101 Studies using a mu-
rine model show that the absence of either IL-35 chain from Treg
cells reduces their ability to suppress inflammation.102
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TH LYMPHOCYTE FAMILIES
TH1, TH2, and TH17 lymphocytes

Subclasses of TH lymphocytes can be identified based on their
repertoire of cytokines (Table IV).103 Naive TH0 cells produce
primarily IL-2 but might also synthesize cytokines characteristic
of effector T lymphocytes. In contrast to murine studies, categor-
ically distinct TH cytokine profiles are seldom apparent in human
cells, although there remains an inverse relationship between the
tendency of T lymphocytes to produce IFN-g as opposed to IL-4/
IL-5 or IL-17. In human subjects TH1 cells primarily produce
IFN-g and TNF-b but not IL-4 and IL-5. TH2 cells more promi-
nently produce IL-4, IL-5, IL-9, and IL-13 but not IFN-g. TH1
lymphocytes promote cell-mediated immune responses and are
important in antibody-dependent immunity. TH17 cells are
more important in the T cell–mediated immune response to extra-
cellular pathogens and likely contribute to autoimmune diseases.
TH2 lymphocytes produce IL-4, IL-5, and IL-13, which induce
antiparasitic and allergic immune responses. A subclass of TH2
cells characterized by prominent IL-9 production has recently
been described (TH9 cells).77,78

Cytokines involved in TH1 differentiation
One of themore important questions in understanding the cause

of immune disorders is to determine the basis for effector T-cell

differentiation in response to antigen. Themost critical element in
determining TH differentiation is the cytokine milieu in which the
T lymphocyte is activated (Table IV). TH1 differentiation is in-
duced and maintained through the influences of IL-12, IL-18,
and IL-27, with IL-12 providing the most important role.104 IL-
12 interactswith naiveTH lymphocytes to activate STAT4, leading
to expression of the transcription factor T-box expressed in T cells
(T-bet). T-bet is a nuclear transcription factor that is themaster reg-
ulator responsible for the differentiation ofTH1 cells.Actions of T-
bet include production of IFN-g and IL-12R. Simultaneously, it
blocks alternative TH differentiation pathways by suppressing ex-
pression of TH2 cytokines, such as IL-4, and acting as a negative
regulator of TH17 differentiation. Similar to IL-12, IL-27 also ac-
tivates STAT4, leading to increased expression of T-bet and IFN-g.
Addition of recombinant IL-27 to naive T cells in culture under
TH2-polarizing conditions results in decreased expression of
GATA-3, the transcription factor that is the master regulator for
TH2 development, along with a decrease in production of IL-4
andotherTH2 cytokines.

105OnceTH1 cells becomedifferentiated,
newly synthesized IFN-g, acting through STAT-1, also increases
expression of T-bet and functions as a negative regulator of
TH17 and TH2 differentiation. IL-18 upregulates IL-12R expres-
sion and is a growth factor for TH1 cells. IL-12–producing DCs
are the most important mediator of TH1-like immune deviation.
In addition, insofar as mononuclear phagocytes are an additional

TABLE IV. TH lymphocyte families

Family Cytokine repertoire Cytokines involved in differentiation
Transcription factors involved in

differentiation

TH1 IFN-g, TNF-a, TNF-b,
GM-CSF, IL-2, IL-3

IL-12: activates STAT4, leading to expression of
T-bet; induces IL-18R expression IL-18:
upregulates IL-12R, further induces IFN-g
expression IL-27: activates STAT4, leading to
increased expression of T-bet and IFN-g
IFN-g: increases expression of T-bet by
increasing expression of STAT1; negative
regulator of TH17 and TH2

T-bet: master regulator of TH1 cells; potentiates
production of IFN-g and IL-12Rb2;
suppresses TH2 and TH17 differentiation
STAT4: produced in response to IL-12 and
potentiates production of IFN-g STAT1:
increases expression of T-bet; negative
regulator of TH17

TH2 IL-2, IL-3, IL-4, IL-5, IL-9,
IL-13, IL-24, IL-25, IL-31,
TNF-a, GM-CSF

IL-4: activates STAT6, leading to expression of
GATA-3; negative regulator of TH17, IL-19,
IL-25, IL-33 TSLP: promote differentiation
and survival of TH2-like cells

GATA-3: master regulator of TH2 cells;
potentiates IL-4 expression; suppresses
expression of TH1 differentiation and
cytokines expression (IFN-g) MAF:
contributes to IL-4 production once a TH2
program is established; inhibition of TH17
differentiation STAT6: promotes TH2 cell
differentiation; negative regulator of T-bet
expression and TH1 differentiation NFAT:
increases transcription of IL-4

TH9 IL-4, IL-9 TGF-b: induces the high IL-9 phenotype of
TH2-like lymphocytes

TH17 IL-17 (IL-17A), IL-17F,
IL-21, IL-22

IL-6: differentiation factor for the generation of
TH17 cells TGF-b, IL-21 IL-23: support the
differentiation and function of TH17 cells in
the additional presence of IL-6

RORgt (retinoic acid–related orphan nuclear
receptor) is the master regulator of TH17 cell
differentiation STAT3: activated by IL-6 and
essential for TH17 differentiation

nTreg/iTreg IL-10 TGF-b: differentiation factor for the generation
of nTreg cells IL-10: important for
differentiation of peripheral iTreg cells, role in
nTreg development uncertain IL-2: promotes
survival, proliferation, and survival of nTreg
cells through their constitutive expression of
CD25

FOXP3: master regulator of thymus-derived
nTreg cells

TH3 TGF-b, IL-10
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source of IL-12, this suggests a mechanism whereby antigens
likely to be processed by macrophages, including obligate intra-
cellular bacteria (eg, mycobacteria), produce TH1 responses.

Cytokines involved in TH2 differentiation: IL-4, IL-19,
IL-25, IL-33, and thymic stromal lymphopoietin

One determinant of TH2 differentiation is IL-4 itself.106 IL-4
activates STAT6, which in turn promotes expression of GATA-
3, the master regulator of TH2 cells, and suppresses expression
of T-bet. GATA-3 potentiates IL-4 expression and suppresses ex-
pression of TH1 differentiation and cytokine (IFN-g) production.
IL-4 and GATA-3 similarly inhibit differentiation of TH17 lym-
phocytes. Other transcription factors, including especially MAF
and NFAT, contribute to IL-4 and other TH2 signature cytokine
production once TH2 differentiation is established. The original
source of the IL-4 responsible for TH2 differentiation can be the
naive TH0 lymphocytes themselves. Basophils, NK T cells, and
mast cells are also capable of robust IL-4 secretion.107,108 What-
ever the source is for the IL-4, the end result is that in a milieu in
which allergic inflammation is present (eg, bronchial lymphatic
tissue), more and more extensive allergenic responses against
bystander antigens develop.

IL-19, a member of the IL-10 family, is primarily produced by
mononuclear phagocytic cells, and its expression is upregulated
by IL-4 and downregulated by IFN-g. IL-19 promotes TH2 im-
mune deviation.109 IL-19 expression is important to the develop-
ment of airway inflammation in murine models, and its increased
expression has been observed in asthmatic patients.92

As discussed, IL-25 induces expression of TH2 signature cyto-
kines from numerous cell types but also specifically contributes to
TH2 immune deviation.110 Its production by TH2 lymphocytes
suggests a positive feedback cascade.

Currently, the 2 most important cytokines responsible for TH2
immune deviation are considered to be IL-33 and thymic stromal
lymphopoietin (TSLP). Similar to IL-18, IL-33111 is an IL-1–like
cytokine that signals through an IL-1 receptor–related protein.112

As with IL-1 and IL-18, IL-33 is produced as an inactive precursor,
and its secretion and activation are dependent on cleavage by cas-
pase-1. IL-33 is expressed by bronchial epithelial cells, fibroblasts,
smooth muscle cells, keratinocytes, macrophages, and DCs. IL-33
receptors are expressed on T cells (specifically nascent and mature
TH2 cells), macrophages, hematopoietic stem cells, mast cells, and
fibroblasts.Administration of IL-33 inducesTH2 immunedeviation
and cytokine production, causes increased IgE levels, and generates
profound mucosal eosinophilic inflammation in the lung and gas-
trointestinal tract.111,113 Administration of an IL-33 receptor antag-
onist reduces productionofTH2cytokines and airway inflammation
in murine asthma models.112,114 Its primary production by epithe-
lial cells suggests a mechanism whereby the respiratory tract can
generate a ‘‘danger signal’’ that will drive a subsequent TH2 im-
mune response, arguably the initial trigger of asthma.

The cytokine TSLP has also been suggested as a primary
instigator of TH2 immune deviation.115 TSLP is expressed by ep-
ithelial cells of the skin, gut, and lung and activates DCs in such a
way as to promote TH2 cytokine production by their subsequently
engaged effector T cells. The expression of TSLP in the lungs of
mice produces severe AHR,116,117 and similarly, expression in the
skin produces skin inflammation suggestive of atopic dermati-
tis.118 TSLP is highly expressed in the keratinocytes of patients
with atopic dermatitis and the lungs of asthmatic patients.119

The TSLP receptor is a heterodimer composed of a unique
TSLP-specific receptor and the IL-7 receptor a chain (CD127).
TSLP receptors are primarily expressed by DCs, but their expres-
sion by mast cells also promotes secretion of TH2 signature cyto-
kines. As with IL-33, its prominent expression by epithelium
suggests an initial triggering event plausibly central to the devel-
opment of allergic diseases of the skin and airways.

TH9 lymphocytes are a recently described proposed subfamily
of TH2 cells characterized by prominent production of IL-9 and
relatively less IL-4. They result from the differentiation of TH2
cells in the concomitant presence of TGF-b.77,78

TH17 lymphocytes
The selective production of IL-17 by clonal TH lymphocytes

has led to the recognition of the TH17 cell as a distinct lympho-
cyte subset.120 The presence of distinct pathways involved in dif-
ferentiation of IL-17–producing T lymphocytes (Table IV) and
that counterregulate development of the alternative TH1- and
TH2-like pathways further supports the concept that these
TH17-producing TH lymphocytes comprise a distinct lineage.
The mechanisms underlying TH17 differentiation in human sub-
jects are not fully established. In mice IL-6 acting in the addi-
tional presence of TGF-b is the most important cytokine
responsible for differentiation of TH17 cells.121 IL-21 and IL-
23 further contribute to TH17 differentiation and expansion of es-
tablished TH17 cells.

122 Only in the absence of IL-6 does TGF-b
promote differentiation into Treg cell pathways, as previously de-
scribed. The highly pleiotropic cytokine TGF-b is therefore in-
volved in the differentiation of Treg cells or, in the additional
presence of IL-6 or IL-4, can be switched to induced TH17 or
TH9 cells, respectively.123 The action of IL-6 in inducing TH17
is mediated through its activation of STAT3. The net result is ac-
tivation of retinoic acid receptor–related orphan receptor (ROR)
gt, the master regulating transcription factor for TH17 cells. Het-
erozygous mutations in STAT3 produce the hyper-IgE syn-
drome,124,125 a condition characterized by deficient TH17
lymphocytes.44,46

TREG LYMPHOCYTE FAMILIES: NATURAL TREG,
INDUCED TREG, AND TH3 CELLS

In addition to traditional TH subclasses, much progress has
been made in the past several years in identifying and clarifying
the characteristics of several families of regulatory T lymphocytes
(Table V).126 These include peripherally differentiated (induced)
IL-10–producing lymphocytes, termed induced Treg (iTreg)
cells; thymic-derived CD251 natural Treg (nTreg) cells; and
TGF-b–producing TH3 cells. Thymus-derived nTreg cells are
characterized by their constitutive expression of IL-2Ra chains
(CD25) and the transcription factor FOXP3. Similar to the role as-
sumed by T-bet in TH1, GATA-3 in TH2, and RORgt in TH17 dif-
ferentiation, FOXP3 serves as a master regulator of nTreg cells
(Table IV). Although they secrete IL-10, membrane TGF-b ap-
pears to be primarily responsible for mediating their immune sup-
pression, which is contact dependent. nTreg cells are produced in
response to expression in the thymus of self-antigens and are
thereby important for the prevention of autoimmunity. These
nTreg cells are unlikely to be involved in tolerance to antigens
not presented in the thymus (eg, in either tolerance to allergens
in healthy subjects or in the immune benefits associated with
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allergen immunotherapy). TH3 cells are primarily gut derived and
generate mucosal tolerance. Reflecting their prominent produc-
tion of TGF-b, in addition to tolerance, they are relevant to secre-
tory IgA production. In contrast to thymus-derived nTreg cells, an
additional, less well-characterized class of adaptive Treg cells has
been described that can develop in the periphery. These iTreg
cells differentiate from pre-existing effector T lymphocytes or
possibly circulating naive TH0 cells and are characterized by their
prominent production of IL-10. iTreg expression of FOXP3 and
CD25 is controversial but does occur. For example, it is unclear
whether CD25 expression reflects the constitutive expression of
this component of IL-2R, the signature characteristic of nTreg
cells, or the derivation of iTreg cells from activated effector T
cells that are transiently expressing CD25. The induction of IL-
10–producing iTreg cells plays a key role in reducing allergen-
specific T-cell responsiveness after immunotherapy.127,128

SIGNAL TRANSDUCTION BY CYTOKINE
RECEPTORS

Two key events are required to initiate the intracellular
signaling pathways activated by cytokines. First, binding of a
cytokine to its receptor mediates the transduction of signals from
the extracellular environment into the cytoplasm. Second, acti-
vation of tyrosine kinases results in phosphorylation of the
receptor and signaling molecules, events that ultimately lead to
delivery of intracellular signals. With the notable exceptions of
the receptors for SCF (c-kit or CD117) and M-CSF (colony-
stimulating factor 1 receptor [also used by IL-34]), cytokine
receptors generally do not have cytoplasmic domains with
intrinsic tyrosine kinase activity; however, cytokine receptors
do activate cytoplasmic tyrosine kinases.

Although numerous biochemical cascades are involved in
cytokine signaling, this discussion will primarily focus on 2
families of protein tyrosine kinases, termed JAKs and STATs,
which uniquely function in cytokine signaling (Fig 1, A).129,130

The role for JAK family members in the pathway to gene activa-
tion was largely deduced from studies of signal transduction by
the interferon receptors. The 2 chains of the IFN-a receptor

bind JAK1 and TYK2, respectively, whereas the 2 chains of the
IFN-g receptor bind JAK1 and JAK2. The receptors and the
JAKs themselves become phosphorylated, and this phosphory-
lated complex becomes the catalyst for the phosphorylation of cy-
toplasmic substrates. There are 4 JAKs, JAK1, JAK2, JAK3, and
TYK2, and as such, receptor signaling is mediated by a surpris-
ingly limited number of highly redundant tyrosine kinases. For
example, JAK2 is involved in GM-CSF, granulocyte colony-stim-
ulating factor, IL-6, and IL-3 signaling.

JAK1 and JAK3 are tyrosine phosphorylated in response to IL-
2, IL-4, and all the other cytokines whose receptors are members
of the shared g chain family. This use of JAK3 by the shared g
chain is consistent with JAK3 deficiency sharing the severe
combined immunodeficiency syndrome phenotype with g chain
deficiency. Once engagement of a cytokine receptor has led to
tyrosine phosphorylation of the receptor and of receptor-associ-
ated JAKs, the next step in signal transduction involves the
tyrosine phosphorylation of the STATs (Table VI).129,130 After
their activation, these proteins migrate to the nucleus, where
they bind to specific regulatory sequences in the promoters of cy-
tokine-responsive genes, thereby initiating gene transcription. As
with the JAKs, the function of STATswas originally characterized
with studies involving the biochemical events of interferon-
induced gene transcription. Ligand binding of IFN-a/b induces
the formation of a trimer composed of STAT1, STAT2, and a
non-STAT protein, interferon regulatory factor protein p48. Evi-
dence suggests that STAT2 is the crucial STAT in establishing
type I interferon activity because it is specifically recruited to
DNA sequences comprising interferon-stimulated response ele-
ments present in the promoters of type I interferon-responsive
genes.131 In contrast, the stimulation of cells with IFN-g results
in the tyrosine phosphorylation of STAT1 by JAK1 and JAK2
but not of STAT2. These homodimers of STAT2 recognize
IFN-g activation site DNA sequences in the promoters of
IFN-g–responsive genes. Similar to type I interferons, IL-28
and IL-29 (IFN-ls) induce the activation of the JAK/STAT signal-
ing pathways.26,132,133 JAK1 in particular is critical in mediating
IFN-l–induced STAT phosphorylation.132 IFN-l induces homo-
dimers of STAT2 capable of recognizing both interferon-stimu-
lated response element and IFN-g activation site sequences. It
is therefore not surprising that many genes whose expression is
classically induced by both type I interferons and IFN-g are
also induced by IFN-ls.

There are 5 additional members of the STAT family. STAT3,
STAT4, and STAT6 were identified as IL-6–, IL-12–, and IL-4–
inducible peptides, respectively. Although important in cytokine
signaling, STAT5 (consisting of 2 homologous genes, STAT5A
and STAT5B) was originally defined as a prolactin-activated
peptide. Engagement of the IL-4 receptor leads to the activation of
JAK1, which in turn phosphorylates STAT6. STAT6 is necessary
for IL-4–dependent expression of IL-4 receptor (IL-4R) a, the e
heavy chain, MHC class II, CD23, and mucin.134 An endogenous
inhibitor of STAT6 is referred to as the suppressor of cytokine
signaling 1.135 Suppressor of cytokine signaling 1 inhibits IL-4–
induced activation of JAK1 and STAT6 and thereby effectively
inhibits IL-4 signaling.

Compared with the number of cytokines, relatively few STATs
exist, and therefore the signaling pathways of numerous distinct
cytokines share common STAT proteins. For example, epidermal
growth factor, platelet-derived growth factor, M-CSF, IL-6,
IL-11, and the interferons all activate STAT1a. Mechanisms

TABLE V. CD41 T cells with regulatory activity

Treg cell subtype Characteristics

nTreg (natural
Treg cells)

CD251Foxp31 thymus derived. Not dependent
on IL-10 for their biologic activity. Mediate
self-tolerance/prevent autoimmune disease.
Not likely to be relevant to acquired tolerance
to allergens.

TH3 Characterized by TGF-b (6 IL-10) production.
Mediate mucosal tolerance/antigen-specific
IgA production. Not relevant to inhalant
allergy or immunotherapy.

iTreg (induced
Treg cells)

Peripheral-derived Treg cells. IL-10 responsible
for their biologic activity (6 TGF-b). Thought
to be derived from TH1/TH2-like effector
lymphocytes 6CD25 expression (reflecting
their effector function/activation) 6 FOXP3
expression. Induced in contact-dependent
fashion by membrane TGF-b. Proposed
mechanism of immunotherapy
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FIG 1. Comparison of cytokine and chemokine signaling. A, Generalized cytokine signaling: a model of
intracellular signaling pathways leading to transcription modulation by IL-4 and IL-12 (see text for details).
B, Generalized chemokine signaling: a model of chemokine binding and activation of G proteins leading to
induction of transcription factors and gene expression (see text for details). cAPK, cAMP-dependent protein
kinase; CREB, cAMP response element binding protein.
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must exist that lead to the distinct responses to different cytokines.
In part these reflect the activities of other signaling pathways
stimulated by cytokine receptors. For example, the Ras-depen-
dent pathway is also activated by members of the cytokine recep-
tor families. In this cascade Ras, Raf-1, Map/Erk kinase kinase,
and mitogen-activated protein kinases (MAPKs) are sequentially
phosphorylated and activated. The MAPK pathway is associated
with induction of several transcription factors, such as c-myc,
c-fos, and nuclear factor–IL-6. This ras pathway is activated by
several growth factors, as well as by the cytokines IL-2, IL-3,
IL-5, and erythropoietin. An example of another complementary
distinct pathway used for cytokine signaling is provided by IL-4,
which activates the signaling protein insulin response substrate
(IRS) 1 and its homologue, IRS-2. IRS-1 and IRS-2 regulate
cellular proliferation and protection from apoptosis.

CHEMOKINES
Chemokines are a group of small (8-12 kd) proteins that posses

the ability to induce cell migration or chemotaxis in numerous
cell types, including neutrophils, monocytes, lymphocytes, eo-
sinophils, fibroblasts, and keratinocytes. Activity is regulated
through binding to members of the 7-transmembrane, G protein–
coupled receptor superfamily. This section uses the systematic
nomenclature with the common names listed in parentheses the
first time the chemokine is described. To date, 52 chemokines and
20 chemokine receptors have been described, which are listed in
Table VII136,137 along with the known chromosomal location and
physiologic properties of each. Many of the chemokine receptors
can bind more than 1 ligand, allowing extensive overlap and re-
dundancy of chemokine function.

Originally, chemokines were described as inflammatory me-
diators produced at sites of infection or injury or in response to
proinflammatory stimuli. Inflammatory chemokines recruit and
activate leukocytes to mount an immune response and initiate
wound healing. Although chemotaxis stands as the cardinal
feature of chemokines, their physiologic role is more complex
than originally described, with many having additional home-
ostatic or housekeeping functions. These functions range from

trafficking of lymphocytes during hematopoiesis, antigen sam-
pling in secondary lymphoid tissue, immune surveillance, and
organ development.136 In general, homeostatic chemokines
are expressed in specific tissues or organs, whereas inflamma-
tory chemokines are produced by many cell types in multiple
locations.

Classification
Chemokines are characterized by the presence of 3 to 4

conserved cysteine residues and can be subdivided into 4 families
based on the positioning of the N-terminal cysteine residues
(Table VII). Within a subfamily, there exists 30% to 90% amino
acid identity between members; however, across subfamilies,
the amino acid identity decreases to less than 30%. The C-X-C
subfamily is characterized by the separation of the first 2 cysteines
by a variable amino acid. The CXC chemokines can be broken
into 2 general subgroups: ELR and non-ELR containing. ELR
is a conserved amino acid motif (Glu-Leu-Arg) immediately pre-
ceding the first cysteine residue. The ELR chemokines (CXCL1,
CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, andCXCL8) are an-
giogenic and act mainly through the CXCR2 receptor. In contrast,
the non-ELR chemokines (CXCL4, CXCL9, CXCL10, CXCL11
and CXCL17) are angiostatic and act mainly through the
CXCR3B receptor. This non-ELR group of chemokines can be in-
duced by a variety of interferons. The exception to this is
CXCL12, which is a non-ELR chemokine but is angiostatic and
binds to the CXCR4 on endothelial cells. In the C-C subfamily
the cysteine residues are adjacent to each other. The majority of
the known chemokines are contained in these 2 families. Addi-
tionally, these groups can be distinguished by their primary target
cell, with the C-X-C subfamily targeting neutrophils and the C-C
family targeting eosinophils, monocytes, and T cells. A third fam-
ily of chemokines, referred to as the C subfamily, lacks the first
and third cysteines, containing only a single cysteine residue in
the conserved position. This subfamily includes the lympho-
cyte-specific chemotactic peptide XCL1 (lymphotactin).138 A
fourth subfamily (CX3C) has the 2 N-terminal cysteine residues
separated by 3 variable amino acids.139 In human subjects this
family only has 1member, CX3CL1 (fractalkine), and it is unique
in that it is has a mucin-like glycosylated stalk that allows it to
exist as a soluble or membrane-bound chemokine.

Receptors and signal transduction
Receptor number on the cell surface varies from 3000 per cell

on monocytes and lymphocytes for CCR1 and CCR2 to 40,000 to
50,000 per cell on eosinophils for CCR3.140-142 Receptor numbers
can be altered depending on the environmental milieu and the sig-
nals a cell receives. A given cell can express multiple chemokine
receptors, each of which can induce specific signals, suggesting
that each receptor can signal through different pathways. Addi-
tional complexities of receptor use are emerging through the re-
cent demonstration that CXCR4 and CCR5 can heterodimerize
and transmit a compound signal when stimulated with their re-
spective ligands.143 The ability to signal through different path-
ways is due in part to the heptahelical transmembrane property
of the receptors. A large surface area, allowing interactions
with the a and bg subunits of the heterotrimeric G proteins and
other effector molecules, is created by looping of the receptor

TABLE VI. STAT family

STAT protein Cytokine

STAT1 IFN-a/b* IFN-g* Epidermal growth factor,
platelet-derived growth factor, M-CSF,
IL-6, IL-11

STAT2 IFN-a/b* IFN-l
STAT3 IL-6 (IL-6 family cytokines, including IL-6,

oncostatin M, and LIF) trigger STAT3
though the gp130 receptor) IL-5, IL-10,
epidermal growth factor, human growth
factor

STAT4 IL-12 (essential endogenous mediator of
TH1 differentiation)

STAT5A and STAT5B! Prolactin IL-2, IL-3, IL-7, GM-CSF,
erythropoietin, thrombopoietin

STAT6 IL-4 (essential endogenous mediator of
TH2 differentiation)

*IFN-a/b signaling complex (interferon-stimulated gene factor 3) consists of trimers
of STAT1 (alternatively spliced a [p91] or b [p84] peptides), STAT2, and the non-
STAT protein p48. IFN-g signaling complex consists of dimers of STAT1.
!Two distinct genes that are 90% identical.
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TABLE VII. CC, C, CXC, and CX3C chemokine/receptor families

Systematic name
Human

chromosome Common name Receptor
Physiologic
features

CC chemokine/receptor
family
CCL1 17q11.2 I-309 CCR8, R11 Inflammation
CCL2 17q11.2 MCP-1, MCAF CCR2 Inflammation
CCL3 17q11-q21 MIP-1a/LD78a CCR1, R5 Inflammation,

homeostasis
CCL3L1 17q21.1 LD78b CCR5 Inflammation
CCL4 17q11.2 MIP-1b CCR5 Inflammation
CCL4L1 17q12 None CCR5 Inflammation
CCL4L2 17q12 None CCR5 Inflammation
CCL5 17q11.2 RANTES CCR1, R3, R4, R5 Inflammation
CCL6 (mouse) C-10 CCR1, R2, R3 Unknown
CCL7 17q11.2 MCP-3 CCR1, R2, R3 Inflammation
CCL8 17q11.2 MCP-2 CCR1, R2, R5, R11 Inflammation
CCL9 (mouse) MRP-2/MIP-1g CCR1 Unknown
CCL10 (mouse) MRP-2/MIP-1g CCR1 Unknown
CCL11 17q11.2 Eotaxin CCR3 Inflammation,

homeostasis

CCL12 (mouse) MCP-5 CCR2 Unknown
CCL13 17q11.2 MCP-4 CCR1, R2, R3, R11 Inflammation
CCL14 17q11.2 HCC-1 CCR1 Inflammation
CCL15 17q11.2 HCC-2, Lkn-1 CCR1, R3 Inflammation
CCL16 17q11.2 HCC-4, LEC CCR1 Inflammation
CCL17 16q13 TARC CCR4 Inflammation,

homeostasis

CCL18 17q11.2 DC-CK1, PARC Unknown Homeostasis
CCL19 9p13 MIP-3b, ELC CCR7, R11 Homeostasis
CCL20 2q33-q37 MIP-3a, LARC CCR6 Inflammation,

homeostasis
CCL21 9p13 6Ckine, SLC CCR7, R11 Homeostasis
CCL22 16q13 MDC, STCP-1 CCR4 Inflammation,

homeostasis
CCL23 17q11,2 MPIF-1 CCR1 Inflammation
CCL24 7q11.23 MPIF-2, Eotaxin-2 CCR3 Inflammation
CCL25 19p13.2 TECK CCR9, R11 Homeostasis
CCL26 7q11.23 Eotaxin-3 CCR3 Inflammation
CCL27 9p13 CTACK, ILC CCR2, R3, R10 Homeostasis
CCL28 5p12 MEC CCR3, R10 Inflammation,

homeostasis

C chemokine/receptor
family
XCL1 1q23 Lymphotactin XCR1 Inflammation
XCL2 1q23 SCM1-b XCR1 Inflammation

CXC chemokine/receptor
family
CXCL1 (ELR) 4q12-q13 GROa, MGSA-a CXCR2>R1 Inflammation,

homeostasis
CXCL2 (ELR) 4q12-q13 GROb, MGSA-b CXCR2 Inflammation
CXCL3 (ELR) 4q12-q13 GROg, MGSA-g CXCR2 Inflammation
CXCL4 (non-ELR) 4q12-q13 PF4 CXCR3 Inflammation
CXCL4L1 (non-ELR) 4q12-q21 PF4V1 CRCR3 Inflammation
CXCL5 (ELR) 4q12-q13 ENA-78 CXCR1, R2 Inflammation
CXCL6 (ELR) 4q12-q13 GCP-2 CXCR1, R2 Inflammation
CXCL7 (ELR) 4q12-q13 NAP-2 CXCR2 Inflammation
CXCL8 (ELR) 4q12-q13 IL-8 CXCR1, R2 Inflammation
CXCL9 (non-ELR) 4q21.21 Mig CXCR3 Inflammation
CXCL10 (non-ELR) 4q21.21 IP-10 CXCR3 Inflammation
CXCL11 (non-ELR) 4q21.21 I-TAC CXCR3 Inflammation
CXCL12 (non-ELR) 10q11.1 SDF-1a/b CXCR4, R7 Inflammation,

homeostasis

(Continued)
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along the inner plasma membrane and the lateral orientation of
the carboxy terminus.144

Signaling is initiated after binding of the chemokine to the
receptor, which activates guanine exchange factors, allowing
replacement of guanine diphosphatewith guanine triphosphate on
the Ga subunit (Fig 1, B). The result is dissociation of the hetero-
trimeric G protein complex from the receptor and separation of
the Ga and Gbg subunits. The Ga subunit is able to directly ac-
tivate the Src family kinases, leading to activation of the MAPKs
and protein kinase B.145 Signaling through the Gbg subunit is
more complex, involving at least 3 separate pathways. Gbg can
activate protein kinase B and the MAPKs through phosphatidyl-
inositol 3–kinase g and PKC through phospholipase C and Pyk-
2.146-148 Activation of phospholipase C increases the intracellular
calcium ion concentration. Calcium influx activates many cellular
processes, including degranulation of neutrophils, eosinophils,
and basophils. Other pathways activated by chemokines include
phospholipases A2 and D, protein tyrosine kinases, low-molecu-
lar-weight guanine triphosphatases, Rho, and Rac. Several other
reviews cover chemokine signaling in more extensive de-
tail.144,149 Signaling through the G proteins ends when a phos-
phate group is removed from the guanine triphosphate bound to
the Ga subunit reforming guanine diphosphate. This allows the
Ga and Gbg subunits to rejoin and terminate downstream signal-
ing events. Chemokines can also activate signaling pathways,
such as MAPK and protein tyrosine kinase, through G protein–
independent mechanisms. Signaling through chemokine recep-
tors can be dampened through several processes, including
homologous and heterologous desensitization.

Homologous desensitization occurs when G protein–coupled
receptor kinases selectively phosphorylate chemokine-occupied
receptors, leading to endocytic uptake of chemokine receptor
complexes. Heterologous desensitization occurs when non–G
protein–coupled receptor kinases phosphorylate ligand-free (non-
engaged) chemokine receptors, preventing future G protein
coupling and receptor activation.

In addition to the receptors that activate cellular responses to
chemokines, 3 other receptors bind chemokines: duffy antigen
receptor for chemokines, D6, and CCX-CKR. These receptors
bind chemokines but do not signal, leading to their designation as
decoy receptors. Decoy receptors bind ligand and prevent the
ligand from being able to act. In terms of chemokine action, decoy

receptors play a role in dampening the immune response, leading
to resolution of inflammation. Recently, this concept has been
challenged by the finding that duffy antigen receptor for chemo-
kines can mediate chemokine transcytosis, leading to apical
retention of the chemokine and enhanced leukocyte migration
across monolayers.150

Chemokine function
The original description of chemokines focused on their

primary role in directing lymphocytes to sites of inflammation.
A detailed examination of cell migration and recruitment is
beyond the scope of this review and is covered elsewhere.151

Briefly, in a process known as rolling, lymphocytes interact tran-
siently with the vascular endothelium, searching for activating
signals from chemokines. On binding of a chemokine to its recep-
tor, integrins are expressed, which mediate high-affinity interac-
tions and lead to firm arrest of the leukocytes. This has been
demonstrated for the chemokines CCL19 (ELC), CCL21
(SLC), and CXCL12 (SDF-1), which rapidly induce a high-affin-
ity state for the b2-intergrin lymphocyte function–associated an-
tigen 1.152 Once the cell has ceased rolling, it can cross the
endothelium and will continue this process as it migrates along
a concentration gradient and crosses the endothelial layer to the
source of the generated chemokine. It is the expression of partic-
ular chemokines, receptors, and adhesion molecules that contrib-
ute to the selective migration and tissue specificity of leukocytes.

Chemokines perform a variety functions aside from chemo-
taxis. Chemokines can have direct effects on T-cell differentiation
through ligand-receptor interactions on the developing cell or
indirectly by altering APC trafficking or cytokine secretion.
Functioning through the CCR5 receptor, CCL3 (macrophage
inflammatory protein [MIP] 1a), CCL4 (MIP-1b), and CCL5 can
directly promote development of IFN-g TH1 cells or indirectly by
increasing IL-12 production fromAPCs. In contrast, CCL2 (mon-
ocyte chemoattractant protein [MCP] 1), CCL7 (MCP-3), CCL8
(MCP-2), and CCL13 (MCP-4) can inhibit IL-12 production from
APCs and enhance IL-4 production from activated T cells, lead-
ing to a TH2 phenotype.153 Chemokine receptor expression can
serve as a marker for maturation and differentiation of lympho-
cytes. When monocytes and immature DCs exit blood in tissues
and begin immune surveillance, they express the CCR1, CCR2,

Table VII. (Continued)

Systematic name
Human

chromosome Common name Receptor

Physiologic
features

CXCL13 (non-ELR) 4q21 BLC, BCA-1 CXCR3, R5 Inflammation,
homeostasis

CXCL14 (non-ELR) 5q31 BRAK, bolekine Unknown Homeostasis
CXCL15 (ELR) (mouse) Unknown Unknown
CXCL16 (non-ELR) 17p13 SR-PSOX CXCR6 Inflammation
CXCL17 (non-ELR) 19q13.2 VCC1, DMC Unknown Inflammation,

homeostasis

CX3C chemokine/
receptor family
CXCCL1 16q13 Fractalkine CR3CR1 Inflammation

This table is an adaptation of the tables presented by Zlotnik and Yoshie137 and Moser and Loetscher.136 The terms inflammation and homeostasis under the ‘‘Physiologic features’’
heading refer to inflammatory chemokines and homeostatic chemokines, respectively. The most common names for the human ligands are listed but are not all inclusive of ligand
names found in the literature. ELR is a conserved amino acid motif (Glu-Leu-Arg) immediately preceding the first cysteine amino acid in the CXCL chemokine family.
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CCR5, CCR6, and CXCR2 receptors, which are classified as in-
flammatory receptors. As antigen is encountered and the DCs ma-
ture, the inflammatory receptors are downregulated and replaced
by expression of CCR7. CCR7 expression allows the DCs to ac-
cumulate in the draining lymphatics and T-cell areas of the lymph
nodes.154 Expression of CXCR5 has been demonstrated on a dis-
tinct memory T-cell subset that displays B helper cell function.
These cells respond to CXCL13 (BLC) and are directed to the
B-cell follicle to help support production of antibodies.155,156 Re-
lease of mature neutrophils from the bone marrow is regulated by
binding of CXCL12with its receptor, CXCR4.157 Other examples
include a role for CXCL1, CXCL12, and CCL3 in brain develop-
ment; a role for CCL2 and CXCL8 in wound healing; and a role
for CXCL12 in organogenesis.

Clinical relevance
Aberrant regulation of chemokine expression has been impli-

cated in many diseases (Table VIII); however, the focus of this
section will be on the role that chemokines play in allergic disor-
ders. Many studies have demonstrated increased chemokine
levels in asthmatic patients compared with control subjects, as
measured in bronchoalveolar lavage and biopsy samples.158,159

These include CCL2, CCL3, CCL5, CCL7, CCL11, CCL13,
CCL24, CXCL8, and CXCL10. Investigators have used murine
models of asthma to understand the role that chemokines play
in inducing AHR. CCL2, CCL5, CCL11, CXCL10, and
CXCL12 all contribute to AHR and cellular emigration in these
models of airway inflammation.160-162

The C-C chemokine family has been extensively studied in
allergic diseases because of its members’ ability to recruit
eosinophils, T cells, and monocytes to regions of inflammation.
CCL5 and CCL11 are the most important eosinophil chemoat-
tractants in allergic inflammation.163 This has been demonstrated
in mice, in which instillation of CCL5 or CCL11 into the lungs
results in an eosinophilic andmononuclear cell infiltrate in the ab-
sence of neutrophils.164 Aside from production by eosinophils,
macrophages, mast cells, and T cells, CCL5 and CCL11 are pro-
duced by structural cells of the airway, including airway smooth
muscle and fibroblasts. In addition to lymphoid tissue, nasal epi-
thelial cells express CCL17 (TARC), and expression of this che-
mokine and its receptor, CCR4, was higher in patients with
allergic rhinitis compared with that seen in nonallergic control
subjects. Both IL-4 and IL-13 promote CCL17 expression, lead-
ing to a TH2 response.

165 This is relevant in allergic bronchopul-
monary aspergillosis (ABPA), in which increased serum levels of
CCL17 predict ABPA exacerbations better than IgE levels.165

CCL17 levels might serve as a marker of ABPA in patients with
cystic fibrosis.166

CXCL8 is derived primarily frommononuclear phagocytes and
endothelial and epithelial cells but also from T cells, eosinophils,
neutrophils, fibroblasts, keratinocytes, hepatocytes, and chondro-
cytes. CXCL8 synthesis can be induced by LPS, IL-1, TNF, or
viral infection.167,168 On a molar basis, CXCL8 is one of the most
potent chemoattractants for neutrophils in addition to stimulating
the neutrophil respiratory burst and adherence to endothelial cells
through CXCR1.169 CXCL10 and CXCL13 are induced at differ-
ent times after allergen exposure. CXCL10 is produced in the
early phases after allergen exposure, whereas CXCL13 is only in-
duced after secondary and subsequent allergen exposures.170 This
might have to do with the cellular sources of these cytokines.

Airway epithelial cells produce CXCL10, and contact with aller-
genmight induce expression and thus explain the high levels early
after allergen exposure. CXCL13 is produced by TH17, but not
TH1 or TH2, cells. It is tempting to speculate that TH17 cells might
play a role in asthma in later exposures after the allergic pheno-
type has already been established.

T-cell subsets that might have regulatory activity are being
identified, and chemokines and their receptors appear to have
important roles in mediating activity and migration of these cells.
Among CD41CD251Foxp31 nTreg cells, there appears to be at
least 2 subgroups that can be distinguished based on CCR6 ex-
pression. Those that are high in CCR6 seem to have regulatory ac-
tivity, whereas those low in CCR6 secrete TH2 cytokines on
stimulation with bacterial superantigen.171 Another group has
demonstrated low levels of XCR1 on the surface of
CD41CD25hiCD127low T cells isolated from allergic asthmatic
subjects compared with those from healthy control subjects.172

Although in the early stages, this emerging field of chemokine re-
sponse and expression by Treg cells will hopefully clarify many
of the questions about how these cells work.

CONCLUSIONS
It has been almost 25 years since the cloning of the first

cytokinewas described. Since that time, more than 300 cytokines,
chemokines, and growth factors have been described, with
varying functions on not just the immune system but on every
organ system in the body. Despite the large number of articles
concerning the role of these proteins, we are still in our infancy in
understanding how these factors alone and in concert with other
factors influence homeostatic and inflammatory events. Abnor-
mal production of these factors can lead to diseases such as
asthma and atopy, and continued research is needed to piece
together how these can be balanced to eliminate disease processes
without compromising the individual to other deleterious
outcomes.

TABLE VIII. Chemokine/chemokine receptor involvement in

human disease

Chemokine/chemokine
receptor Disease

CCR5, CCL3L1,
CCL4L1, CXCR4

HIV/AIDS

CXCR4 WHIM syndrome
CX3CR1, CX3CL1,
CXCL1, CXCL8,
CXCR2, CCL2

Atherosclerosis

CCL2, CCL5, CCL7,
CCL11, CXCL8

Asthma, allergic diseases

CXCR4, CXCL1,
CXCL12

Cancer metastases

CXCL4 Heparin-induced
thrombocytopenia

CCL26 Eosinophilic esophagitis
CCR5 Rheumatoid arthritis
CCR5 Renal allograft rejection
CCR5 West Nile virus infection
Duffy antigen receptor for
chemokines

Malaria (Plasmodium
vivax infection)

WHIM, Warts, hypogammaglobulinemia, infection, and myelokathexis.
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IgE, mast cells, basophils, and eosinophils

Kelly D. Stone, MD, PhD, Calman Prussin, MD, and Dean D. Metcalfe, MD Bethesda, Md

IgE,mast cells, basophils, and eosinophils are essential components
of allergic inflammation. Antigen-specific IgE production, with
subsequent fixation of IgE to FceRI receptors on mast cells and
basophils, is central to the initiation and propagation of immediate
hypersensitivity reactions. Mast cells, basophils, and eosinophils
are central effector cells in allergic inflammation, as well as in
innate and adaptive immunity. This review highlights what is
known about these components and their roles in disease
pathogenesis. (J Allergy Clin Immunol 2010;125:S73-80.)

Key words: IgE, mast cells, basophils, allergy, mastocytosis, hyper-
eosinophilic syndromes

IgE
IgE concentration in the serum is the lowest of the 5

immunoglobulin subtypes, has the shortest half-life (approxi-
mately 2 days), and expression is tightly regulated in the absence
of disease. IgE shows no transplacental transfer. In the absence of
disease, IgE levels in cord blood are low (<2 kIU/L; < 4.8 mg/L),
gradually increase throughout childhood with a peak at 10 to 15
years of age, and then decrease throughout adulthood. Total IgE
levels are also influenced by genetic makeup, race, immune
status, and environmental factors (eg, pollen exposure).1

IgE synthesis
Isotype switching in general requires transcription through

switch regions upstreamof the new constant region,DNAcleavage
of single-strandedDNAat the site of transcription, andDNA repair
to recombine the VDJ domain with the new C domain. Isotype
switching to IgE requires 2 signals. Signal 1 is provided by IL-4 or
IL-13, acting through the IL-4 and IL-13 receptors by means of
signal transducer and activator of transcription 6 (STAT6), which
activates transcription at the IgE isotype-specific, Se switch region.
Signal 2 is provided by CD40 ligand (CD40L) on T cells acting
through CD40 on B cells, which activates DNA switch recombi-
nation. In addition to activating transcription at the Ce locus, IL-4
and CD40L also induce expression of activation-induced deami-
nase (AID), which is involved in DNA repair, leading to class

switch and somatic hypermutation.2 Patients with mutations in
the genes encoding CD40, CD40L, and AID have all been shown
to have defective class switching, with hyper-IgM syndrome.

The process of class switching is initiated when allergen is
taken up by antigen-presenting cells, including allergen-specific
B cells that take up allergen through the cell-surface immuno-
globulin receptor. Processed fragments are then presented in the
context of MHC class II to TH2 cells recognizing the allergen–
MHC II complex. Activation of the allergen-specific TH2 cells
leads to expression of IL-4, IL-13, and CD154 and induction of
class switching to IgE. At the initiation of class switching, T cells
are the source of both signals. However, basophils express high
levels of IL-4, IL-13, and CD154 after activation and have been
suggested to play a role in polyclonal amplification of IgE produc-
tion and in the differentiation of TH2 cells.2 IL-4 production by
human mast cells is minimal, likely making their role in the am-
plification less important.

Although class switching is generally thought to occur in the
germinal center of lymphoid tissues, class switching to IgE has
also been reported to occur in the respiratory mucosa of patients
with allergic rhinitis and atopic asthma and in the gastrointestinal
tract in patients with food allergy.3 These findings might have im-
plications for patients with negative skin prick test responses or
RAST results for allergens but with a history consistent with al-
lergy, although the significance of these findings and clinical ap-
plication is still not clear.

IgE receptors
There are 2 receptors for IgE: the low-affinity IgE receptor

(FceRII; CD23) expressed on the surface of B cells, as well as
other hematopoietic cells, and the high-affinity IgE receptor
(FceRI). FceRI is expressed on mast cells and basophils as
tetramers (abg2) and on antigen-presenting cells, at much lower
levels, as trimers (ag2). Expression of the b chain inmast cells and
basophils results in increased FceRI surface expression and
amplifies signaling through the receptor. FceRI not occupied by
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IgE has a half-life on the mast cell surface of 24 hours in vitro,
whereas receptors bound to IgE appear to be expressed for the
life of the cell.4 The density of human basophil FceRI expression
correlates directly with serum IgE levels, where binding of IgE sta-
bilizes the receptor at the cell surface. Similarly, the density of hu-
man mast cell FceRI levels correlates with free IgE levels in vitro.5

The FceRI subunits have no known enzymatic activity but
rather signal through associated cytoplasmic tyrosine kinases.
The a chain of FceRI binds to the Fc portion (C3 domain) of IgE
and consists of an extracellular domain, a transmembrane do-
main, and a short cytoplasmic tail with no signaling motifs.
The b subunit consists of 4 transmembrane domains with a single
immunoreceptor tyrosine–based activation motif (ITAM) and is
associated with Lyn kinase. The g subunits form a disulfide-
linked dimer, and each subunit contains an ITAM. After aggrega-
tion of FceRI by multivalent antigen recognized by bound IgE,
Lyn phosphorylates tyrosine residues in the ITAMs of the b
and g subunits. The tyrosine-phosphorylated g subunit then
recruits Syk kinase. Syk activates a number of downstream
signaling events associated with mast cell or basophil activa-
tion.6,7 Syk-deficient basophils and mast cells do not degranulate
after FceRI aggregation. Syk is the target for a number of exper-
imental therapeutic agents.

The low-affinity IgE receptor FceRII (CD23) is a Ca-dependent
lectin that is expressed on B cells, as well as T cells, Langerhans
cells, macrophages, monocytes, eosinophils, and platelets. The
receptor consists of a large extracellular domain with the lectin
head that binds IgE, a single transmembrane domain, and a short
cytoplasmic tail. Like the FceRI receptor, expression of CD23 is
upregulated by IgE and IL-4.8 CD23 can be shed from the mem-
brane into a soluble form, sCD23, by endogenous proteases (a dis-
integrin and metallopeptidase 10-ADAM10)9 and exogenous
proteases, including the dust mite major allergen Der p 1. CD23
activation mediates IgE regulation, differentiation of B cells, ac-
tivation of monocytes, and antigen presentation. Increased ex-
pression of membrane-bound CD23 on B cells and resultant
soluble CD23 is seen in patients with allergic disorders. CD23 ex-
pression on B cells is reduced with allergen immunotherapy. Pol-
ymorphisms in the gene encoding CD23 have been reported to be
associated with the risk of asthma exacerbation.10 An a-CD23
mAb, lumiliximab, has been tested in vitro, where it leads to a re-
duction in TH2 responses and reduced IgE synthesis. Lumilixi-
mab has been studied in a phase I trial in allergic asthma and is
undergoing a phase II trial for the treatment of chronic lympho-
cytic leukemia.8,11

Measurement of total and specific IgE
Total IgE is measured with a 2-site, noncompetitive immuno-

metric assay. Anti-IgE antibody directed at the Fc region of IgE is
fixed to a solid surface and is used to capture IgE from serum.
After washing, a different a-IgE antibody linked to an enzyme,
fluorophore, or radionuclide is added to detect captured IgE.12 The
minimum amount of IgE detectable in serum with these methods
is usually 0.5 to 1 mg/L, where 1 kIU/L equals 2.4 mg/L IgE.

Methods for detection of free IgE are also important in some
situations, specifically to determine the effectiveness of omali-
zumab (humanized anti-IgE mAb) treatment in decreasing free
IgE levels in patients with suboptimal clinical responses. Total
IgE levels generally increase by up to 5-fold after omalizumab
treatment because of the increased stability of omalizumab-IgE

complexes, whereas free IgE levels decrease by up to 95%. There
is great variability in the accuracy of different systems for total
IgEmeasurements in the presence of omalizumab, although some
tests perform well in this setting.13 By using an mAb in the solid
phase to capture IgE, followed by labeled FceRI a chain for de-
tection of captured IgE, free IgE levels can be accurately mea-
sured14 as an indication of the mechanistic effectiveness of
omalizumab in decreasing free IgE levels.

Measurement of allergen-specific IgE is determined by means
of skin testing or measurement of allergen-specific IgE in serum.
Assays to detect allergen-specific IgE are particularly useful to
identify and monitor food allergy and when skin testing cannot be
performed because of diffuse skin disease, significant dermatog-
raphism, inability to wean off medications interfering with the
testing, or use of an extract believed to have a high probability of
inducing a systemic reaction in the subject to be tested. The
general principle used in such assays is to detect IgE that will bind
to allergen fixed on a solid surface. The assays are influenced by
the amount and quality of allergen bound to the solid support, the
degree of nonspecific IgE binding, the affinity of the IgE antibody,
and the degree of blocking of allergen-specific IgE binding by
allergen-specific IgG. As a result, there is variability of levels of
allergen-specific IgE detected by using different techniques and
different reagents, making comparison between systems diffi-
cult.15 In addition, IgE concentration, clonality, specific activity,
and affinity all influence biological activity, but are not measured
by current in vitro assays.16

Role in health and disease
Increased IgE levels are seen in patients with atopic diseases,

with the highest levels generally being seen in patients with atopic
dermatitis, followed by those with atopic asthma, perennial
allergic rhinitis, and seasonal allergic rhinitis. For seasonal
allergens, peak IgE levels occur 4 to 6 weeks after the peak of
the pollen season. An increased total IgE level (>1,000 ng/mL) is
one of the major diagnostic criteria for allergic bronchopulmo-
nary aspergillosis, and unlike other diseases associated with
increased IgE levels, the level of total IgE in patients with allergic
bronchopulmonary aspergillosis can used to monitor disease
activity and response to therapy.

Increased IgE levels are also seen in other disorders, including
parasitic infections (eg, strongyloidiasis, ascariasis, and schistoso-
miasis), nonparasitic infections (eg, EBV, cytomegalovirus, HIV,
and Mycobacterium tuberculosis), inflammatory diseases (eg, Ki-
mura disease, Churg-Strauss vasculitis, and Kawasaki disease), he-
matologic malignancies (eg, Hodgkin lymphoma and IgE
myeloma), cutaneous diseases (eg, Netherton syndrome and bul-
lous pemphigoid), cystic fibrosis, nephrotic syndrome, and primary
immunodeficiency diseases.1,17 Primary immunodeficiency dis-
eases associated with increased IgE levels include hyper-IgE syn-
drome, Wiskott-Aldrich syndrome, Omenn syndrome, immune
dysregulation, polyendocrinopathy, enteropathy, and X-linked in-
heritance (IPEX), and atypical complete DiGeorge syndrome.18

Increased IgE levels are also detected after hematopoietic stem
cell transplantation, in smokers (particularly male smokers), and
in those with alcoholism.

Because IgE plays a central role in the pathogenesis of atopic
diseases, therapies directed at decreasing total IgE levels with
anti-IgE mAbs (eg, omalizumab) have been developed. Omali-
zumab binds to the C3 region of the IgE Fc fragment and results in
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complexes that decrease the level of free IgE available to bind IgE
receptors. Omalizumab is approved for the treatment of atopic
asthma and allergic rhinitis in patients older than 12 years with
perennial allergen sensitization who are refractory to standard
therapy. Reports have also been published describing the use of
omalizumab in the treatment of other diseases, including idio-
pathic anaphylaxis, chronic urticaria, and eosinophilic gastroin-
testinal disorders.19 Episodes of anaphylaxis associated with
administration of omalizumab have been reported and have led
the US Food and Drug Administration to place a black box warn-
ing on this medication. Recommendations for administration are
available from the American Academy of Allergy, Asthma & Im-
munology andAmericanCollege ofAllergy, Asthma& Immunol-
ogy Joint Task Force.20

MAST CELLS
Mast cells are tissue-based inflammatory cells of hematopoi-

etic origin that respond to signals of innate and adaptive immunity
with immediate and delayed release of inflammatory mediators.
They are located primarily in association with blood vessels and
at epithelial surfaces. Mast cells are central to the pathogenesis of
diseases of immediate hypersensitivity and mastocytosis, but are
also implicated in host responses to pathogens, autoimmune
diseases, fibrosis, and wound healing.

Morphology and phenotype
Mast cells are up to 20 mm in diameter, are ovoid or irregularly

elongated cells with an ovoid nucleus, and contain abundant
metachromatic cytoplasmic granules. Themetachromatic granule
staining occurs as a result of abundant sulfated proteoglycans (eg,
heparin and chondroitin sulfates) in the granules. The granule
contents are crystalline by means of electron microscopy, but
become amorphous after activation of the mast cell and before
release of contents.21,22

Human mast cells are divided into 2 major subtypes based on
the presence of tryptase (MCT cells) or tryptase andmast cell-spe-
cific chymase (MCTC cells), each predominating in different loca-
tions.23 Tryptase staining identifies all mast cells and is the
primary method for identifying tissue mast cells. MCT cells are
the prominent mast cell type within the mucosa of the respiratory
and gastrointestinal tracts and increase with mucosal inflamma-
tion. MCT cells appear selectively attenuated in the small bowels
of patients with end-stage immunodeficiency diseases. MCTC

cells are localized within connective tissues, such as the dermis,
submucosa of the gastrointestinal tract, heart, conjunctivae, and
perivascular tissues.24

Mast cells are KIT (CD117) positive (receptor for stem cell fac-
tor [SCF]) and FceRI1; they express other cell-surface receptors,
depending on their location and stage of differentiation and acti-
vation. Mast cells express the activating IgG receptor FcgRIIa
(CD32a) in the resting state and, in the presence of IFN-g, the
high affinity activating FcgRI (CD64). Inhibitory G protein–cou-
pled receptors can also be expressed on mast cells, including the
b2-adrenergic receptor, the adenosine receptor A2B, and the pros-
taglandin (PG) E2 receptor EP2. Mast cells might also express the
following receptors: C3a andC5a receptors, IL-3R, IL-4R, IL-5R,
IL-9R, IL-10R, GM-CSFR, IFN-gR, CCR3, CCR5, CXCR2,
CXCR4, nerve growth factor receptor, and Toll-like receptors
(TLRs), among others.21,22,24

Development and trafficking
Human mast cells arise from CD341 pluripotent progenitor

cells. Mast cell precursors circulate in the blood and then home
to tissues, where they mature. Maturation of precursors in the tis-
sues is dependent on SCF expressed on the surface of fibroblasts,
stromal cells, and endothelial cells through binding to KIT on
mast cells. The mechanisms of homing to specific tissues remains
poorly understood, although the precursors express multiple che-
mokine receptors and integrins. Mast cell phenotype and behavior
is altered by cytokines, such as IL-4, IL-5, and IFN-g. For exam-
ple, IL-4 upregulates expression of FceRI, IL-5 promotes prolif-
eration in the presence of SCF, and IFN-g decreases mast cell
numbers. Homing receptors, tissue-specific expression of SCF,
and the cytokinemilieu are all likely involved in the heterogeneity
of differentiation and distribution of mast cells in specific tissues.

Mast cells increase in number several-fold in association with
IgE-dependent immediate hypersensitivity reactions, including
rhinitis, urticaria, and asthma; connective tissue disorders, such as
rheumatoid arthritis; infectious diseases, such as parasitic infec-
tion; neoplastic diseases, such as lymphoma and leukemia; and
osteoporosis, chronic liver disease, and chronic renal disease. The
most striking increase in mast cells occurs in parasitic diseases
and in mastocytosis (associated with gain-of-function mutations
in KIT). Loss-of-function mutations in KIT result in piebaldism
(white forelock and hypopigmented patches of skin) caused by
defective melanocyte migration, but do not result in significant
pathology in most patients, such as an increase in susceptibility to
infection or autoimmune disease.

Activation
Aggregation of FceRI by polyvalent antigen recognized by

bound IgE activates mast cells and is the basis for anaphylaxis and
other allergic diseases. FceRI density on the surface ofmast cells is
upregulated in the presence of increased free IgE levels and in the
presence of IL-4, thus enhancing activation. In addition,mast cells
are activated by C3a and C5a through C3aR and C5aR (CD88),
nerve growth factor through TRKA, and IgG through FcgRI.Mast
cells are also activated by TLR ligands. For example, activation
throughTLR3 by double-strandedRNA induces humanmast cells
to produce IFN-g. The extent and pattern ofmediators released de-
pends on the signal, its intensity, and the cytokinemilieu.Mediator
release, for example, is enhanced in the presence of SCF.6,7

Mediators and effector function
Mediators produced by mast cells are divided into preformed

mediators, newly synthesized lipid mediators, and cytokines/
chemokines. These categories are not absolutely exclusive be-
cause at least 1 cytokine, TNF-a, occurs both preformed and as a
newly synthesized molecule.

Preformed mediators, including histamine, serine proteases
(tryptase and chymase), carboxypeptidase A, and proteoglycans
are stored in cytoplasmic granules. Proteoglycans, including hep-
arin and chondroitin sulfates, are abundant in the granules and,
because of their negative charge, form complexes with histamine,
proteases, and other granule contents. On activation of mast cells,
the granules fuse with the plasma membrane, and the contents are
released into the extracellular environment within minutes. Hista-
mine in the granules dissociates from the proteoglycans in the
extracellular fluid by exchanging with sodium ions. Histamine has
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effects on smooth muscle (contraction), endothelial cells, nerve
endings, and mucous secretion. Histamine has a half-life of around
1 minute in the extracellular fluid and is degraded by histamine N-
methyltransferase to tele-methylhistamine (degraded to tele-meth-
ylimidazole acetaldehyde and tele-methylimidazole acetic acid)
and by diamine oxidase to imidazole acetaldehyde (degraded to
imidazole acetic acid and then ribosylated). Although histamine is
difficult tomeasure in serumbecause of its short half-life, histamine
and its metabolites can be measured in urine.

The majority of protein in the granules is made up of neutral
proteases: tryptase in MCT cells and tryptase, chymase, cathepsin
G, and carboxypeptidase in MCTC cells. Human mast cell a- and
b-tryptases are derived from 2 adjacent genes on chromosome
16p13.3. Mature b-tryptase is the predominant form stored in se-
cretory granules of all human mast cells (10-35 pg per human
mast cell). It consists of 4 monomers stabilized in the tetrameric
form by heparin proteoglycan. Tryptase is also constitutively se-
creted from human mast cells. Secreted tryptase consists largely
of b-protryptase (immature b-tryptase) and a-protryptase.
When mast cells are activated, there is a marked increase in tryp-
tase that consists of mature b-tryptase. Commercial clinical as-
says for tryptase recognize both a- and b-tryptases, either total
tryptase (protryptases and mature forms of a- and b-tryptases)
or mature a- and b-tryptases. The a- and b- tryptases have
90% sequence homology. Baseline serum consists primarily of
secreted protryptases that have been constitutively secreted
from mast cells; their level is believed to reflect the mast cell bur-
den and is increased in patients with systemic mastocytosis (SM).
The marked increase in total tryptase level after an anaphylactic
event is due to the additional release of mature b-tryptase. Tryp-
tase levels after anaphylaxis peak in serum at around 1 hour, and
increased levels can persist for several hours after a precipitating
event, unlike histamine, which decreases to the baseline level by
1 hour. Anaphylaxis to parenteral agents (drugs and insect venom)
is associated with increased tryptase levels, whereas anaphylaxis
to oral agents, particularly foods, is often not accompanied by in-
creased tryptase levels in the serum. The function of tryptase in
vivo is unknown, but in vitro it will digest fibrinogen, fibronectin,
prourokinase, pro–matrix metalloproteinase 3, protease-activated
receptor 2, and complement component C3. Tryptase can activate
fibroblasts, promote accumulation of inflammatory cells, and po-
tentiate histamine-induced airway bronchoconstriction.

Mast cells activated through FceRI or KIT rapidly synthesize
eicosanoid mediators from endogenous membrane arachidonic
acid stores. Arachidonic acid released by phospholipaseA2 is con-
verted by COX and PGD synthase enzymes to PGD2 (not pro-
duced by basophils) or by the 5-lipoxygenase pathway in
cooperation with the 5-lipoxygenase activating protein to leuko-
triene (LT)A4, which is converted to LTB4 or conjugatedwith glu-
tathione to form LTC4, the parent compound to the cysteinyl
leukotrienes (CysLTs), which also include LTD4 and LTE4.
LTB4 works through at least 2 G protein–coupled receptors,
BLT1 and BLT2, for chemotaxis of neutrophils and effector T
cells. CysLTs work through at least 2 G protein–coupled recep-
tors, CysLT1 and CysLT2 as potent bronchoconstrictors, to pro-
mote vascular permeability, induce mucus production, and
attract eosinophils. PGD2 is also a bronchoconstrictor and attracts
eosinophils and basophils, and its active metabolite (9a,11b-
PGF2) is a constrictor of coronary arteries.

TNF-a is a major cytokine stored and released by mast cells. It
upregulates endothelial and epithelial adhesion molecules,

increases bronchial responsiveness, and has antitumor effects.
Other cytokines produced by mast cells include IL-3, GM-CSF,
and IL-5, which are critical for eosinophil development and
survival, and IL-6, IL-10 and IL-13. Human mast cells also
produce several chemokines, including CXCL8 (IL-8) and CCL3
(macrophage inflammatory protein 1a).21,22,24

Role in health and disease
Mast cells are thought to function in homeostasis, including

wound healing, and in innate and adaptive immunity based on
animal studies and in vitro models. Diseases associated with mast
cells include those caused by extrinsicmechanisms, such as IgE-me-
diateddiseases acting throughFceRI receptors onmast cells or direct
mast cell activators acting through other receptors and those caused
by intrinsic mast cell disorders, most notably mastocytosis and the
recently described monoclonal mast cell activation syndrome.

Mast cell activation through FceRI is central to the pathogen-
esis of allergic diseases, including anaphylaxis, allergic rhinitis,
and allergic asthma. Activation of FceRI by polyvalent allergen
recognized by bound IgE leads to the initiation of an immediate
hypersensitivity reaction, as well as a late-phase reaction. The
immediate reaction is determined by preformed mediators and
rapidly synthesized lipid mediators and results in erythema,
edema, and itching in the skin; sneezing and rhinorrhea in the
upper respiratory tract; cough, bronchospasm, edema, and mu-
cous secretion in the lower respiratory tract; nausea, vomiting,
diarrhea, and cramping in the gastrointestinal tract; and hypoten-
sion. Late-phase reactions are mediated by cytokines and che-
mokines and can occur 6 to 24 hours after the immediate reaction.
Late-phase reactions are characterized by edema and leukocytic
influx and can play a role in persistent asthma.

Pathologic excess of mast cells, most notably in the skin, bone
marrow, gastrointestinal tract, spleen, liver, and lymph nodes,
usually caused by activating mutations in KIT, leads to masto-
cytosis.24 This disease can occur in any age group and in the ma-
jority of cases is first suspected because of the appearance of fixed
pigmented skin lesions that urticate with stroking (Darier sign),
termed urticaria pigmentosa. The clinical presentation can also
include unexplained flushing and hypotension. Mastocytosis
varies from indolent forms of mastocytosis to mastocytosis asso-
ciated with bone marrow pathology, including myelodysplasia.
Diagnostic criteria for the disease have been established and in-
clude characteristic skin findings, an increased baseline serum to-
tal tryptase level, and specific bone marrow findings.21 Cutaneous
mastocytosis is diagnosed based on typical skin lesions with mul-
tifocal or diffuse infiltrates of mast cells on biopsy and the ab-
sence of diagnostic criteria sufficient for the diagnosis of SM.
SM is diagnosed based on the presence of major and minor crite-
ria.25 The major criterion is the presence of multifocal dense in-
filtrates of 15 or more mast cells per high-power field in the bone
marrow, other extracutaneous organs, or both. The minor criteria
are as follows: (1) in biopsy sections of bone marrow or other ex-
tracutaneous organs, greater than 25% of mast cells in the infil-
trate are spindle shaped or have atypical morphology, or of all
mast cells in bone marrow aspirate smears, greater than 25%
are atypical or mature; (2) an activating point mutation at codon
816 of KIT in the bone marrow, blood, or another extracutaneous
site is detected; (3) mast cells in bone marrow, blood, or other ex-
tracutaneous organs expressing CD2, CD25, or both in addition to
normal mast cell markers are present; and (4) serum total tryptase
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levels persistently exceed 20 ng/mL (unless there is an associated
clonal myeloid disorder, in which case this parameter is not
valid).25 The presence of the major criterion and 1 minor criterion
or the presence of at least 3 minor criteria is diagnostic for SM.

Monoclonal mast cell activation syndrome is a recently
described syndrome characterized by patients with idiopathic
anaphylaxis or systemic anaphylaxis to bee stings who are found
based on bone marrow biopsy to have at least 2 minor criteria for
SM but lack cutaneous findings.26-28 Aberrant, clonal mast cell
populations are characteristic of this disorder. Although optimal
treatment is not determined, consideration of this diagnosis
should be made in patients with idiopathic anaphylaxis.

BASOPHILS
Basophils share many features with mast cells, including

expression of FceRI, secretion of TH2 cytokines, metachromatic
staining, and release of histamine after activation, but constitute
a distinct lineage with many unique features (Table I). A notable
feature of basophils is their rapid and potent expression of IL-4
and IL-13. Although basophils have been viewed as having func-
tions similar to mast cells, recent work has highlighted the unique
functions of basophils and their role in allergic responses and im-
mune regulation.29-31

Morphology and phenotype
Basophils are 5 to 8 mm in diameter, exhibit a segmented

condensed nucleus, and are identified by means of staining with
basic dyes, such as toluidine blue or Alcian blue. There are fewer
but larger granules in basophils compared with those seen in mast
cells. Unlike mast cells, basophils have little proliferative capac-
ity. Basophils express a variety of cytokine receptors (eg, IL-3R,
IL-5R, and GM-CSFR), chemokine receptors (CCR2 and CCR3),
complement receptors (CD11b, CD11c, CD35, and CD88), PG
receptors (CRTH2), immunoglobulin Fc receptors (FceRI and
FcgRIIb), and TLRs.22,32

Development and trafficking
Basophils develop from CD341 progenitors, differentiate and

mature in the bone marrow, and circulate in the periphery, where
they constitute less than 1% of peripheral blood leukocytes and
are thought to have a half-life of a few days. IL-3 is the dominant
cytokine driving basophil differentiation and is sufficient to dif-
ferentiate stem cells into basophils. Although not predominantly
a tissue-dwelling cell, basophils express integrins and chemokine
receptors and are able to infiltrate inflamed tissues, particularly in
the skin of patients with atopic dermatitis and the airway of pa-
tients with respiratory allergies.

Activation
Basophils express a complete FceRI (abg2), the surface

expression ofwhich directly correlateswith free IgE concentration.
Aggregation of FceRI bound to IgE bymultivalent antigen leads to
basophil activation, granule exocytosis, and mediator release. C3a
and C5a also activate basophils through their receptors on the
surface of basophils. IL-3, IL-5, GM-CSF, and histamine-releasing
factor, as well as several chemokines, prime basophils, leading to
enhanced degranulation and IL-4 and IL-13 secretion after FceRI
activation, but do not fully activate basophils alone.33 TLR2 and
TLR4 are also expressed on basophils, and activation leads to IL-

4 and IL-13 secretion and potentiation of IgE- and non–IgE-in-
duced activation. Similarly, IL-33, a member of the IL-1 superfam-
ily, activates basophils through the ST2 receptor, resulting in IL-4
and IL-13 expression and potentiation of IgE-mediated degranula-
tion.34,35 The gp120 protein from HIV is reported to act as a super-
antigen binding IgE, leading to secretion of IL-4 and IL-13.

Mediators and effector function
Like mast cells, mediators produced by basophils are divided

into preformedmediators, newly synthesized lipid mediators, and
cytokines/chemokines.33

The major preformed mediator in storage granules of basophils
is histamine. Histamine in these granules complexes with prote-
oglycans, most notably chondroitin sulfate, and dissociates after
exocytosis by ion exchange and changes in pH. Basophil granules
appear to contain less heparin than domast cell granules. Tryptase
levels in basophil granules are thought to be much lower than
those in mast cells; however, there can be variability.

Basophils rapidly produce LTC4 and its peptidolytic products,
LTD4 and LTE4, after activation. All 3 CysLTs are potent bron-
choconstrictors and increase vascular permeability. Unlike mast
cells, basophils do not produce PGD2.

Cytokines expressed by activated basophils include IL-4, IL-
13, and GM-CSF. IL-4 in particular is rapidly secreted after
activation and at high levels. In several model systems, rapid,
non–IgE-mediated IL-4 production by basophils is the source of
early IL-4 that ‘‘primes the pump’’ for subsequent TH2 cell differ-
entiation.31 Basophils expressing IL-4, IL-13, and CD154
(CD40L) have been suggested to be important for amplification
of IgE synthesis. The protease granzyme B is produced by acti-
vated basophils after IL-3 treatment and is secreted after inhala-
tion allergen challenge of asthmatic subjects.36

Role in health and disease
The physiologic role of basophils remains unknown, although

they are thought to play a role in host defense, particularly against
parasites. A role for basophils in innate immunity is suggested by
their expression of a functional TLR2 receptor, as well as their
non–IgE-dependent activation by multiple proteases, including
Der p 1 and hookworm. Basophils are the predominant source of
IL-4 in allergen- and helminth parasite–activated PBMCs, as well
as in corresponding murine models. Basophils have been

TABLE I. Major features of mast cells and basophils

Mast cells Basophils

Origin Hematopoietic stem cells Hematopoietic stem cells
Site of maturation Connective tissues Bone marrow
Lifespan Months Days
Primary location Tissues Intravascular circulation
Size 6-12 mm 5-7 mm
Nucleus Oval or round Segmented
Granules Smaller and more

numerous compared with
basophils

Larger and fewer compared
with mast cells

Peptidoglycans Heparin and chondroitin
sulfates

Predominantly chondroitin
sulfates

Tryptase content High Low
Lipid mediators PGD2, LTB4, LTC4, LTD4,

LTE4, PAF
LTC4, LTD4, LTE4
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identified in cutaneous and pulmonary late-phase allergic re-
sponses and are found in increased numbers in the lungs of
patients who die of asthma.29-32 Recent data from murine models
(immunized with protease allergen, ovalbumin, and helminth in-
fection) have suggested a direct role for basophils in antigen pre-
sentation for induction of TH2 responses, with expression ofMHC
class II molecules and IL-4 production.37-39

EOSINOPHILS
Eosinophils are granulocytes that were first described to stain

with acid aniline dyes, such as eosin. Blood and tissue eosino-
philia are hallmark signs of helminth infection, allergy, asthma,
eosinophilic gastrointestinal disorders, and a number of other rare
disorders.

Morphology and phenotype
Human eosinophils have a bilobed nucleus with highly con-

densed chromatin and 2 major types of granules, specific and
primary. Specific granules have a distinctive ultrastructural
appearance with an electron-dense core and contain cationic
proteins that give eosinophils their unique staining properties.
The major cationic proteins in the specific granules are major
basic protein (MBP), eosinophil peroxidase (EPO), eosinophil
cationic protein (ECP), and eosinophil-derived neurotoxin
(EDN). Primary granules are similar to those found in other
granulocyte lineages, are formed early in eosinophil develop-
ment, and are enriched in Charcot-Leyden crystal protein.
Eosinophils also contain lipid bodies, which are cytoplasmic
structures lacking a surrounding membrane that contain eicosa-
noid synthetic enzymes and are the major site of eicosanoid
synthesis. Lipid bodies are formed rapidly after activation of
eosinophils.40-42

Eosinophils express an array of cell-surface molecules, includ-
ing immunoglobulin receptors for IgG (FcgRII/CD32) and IgA
(FcaRI/CD89); complement receptors (CR1/CD35, CR3, and
CD88); cytokine receptors (IL-3R, IL-5R, and GM-CSF that
promote eosinophil development, as well as receptors for IL-1a,
IL-2, IL-4, IFN-a, and TNF-a); chemokines (CCR1 and CCR3);
adhesion molecules (very late antigen 4, a4b7, and siglec-8); leu-
kotriene receptors (CysLT1R and CysLT2R; LTB4 receptor); PG
receptors (PGD2 type 2 receptor); platelet-activating factor (PAF)
receptor; and TLRs (particularly TLR7/8). Eosinophil expression
of FceRI is minimal, does not activate eosinophils, and is of un-
clear functional significance. Eosinophils also express several in-
hibitory receptors.43

Development and trafficking
IL-5, IL-3, and GM-CSF all promote the development of

eosinophils from CD341 hematopoietic progenitor cells, al-
though only IL-5 is specific for eosinophil development and dif-
ferentiation. Pluripotent hematopoietic stem cells differentiate
into an eosinophil/basophil progenitor before commitment to
the eosinophil lineage. Progenitors committed to the eosinophil
lineage are identified based on expression of CD34, IL-5 receptor,
and CCR3. Eosinophils develop in the bone marrow and are
released into the circulation, most notably after stimulation by
IL-5, although there is a large pool of mature eosinophils that
remains in the bone marrow. IL-5 produced at sites of allergic
inflammation or helminth infection acts distally on the bone

marrow to release eosinophils.44 Additionally, allergen challenge
or the experimental administration of CCL11 (eotaxin-1), acting
through the CCR3 receptor, causes bone marrow release of ma-
ture eosinophils and eosinophil precursors.

Once released from the bone marrow, after stimulation with
IL-5, eosinophils enter the circulationand traffic to tissue. The half-
life of eosinophils in the circulation is 8 to 18 hours. The vast
majority of eosinophils are located in the tissues, particularly at
mucosal surfaces in the gastrointestinal tract in homeostasis and at
sites of TH2-dominated inflammation. IL-4 and IL-13 play a cen-
tral role in promoting eosinophil trafficking to mucosal tissue by
upregulating eotaxin (CCL11 and CCL26) and endothelial cell
vascular cell adhesion molecule 1 expression. In contrast to eotax-
ins, IL-5 does not have a major role in promoting eosinophil entry
into tissues. PAF, LTD2, C5a, andCCL5 (RANTES) are also potent
eosinophil chemotactic factors. Survival of eosinophils in the tis-
suesmight be enhanced by IL-3, IL-5, GM-CSF, IL-33, and IFN-g.

Activation
There is no consensus on the major signaling mechanism for

eosinophil activation. Eosinophils can be activated by cross-
linking of IgG or IgA Fc receptors by agarose beads with IgG,
IgA, or secretory IgA, with the latter being most potent. Eosin-
ophils can be primed for activation by a number of mediators,
including IL-3, IL-5, GM-CSF, CC chemokines, and PAF. The
outcome of activation is variable, with 4 mechanisms of eosin-
ophil degranulation reported: exocytosis, compound exocytosis,
piecemeal exocytosis, and cytolysis. Different mediators of
activation can differentially affect the type of degranulation and
factors expressed in the activated state. The details of this remain
unknown.

Mediators and effector function
Eosinophils release proinflammatory mediators, including

granule-stored cationic proteins, newly synthesized eicosanoids,
and cytokines.40-42

MBP accounts for more than 50% of the eosinophil granule
protein mass and is the major component of the crystalloid cores
of specific granules. MBP is highly cationic and lacks enzymatic
activity, and toxicity is believed to be mediated by enhanced
membrane permeability resulting from interactions of the cati-
onic protein with the plasma membrane. MBP has in vitro activity
against parasites, including helminths and schistosomula. In pa-
tients with asthma, serum and bronchoalveolar lavage fluid
MBP correlate with bronchial hyperresponsiveness.

EDN and ECP, both of which have RNAse activity, are localized
to the matrix of specific granules and demonstrate in vitro toxicity
to parasites and single-stranded RNA pneumoviruses, including
respiratory syncytial virus. Although both proteins exhibit RNAse
activity (EDN> > ECP), the RNAse activity does not appear to be
required for toxicity. Genes encoding EDN and ECP both show ex-
ceedingly high rates ofmutations, suggesting themolecules are un-
der extraordinary selective pressure, as might be expected of genes
responding to the rapid evolution of microbial pathogens. EPO is a
highly cationic protein localized to the matrix of specific granules
and makes up approximately 25% of granule protein. EPO cata-
lyzes the oxidation of halides, pseudohalides, and nitric oxide toox-
idant products that are toxic to microorganisms and host cells.

Charcot-Leyden crystal protein (galectin-10) is a hydrophobic
protein of unknown function that is produced in high levels in
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eosinophils. The protein is stored in primary granules and is
released with eosinophil activation. Crystals of this protein can be
detected in the stool or sputum of patients with gastrointestinal or
respiratory eosinophilia.

Eosinophils are also a source of lipid-derived mediators, includ-
ingLTC4, PGE2, thromboxane, andPAF.Althoughgranule proteins
are the major eosinophil effector molecules, eosinophils are capa-
ble of producing a number of cytokines and chemokines, including
TGF-b, IL-3, IL-4, IL-5, IL-8, IL-10, IL-12, IL-13, IL-16, IL-18,
TNF-a, CCL5, and CCL11. Eosinophil cytokines are stored pre-
formed in granules and can be rapidly released on degranulation.
However, eosinophils generally produce lower amounts of cyto-
kines than other leukocytes, and no essential role for eosinophil cy-
tokine expression in disease or host defense has been demonstrated.
Eosinophils demonstrate immunomodulatory activity throughmul-
tiplemechanisms, including secretion of cytokines, antigen presen-
tation, or expression of indolamine 2,3 dioxygenase, leading to
kynurenine production, which has anti-TH1 activity.

Role in health and disease
Peripheral blood eosinophil counts up to 500/mm3 are normal,

and there is significant diurnal variation, with lowest levels in the
morning and highest levels in the evening. An increase in periph-
eral blood and tissue eosinophil numbers is typical of a number of
diseases, such as allergic diseases, including atopic asthma
(usually mild eosinophilia), drug reactions, helminth infections,
and hypereosinophilic syndromes, among other disorders. Eosin-
ophilia can also be seen in specific primary immunodeficiency
diseases, most notably Omenn syndrome and hyper-IgE syn-
drome. Eosinopenia is typically seen in patients with acute bacte-
rial or viral infections and with systemic corticosteroid treatment.
The presence of eosinophilia in a febrile patient should raise the
suspicion of possible adrenal insufficiency.45

Allergic diseases, including allergic rhinitis, atopic asthma, and
atopic dermatitis, can be associated with a mild peripheral blood
eosinophilia, although tissue eosinophil numbers and numbers of
eosinophils in nasal secretions, sputum, and bronchoalveolar
lavage fluid can be more significantly increased. Studies in murine
models support a role for eosinophils in airway remodeling, airway
hyperreactivity, andmucousproduction.40Anti–IL-5 treatment of a
diverse population of asthmatic patients demonstrated a 90% de-
crease in peripheral eosinophil counts but only a 50% decrease in
tissue eosinophil counts and minimal improvement in asthma con-
trol. There is now a greater appreciation that there aremultiple phe-
notypes of asthma, including phenotypes based on inflammatory
mechanisms (eg, eosinophilic, neutrophilic, and paucigranulo-
cytic).46More recent studies of anti–IL-5 treatment focusing on pa-
tients with ‘‘eosinophilic asthma’’ refractory to treatment with
corticosteroids demonstrated significant improvement in periphe-
ral blood and sputum eosinophil counts and improved asthma con-
trol.47,48 Identifying phenotypes of diseases susceptible to specific
treatment is an important goal in therapeutic trials. In this case eo-
sinophils appear to play a particularly important role in those with
primary eosinophilic inflammation.

Hypereosinophilic syndromes are a heterogeneous group of
disorders characterized by a marked increase in eosinophil counts
in the peripheral blood (>1,500/mm3); persistent eosinophilia, ev-
idence of end-organ damage, or both; and exclusion of known
causes of eosinophilia, including parasitic infections and drug re-
actions. These disorders have been classified into one of 6 groups:

(1) myeloproliferative variant (includes FIP1L1/PDGFR fusion-
positive and fusion-negative chronic eosinophilic leukemia
[CEL]); (2) lymphocytic variant (clonal expansion of T cells se-
creting IL-5); (3) familial (family history of persistent eosino-
philia with no identifiable cause); (4) undefined (includes
benign eosinophilia with no end-organ involvement and eosino-
philia associated with recurrent angioedema); (5) overlap (hyper-
eosinophilia with organ-restricted eosinophilic disorders, such as
eosinophilic gastrointestinal disorders or eosinophilic pneumo-
nia), and (6) associated (hypereosinophilia associated with
Churg-Strauss syndrome, mastocytosis, sarcoidosis, HIV, and
other disorders).49 Treatment for these disorders is initiated early
to prevent end-organ damage. Systemic corticosteroids are the
first-line treatment for most forms of hypereosinophilic
syndromes. FIP1L1/PDGFR-positive CEL is treated with the
tyrosine kinase inhibitor imatinib as first-line therapy.50,51 In
non–FIP1L1/PDGFR-positive CEL, anti–IL-5 treatment with me-
polizumab has been shown to reduce the dose of systemic cortico-
steroid required tomaintain reducedperipheral eosinophil counts.52

CONCLUSION
Mast cells, basophils, and eosinophils express many of the

same receptors and cytokines yet have different effector func-
tions. Mast cells are tissue resident cells and uniquely required for
immediate hypersensitivity. Basophils are largely circulating
cells but home to areas of allergic inflammation during the late-
phase response. Eosinophils are resident to the gastrointestinal
tract but also home to allergic inflammatory sites. The dominant
cytokines produced by these cells differ: basophils express
abundant IL-4 and IL-13 but little IL-5, whereas mast cells
produce IL-5 and IL-13 but little IL-4. Although eosinophils can
express a range of cytokines, their production of cytotoxic granule
proteins is thought to be their major effector function. Differences
in trafficking, activation, and mediator production contribute to
each cell’s unique role.
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Genetics of allergic disease

John W. Holloway, PhD,a,b Ian A. Yang, MBBS, PhD,c,d and Stephen T. Holgate, MD, DSc, FMed Scia

Southampton, United Kingdom, and Brisbane, Australia

Allergic diseases are complex genetic diseases resulting from
the effect of multiple genetic and interacting environmental
factors on their pathophysiology. Recent years have seen
considerable progress in unraveling the contribution of
these factors to an individual subject’s susceptibility to,
subsequent development of, and severity of disease. This has
resulted in increasing insight into novel areas of allergic
disease pathophysiology, for example the significant role
played by locally acting tissue susceptibility factors like
epithelial/epidermal barrier function and remodeling, such
as filaggrin, ADAM33, and GSDML/ORMDL3, in patients
with atopic dermatitis and asthma. Furthermore, studies of
gene-environment interactions and Mendelian
randomization approaches have led to increased insight into
the importance of environmental triggers for allergic
disease. Studies of the timing of action of genetic variants in
determining disease susceptibility have highlighted the
importance of in utero development and early life in
determining susceptibility to allergic disease. In the future,
genetic discoveries in allergic disease will potentially lead to
better endophenotyping, prognostication, prediction of
treatment response, and insights into molecular
pathways to develop more targeted therapy for these
conditions. (J Allergy Clin Immunol 2010;125:S81-94.)

Key words: Heritability, genetics, genetic testing, pharmacogenet-
ics, epigenetics

THE HERITABILITY OF ALLERGIC DISEASE
In 1860, HenryHyde Salter, in hismagnus opus,OnAsthma: Its

Pathology and Treatment, wrote, ‘‘Is asthma hereditary? I think
there can be no doubt that it is.’’1 Subsequent to this, many studies
have now conclusively shown that susceptibility to asthma and
other allergic diseases has a heritable component. Although there
are rare monogenic diseases whose phenotypes include aspects of
allergic disease, such as high serum IgE levels and atopic derma-
titis,2-5 common forms of these conditions are thought to be deter-
mined by the actions and interactions of multiple genetic and
environmental factors. This is evidenced by the lack of concor-
dance for allergic disease between monozygotic twins6,7 and
the lack of segregation in families with any clear inheritance

pattern.8,9 Thus allergic diseases can be termed complex genetic
diseases involving both genetic and environmental factors influ-
encing not only the development of IgE-mediated sensitivity
but also the subsequent development of clinical symptoms in a
range of tissues, including skin, nose, and lung tissue.10 Since
the first report of linkage between chromosome 11q13 and atopy
in 1989,11 there have beenmore than a thousand published studies
of the genetics of asthma and other allergic diseases. Our knowl-
edge of how genetic variation between subjects determines
susceptibility, severity, and response to treatment has expanded
considerably, providing intriguing insights into the pathophysiol-
ogy of these complex disorders.

GENETIC STUDIES OF ALLERGIC DISEASE
The nature of the individual genes that have been identified as

susceptibility factors for allergic disease have been comprehen-
sively reviewed elsewhere,10,12 and the list of these genetic factors
is likely to expand considerably in the coming months and years
with the recent advent of genome-wide association approaches
(see below). However, it is important to recognize the different
approaches undertaken to identify these genetic factors and their
advantages and disadvantages.

Candidate gene/gene region studies
Single nucleotide polymorphisms (SNPs) in the promoter and

coding regions of a wide range of candidate genes have been
studied for association with a range of atopy-related phenotypes.
Candidate genes are selected for analysis based on awide range of
evidence, such as biological function, differential expression in
disease, involvement in other diseases with phenotypic overlap,
affected tissues, cell type or types involved, and findings from
animal models. The advantage of this approach is that candidate
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genes have biological plausibility and often display known
functional consequences that have potentially important impli-
cations for the disease of interest. Disadvantages are the limitation
to genes of known or postulated involvement in the disease,
thereby excluding the discovery of novel genes that influence the
diseases.

There are almost 1,000 studies published that examine poly-
morphisms in several hundred genes for association with asthma
and allergy phenotypes.10,12 When assessing the significance of
association studies, it is important to consider several things.
For example, was the size of the study adequately powered if neg-
ative results were reported? Were the cases and control subjects
appropriately matched? Could population stratification account
for the associations observed? In the definitions of the pheno-
types, which phenotypes have been measured (and which have

not)? How were they measured? Regarding correction for multi-
ple testing, have the authors taken multiple testing into account
when assessing the significance of association?13

It is also important to note that positive association does not
necessarily imply that the genetic variant in question has a direct
effect on gene expression or protein function (Box 1). Genetic
variants showing association with a disease are not necessarily
causal because of the phenomenon of linkage disequilibrium
(LD), meaning that a variant displaying association with a pheno-
type might only represent a proxy marker for another indentified
genetic variant. Positive association might also represent a type I
error. Candidate gene studies have suffered from nonreplication
of findings between studies, which might be due to poor study
design, population stratification, different LD patterns between
subjects of different ethnicities, and differing environmental

BOX 1. Key concepts: Explanations for association (or lack of association) between polymorphisms and allergic disease phenotypes

POSITIVE ASSOCIATION

Causal link
The polymorphism tested directly affects gene expression or protein function, resulting in crease susceptibility.

Linkage Equilibrium (LD)
The polymorphism tested is not directly casual but is in LD with an adjacent polymorphism that is directly causal. LD refers
to the nonrandom association of alleles at 1 (or more) loci; the allele of one polymorphism in an LD block (haplotype) can
predict the allele of an adjacent (not genotyped) polymorphism. The size of the LD blocks depends on the recombination
rate in that region and the time since the first disease-contributing variant arose in an ancestral subject in that population.

Population stratification
Population stratification is the presence of a systematic difference in allele frequencies between subpopulations in a pop-
ulation caused by different ancestry. Allele frequencies often differ between populations of different ancestry; hence if case
and control populations are not adequately matched for ancestry, this can lead to false-positive associations. This can be
controlled for by the assessment of ancestry by using polymorphisms known to differ in allele frequency between popula-
tions (ancestry informative markers) or through the use of family-based association.

Type I error
A positive association might represent a false-positive observation. Especially in studies of multiple SNPs, phenotypes,

or both, it is important to consider the strength of P values observed in the context of the number of statistical tests
undertaken.

NO OBSERVED ASSOCIATION

Variants assessed do not contribute to phenotype.
The variants assessed do not contribute to the heritability of the phenotype assessed. It is important to recognize that this
does not exclude the encoded protein from playing an important role in the pathogenesis of the disease; rather, it only in-
dicates that genetic variation in the gene does not contribute to it.

Type II error
No association is observed because of lack of power. The effect size for common variants on susceptibility to complex dis-
ease is typically small (odds ratio, <1.5). The majority of studies are not adequately powered to detect an effect of this size.

Failure to replicate previous report of positive association
There are a number of reasons why a study might fail to replicate a previous report of a positive association between a
polymorphism and a phenotype. Apart from the consideration of whether either of the studies represents a false-negative
or false-positive association, it is important to determine whether the studies truly replicate one another. For example,
were they carried out in populations of similar genetic ancestry or with similar environmental exposures? Were exactly
the same polymorphisms studied in the gene, and was the phenotype tested the same?
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exposures between study cohorts. Unfortunately, the genetic asso-
ciation approach can also be limited by underpowered studies and
loose phenotype definitions.14 A good example of the complexity
of interpreting candidate gene association studies is provided by
the study of Rogers et al,15 who used genome-wide SNP array
data to investigate the association of 39 previously reported
asthma candidate genes in a large family-based sample. Despite
using strict criteria for selecting the genes for replication, includ-
ing selecting genes with (1) significant association with asthma
affection status (and not other related phenotypes, such as atopy,
IgE levels, or lung function) reported in at least 2 populations, (2)
at least 1 significant association study that has no fewer than 150
cases and 150 control subjects or 150 trios, and (3) asthma asso-
ciation with SNPs (as opposed to haplotypes, microsatellite
markers, or structural genetic variants) in at least 1 population,
they were only able to find clear evidence for replication of asso-
ciation with 6 of 39 genes and limited evidence for replication for
a further 15 of 39 genes.

Positional cloning by linkage
Positional cloning is a hypothesis-independent approach and

starts with the investigation of families. Markers randomly spaced
throughout the entire genome are tested for linkage (ie, coinher-
itance) with the disease phenotype of interest. If linkage is found
between a particular marker and the phenotype, then further
typing of genetic markers aid in more accurately defining the
critical region of the causative gene. After this, the genes
positioned in this region can be examined for possible involve-
ment in the disease process and the presence of disease-causing
mutations in affected subjects. This approach is often termed po-
sitional cloning or genome scanning if thewhole genome is exam-
ined in this manner. Although this approach requires no
assumptions to be made as to the particular gene involved in ge-
netic susceptibility to the disease in question, it does require con-
siderable molecular genetic analysis to be undertaken, involving
considerable time and expense. Many genome-wide screens for
atopy and atopic disorder susceptibility genes have been com-
pleted.12,16 The results of the genome-wide screens for allergy
and allergic disease susceptibility genes reflect the genetic and en-
vironmental heterogeneity seen in allergic disorders. Multiple re-
gions of the genome have been observed to be linked to varying
phenotypes, with little replication between cohorts recruited
from both similar and different populations. This illustrates the
difficulty of identifying susceptibility genes for complex genetic
diseases. Different genetic loci will show linkage in populations
of different ethnicities and different environmental exposures
(stratification). In studies of complex disease, the real challenge
has not been identification of regions of linkage but rather identi-
fication of the precise gene and genetic variant underlying the
observed linkage. To date, several genes have been identified as
the result of positional cloningwith a genome-wide scan for allergic
disease phenotypes, including a disintegrin and metalloprotease 33
(ADAM33),17 Chitinase 3 Like-1 (CHI3L1),18 Dipeptidyl-peptidase
10 (DPP10),19 Major histocompatibilty complex, class I, G (HLA-
G),20 PHD finger protein 11 (PHF11),21 Prostaglandin D2 receptor
(PTGDR),22 and plasminogen activator, urokinase receptor
(PLUAR)23 for asthma; the protocadherin 1 gene (PCDH1) for
bronchial hyperresponsiveness (BHR)24; and Collagen, type
XXIX, alpha 1 (COL29A1)25 for atopic dermatitis. The identifi-
cation of these positional candidates, many of the protein

products of which had not been implicated in allergic disease
previously, has revealed the importance of using hypothesis-in-
dependent approaches to identify susceptibility genes. Further-
more, unlike many candidate gene studies, the susceptibility
genes identified through positional cloning have, in general,
been more likely to be replicated in subsequent studies of addi-
tional cohorts,15,26,27 although even positionally cloned genes
might prove difficult to replicate at times.28 Despite the success
of such positional cloning studies, in general, linkage analysis
for allergic disease phenotypes has proved to be slow and expen-
sive, and the majority of studies, despite recruiting several hun-
dred families, have proved to be underpowered to identify
susceptibility genes for complex disease. A meta-analysis of
linkage analyses in asthma has demonstrated susceptibility loci
for BHR, allergen skin prick test positivity, and total serum
IgE levels but no consistent statistically significant loci for
asthma as a phenotype,29 indicating heterogeneity in outcomes.

Genome-wide association studies
In recent years, the study of the genetic basis of complex

disease has been revolutionized by technologic advances in array-
based SNP genotyping technologies and the characterization of
millions of SNP variants in the human genome.30 This has made
possible the simultaneous determination of the genotype of
>500,000 SNPs throughout the genome of a subject. This has
allowed the use of genome-wide, hypothesis-independent associ-
ation studies that, unlike positional cloning by linkage, do not re-
quire the recruitment and phenotyping of large family-based
samples and achieve much greater statistical power for the
same number of subjects. Genome-wide association studies
(GWASs) have now revolutionized the study of genetic factors
in complex common diseases.31,32 For more than 150 phenotypes,
from common diseases to physiologic measurements, such as
height and body mass index, and biological measurements, such
as circulating lipid levels and blood eosinophil levels, GWASs
have provided compelling statistical associations for hundreds
of different loci in the human genome.33

To date, several GWASs have been performed with great
success in allergic diseases, such as asthma, eczema, and allergic
sensitization; Table I summarizes the findings of these stud-
ies.34-44 The first novel asthma susceptibility locus to be identified
by using a GWAS approach contains the ORM1-like 3 (s. cerevi-
siae) (ORMDL3) andGasdermin like (GSDML) genes on chromo-
some 17q12-21.1.34 In this study 317,000 SNPs were genotyped
in 994 subjects with childhood-onset asthma and 1,243 nonasth-
matic control subjects. After adjustments for quality control, 7
SNPs remained above the 1% false discovery rate threshold,
and all mapped to a 112-kb region at 17q21. Replication of the
findings was achieved by genotyping 9 of the associated SNPs
(>5% false discovery rate) in the 17q21 locus in 2,320 subjects
(200 asthmatic cases and 2,120 control subjects), and 5 SNPs
were found to be significantly associated with disease (P < .01).
Although several genes were within the LD block in which the as-
sociated SNPs lay, the authors used data from gene expression
levels measured in EBV-transformed lymphoblastoid (B cell)–de-
rived cell lines, showing transcript levels from one gene,
ORMDL3, were strongly associated with disease-associated
markers (P < 10 3 10222 for rs7216389) identified by the
GWAS, to conclude that the casual variant was likely to alter
the expression of this gene. Considerable work is still required
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TABLE I. Summary of genome-wide association studies for atopy and allergic disease phenotypes as of October 2009

Initial study
Gene name
(HGNC ID) Chromosome

Associated
phenotype

Gene product:
possible functional
role in asthma or
allergic disease

Associated
variant Size of study Population

Replication of
association*

Weidinger
et al42

FCERIA
(147140)

1q23 Total IgE a Subunit of the high-
affinity IgE receptor

rs2251746,
rs2427837

1,530 subjects European SAME: replication
in 4 independent
samples (n 5 9,769)42

RAD50
(604040)

5q23 IgE levels
Atopic
eczema
and
asthma

RAD50 homolog
(Saccharomyces
cerevisiae): This
protein is important
for DNA double-strand
break repair, cell-cycle
checkpoint activation,
telomere maintenance,
and meiotic
recombination. The
gene is also adjacent
to the IL4/IL13 locus.

rs2706347,
rs3798135,
rs2040704,
rs7737470

SAME: replication in 4
independent samples
(n 5 9,769)42

Esparza-
Gordillo
et al44

EMSY
(608574)

11q13 Atopic
dermatitis

EMSY: This is a nuclear
protein shown to
interact with BRCA2
and with a role in
chromatin remodeling.
It is also a
susceptibility locus for
Crohn disease.
Increases in EMSY
copy number is
reported in epithelium-
derived cancer of the
breast and ovary.

rs7927894 939 atopic dermatitis
cases, 975 control
subjects, and 270
nuclear families
with 2 affected siblings

European SAME: replication in 2
samples (n 5 2,637
cases and 3,957
control subjects)44

Gudbjartsson
et al41

IL1RL1
(601203)

2q12 1. Blood
eosinophil
counts
2. Asthma

Interleukin 1
receptor–like 1 is
Induced by
proinflammatory
stimuli and might be
involved in the
function of helper T
cells.

rs1420101 1. 9,392 subjects
2. Then tested as
candidate gene for
asthma in 7,996 cases
and 44,890 control
subjects

Icelandic SAME: replication for
eosinophils in 12,118
Europeans and 5,212
East Asians

WDR36
(606669)

5q22 1. Blood
eosinophil
counts
2. Asthma

WD repeat domain 36
might facilitate
formation of
heterotrimeric or
multiprotein
complexes. Members
of this family are
involved in a variety of
cellular processes,
including cell-cycle
progression, signal
transduction,
apoptosis, and gene
regulation.

rs2416257 1. 9,392 subjects
2. Then tested as
candidate gene for
asthma in 7,996 cases
and 44,890 control
subjects

Icelandic SAME: replication for
eosinophils in 12,118
Europeans and 5,212
East Asians

MYB
(189990)

6q23 1. Blood
eosinophil
counts
2. Asthma

v-myb myeloblastosis
viral oncogene
homolog is a
nuclear transcription
factor implicated in
proliferation, survival,
and differentiation of
hematopoietic stem
and progenitor cells.

rs9494145 1. 9,392 subjects
2. Then tested as
candidate gene for
asthma in 7,996 cases
and 44,890 control
subjects

Icelandic SAME: replication for
eosinophils in 12,118
Europeans and 5,212
East Asians

(Continued)

J ALLERGY CLIN IMMUNOL

FEBRUARY 2010

S84 HOLLOWAY, YANG, AND HOLGATE



to fully characterize this region of the genome before accepting
ORMDL3 as the causal gene45; for example, expression of the
GSDML gene also appears to be coregulated by these SNPs of in-
terest (personal communication cited in Bouzigon et al35).

Importantly, subsequent studies have replicated the association
between variation in the chromosome 17q21 region (mainly
rs7216389) and childhood asthma in ethnically diverse popula-
tions.36-38,46,47 A further asthma susceptibility gene has been dis-
covered in a GWAS of 359 asthma cases from the Childhood
Asthma Management Program study and 846 matched control

subjects from the Illumina database.39 Using a microarray plat-
form of more than 500,000 SNPs, the strongest region of associ-
ation was at chromosome 5q12 at the region of the
phosphodiesterase 4D gene (PDE4D), which is involved in air-
way smooth muscle contraction. Pooling of data from indepen-
dent replication studies in 7 white or Hispanic populations
confirmed the positive associations observed.

More recently, Hancock et al,40 in a GWAS study, studied 492
Mexican asthmatic children and their parents, together with a rep-
lication cohort of 117 trios. Although a number of loci were

TABLE I. (Continued)

Initial study
Gene name
(HGNC ID) Chromosome

Associated
phenotype

Gene product:
possible functional
role in asthma or
allergic disease

Associated
variant Size of study Population

Replication of
association*

IL33
(606678)

9q24 1. Blood
eosinophil
counts
2. Asthma

IL-33 is an IL-1–like
cytokine ligand for the
IL-1 receptor–related
protein ST2, activating
mast cells and TH2
lymphocytes.

rs3939286 1. 9,392 subjects 2.
Then tested as
candidate gene for
asthma in 7,996
cases and 44,890
control subjects

Icelandic SAME: replication for
eosinophils in 12,118
Europeans and 5,212
East Asians

Kim et al43 CTNNA3
(607667)

10q22.2 TDI–
induced
asthma

Catenin (cadherin-
associated protein),
a 3, is a key molecule
in the E-cadherin–
mediated cell–cell
adhesion complex.
Genetic
polymorphisms might
disturb the defense
systems of the airway
epithelium, increasing
airway
hyperresponsiveness
to environmental
toxins, such as TDI.

rs1076205,
rs7088181,
rs4378283

84 TDI asthma cases
and 263 unexposed
healthy control
subjects

Korean NO

Moffatt
et al34

ORMDL3

(610075)/
GSDMB
(611221)

17q12-
17q21.1

Childhood-
onset
asthma

ORMDL3 is a
transmembrane
protein anchored
in the endoplasmic
reticulum with an
unknown function.
Gasdermin B
(gasdermin like)
is an epithelially
expressed, unclear
function, related
protein possibly
involved in TGF-b
signaling.

rs7216389
and

ORMDL3/
GSDML
mRNA

expression

994 asthmatic
subjects and 1,243
control subjects;
replicated in 2,320*
and 3,301!
subjects

White
*Germany
!United
Kingdom

MULTIPLE35-38

Himes
et al39

PDE4D
(600129)

5q12 Childhood
asthma

Phosphodiesterase E3
dunce homolog,
Drosophila) gene
(PDE4D) is a regulator
of
airway smooth muscle
contractility.

rs1588265,
rs1544791

359 cases and 846
genetically matched
control subjects from
the Illumina ICONdb
public resource;
replication in 18,891
white and Hispanic
subjects (4,342 cases)

US white SAME

Hancock
et al40

TLE4
(605132)

9q21.31 Childhood
asthma

Transducin-like
enhancer of split 4 is a
transcription factor
with a possible role in
B-cell differentiation.

Rs2378383 492 children and
parents; replication
in 177 trios

Mexican SAME

MULTIPLE, Replication in multiple independent populations after initial report; NO, no replication; SAME, replication in independent populations in initial report.
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significantly associatedwith asthma in the initial cohort, only one,
an SNP (rs2378383) in the gene TLE4 on chromosome 9q21.31,
showed significant association in the replication cohort (P 5
.03, P combined 5 6.79 3 1027). Although this observation
will require further validation in independent populations, it
shows that even the relatively small (in GWAS terms) family-
based cohorts previously extensively used for linkage studies
might be of value in identifying novel disease susceptibility loci
in the era of genome-wide association approaches.

Intermediate phenotypes of allergic disease, such as IgE levels,
skin prick test responses, or measures of lung function as
continuous measures are statistically more powerful than affec-
tion status for genetic association studies. A recent example of
genome-wide association applied to an allergic intermediate
phenotype is the study of blood eosinophil counts in an Icelandic
population; the study revealed that sequence variants in genes
affecting eosinophil numbers, including Interleukin 1 receptor-
like 1 (IL1RL1), WD repeat domain 36 (WDR36), Interleukin 33
(IL33), and v-myb myeloblastosis viral oncogene homolog
(MYB), associate with asthma and myocardial infarctio-
n.41IL1RL1 had already been proposed as a candidate gene for ec-
zema48 and asthma.49 A GWAS approach has also been taken to
identify variants regulating serum IgE levels. This study identified
functional variants in the gene encoding the a chain of the high-
affinity receptor for IgE (FCER1A) on chromosome 1q23 as being
associated with serum IgE levels and allergic sensitization, as
well as confirming previous candidate gene studies that impli-
cated variants in the signal transducer and activator of transcrip-
tion 6 (STAT6) gene in regulating total IgE levels and atopy.42

Genome-wide association has also been used to better under-
stand the genetic mechanisms of occupational asthma. A study of
workers from spray-painting and polishing departments of the
furniture and musical instrument industries from Korea uncov-
ered multiple polymorphisms of the a-T-catenin gene (CTNNA3)
that might be determinants of susceptibility to toluene diisocyante
(TDI)–induced asthma.43 These polymorphisms were associated
with increased BHR; increased specific IgG levels to kertain 19
(CK19), which might be an intermediate phenotype of TDI-in-
duced asthma50; and lower CTNNA3 mRNA expression. The au-
thors speculated that genetic polymorphism might downregulate
CTNNA3 and disturb barrier systems of the airway epithelium
in stressful environments.

Finally, using a GWAS approach to identify susceptibility
genes for atopic dermatitis, Esparza-Gordillo et al44 recently
highlighted a role for an SNP adjacent to a gene of unknown func-
tion (C11orf30 encoding a nuclear protein, EMSY) on chromo-
some 11q13 in susceptibility to atopic dermatitis. This locus
has previously been identified as a susceptibility locus for Crohn
disease, another disease involving epithelial inflammation and de-
fective barrier function, and increases in copy number of the
C11orf30 locus have been reported in epithelium-derived cancer
of the breast and ovary. Together, this suggests that the 11q13 lo-
cus represents another gene for an allergic disease that acts at the
mucosal surface rather than bymodulating the level or type of im-
mune response.

These studies show the power of the GWAS approach for
identifying complex disease susceptibility variants, and the
number is likely to rapidly increase in the near future. However,
as for other complex diseases, such as Crohn disease and diabetes
mellitus (which have been extensively studied with GWAS
approaches), the results from studies performed to date do not

fully explain the heritability of common complex disease. How-
ever, many geneticists remain optimistic that we can account for
this ‘‘missing heritability.’’51,52 It is thought that this inability to
find genes could be explained by limitations of GWASs, such as
the presence of other variants in the genome not captured by
the current generation of genome-wide genotyping platforms,
analyses not adjusted for gene-environment and gene-gene (epis-
tasis) interactions, or epigenetic changes in gene expression.32

The unexpected missing heritability after assessing common
genetic variation in the genomehas led, in part, to the proposal that
rare variants (less than the frequency of SNPs included in GWAS
studies, typically 5% minor allele frequency) of high genetic ef-
fect or common copy number variants (CNVs) might be responsi-
ble for some of the genetic heritability of common complex
diseases.53 The discovery of rare, high-penetrance loss-of-func-
tion mutations in the filaggrin gene (FLG) predisposing such sub-
jects to ichthyosis vulgaris, atopic dermatitis, and asthma in the
presence of atopic dermatitis is supporting evidence for the rare
variant hypothesis. The identification of rare variants contributing
to allergic disease will be aided by efforts such as the 1000
Genomes project, which aims to create themost detailed andmed-
ically useful picture to date of human genetic variation through
complete sequencing of 1,200 individual genomes.54 However,
in regard to CNV polymorphisms, recent work indicates that
most of the common diallelic CNVs are in strong LD with
SNPs, and hence any contribution to disease susceptibility would
have been detected by using GWAS approaches.55

WHAT HAVE GENETIC STUDIES OF ALLERGIC
DISEASE TAUGHT US?

Susceptibility to allergic disease is likely to result from the
inheritance of many mutant genes. Unfortunately, as in many
other complex disorders, in allergic diseases any specific bio-
chemical defect or defects at the cellular level that cause the
disease are unknown, even though considerable knowledge has
been accrued on molecular pathways involved in pathogenesis.
By undertaking research into the genetic basis of these conditions,
these mutant genes and their abnormal gene products can be
identified solely by the anomalous phenotypes they produce.
Identifying the genes that produce these disease phenotypes has
provided a greater understanding of the fundamental mechanisms
of these disorders. The results of studies of the genetic basis of
allergic disease have increased our understanding of these
conditions in a number of ways (Box 2).

Importance of environmental triggers: Gene-
environment interactions

Allergic disease is likely to result from the effects of environ-
mental stimuli in genetically susceptible subjects. Inhaled and
ingested environmental factors have been hypothesized to con-
tribute to the development of asthma, including allergens, diet,
respiratory viruses, air pollutants, environmental tobacco smoke,
endotoxin, and occupational exposures. Recent gene-environ-
ment studies have focused on functional SNPs in candidate genes
that are predicted to play a role in sensing these environmental
agents and mediating the effects of exposure. To this end, the
study of gene-environment interactions enables us to further
understand the pathogenesis of an allergic disease such as asthma
and the determinants of its severity and progression.56
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Pattern-recognition receptors, such as CD14 and Toll-like
receptor (TLR) 4, are involved in the recognition and clearance
of bacterial endotoxin (LPS) by activating a cascade of host innate
immune responses. SNPs alter the biology of these receptors and
could influence the early-life origins of asthma, when the immune
system is developing. In case-control and family-based studies,
Smit et al57 found that in atopic subjects the presence of SNPs in
the CD14, TLR4, and other TLR genes modified the associations
with the risk of asthma, particularly in the presence of country liv-
ing. In a study on farm living, Bieli et al58 observed that certain
alleles in theCD14 promoter regionmight be associated with pro-
tection against asthma and allergic disease in the presence of farm
milk consumption.

Exposure and sensitization to house dust mite antigen (eg, Der
p 1) is a well-recognized risk factor for atopy and asthma. Sharma
et al59 found an association between SNPs in the TGF-b1 gene
(TGFB1) and asthma phenotypes (BHR and asthma exacerba-
tions), and these associations were modified by the presence of
dust mite exposure, possibly because of differential immunemod-
ulation by the TGFB1 SNPs. Other studies have found modifica-
tion by house dust mite exposure for associations of IL10 SNPs
with asthma60 and dendritic cell–associated nuclear protein
1 (DCNP1) SNPs with house dust mite–specific IgE.61 Although
these observations are yet to be replicated, they provide initial
evidence of gene-environment interaction with allergens.

The effects of air pollution on asthma susceptibility are also
likely to be modified by SNPs in genes encoding inflammatory
cytokines and metabolizing enzymes.62 Recently, Salam et al63

studied SNPs in arginase (ARG) genes (involved in the response
to nitrosative stress) and observed an ARG1 haplotype interaction
between ozone exposure during childhood and risk of asthma.
Glutathione-S-transferase polymorphisms might also influence
the effects of ambient air pollution on asthma risk during child-
hood, particularly when controlled for levels of ozone64 and die-
sel exhaust particles.65 Gene-environment interaction has also
been observed with environmental tobacco smoke and risk of
childhood asthma in relation to the TNF-a gene (TNFA)66 and
SNPs in the chromosome 17q21 region.35

Although data are constantly emerging for gene-environment
effects in asthma, the translational research challenge now is to
integrate molecular, clinical, and epidemiologic studies of asthma
to discover robust mechanisms of gene–environment interaction
that would facilitate personalized interventions for persons with
asthma. Furthermore, the use of genetic epidemiology is likely to
present real opportunities for solving problems of casual infer-
ence in observational epidemiology. Epidemiologic studies of
environmental exposures might identify spurious causes of dis-
ease caused by confounding by behavioral, physiologic, and
socioeconomic factors related both to exposures and to disease
end points. For example, the epidemiologic findings that hormone
replacement therapy protects against coronary heart disease and
that vitamin E and vitamin C reduce the risk of cardiovascular
disease have all been refuted by randomized controlled trials and
have raised concerns about the value of epidemiologic studies.67

One solution to this is the use of Mendelian randomization. This
approach is based on Mendel’s second law, which states that in-
heritance of one trait is independent of inheritance of other traits.
It uses common genetic polymorphisms that are known to influ-
ence exposure patterns (eg, availability of dietary nutrients,
such as vitamins E or D) or have effects equivalent to those pro-
duced by modifiable exposures (eg, increased blood cholesterol
concentration). Associations between genetic variants and out-
come are not generally confounded by behavioral or environmen-
tal exposures. Thus if a genetic factor that modulates exposure to
the environment (eg, apolipoprotein E for cholesterol or vitamin
D receptor polymorphisms) modulates the effect of the exposure
on outcome, it strengthens casual inference for the exposure of in-
terest.67,68 For example, in trying to assess the relationship be-
tween dietary calcium intake and osteoporosis, measuring
exposure is difficult and potentially confounded by other factors,
such as socioeconomic status. Lactase persistence is an autosomal
dominant condition in part determined by a polymorphism near
the lactase gene (LCT) that results in a sustained ability to digest
the milk sugar lactose throughout adulthood. As a consequence,
subjects with lactase persistence have a higher dietary intake of
dairy products. Obermayer-Pietsch et al69 have shown that in

BOX 2. Key concepts: What insights can genetic studies of allergic disease provide?

Greater understanding of disease pathogenesis
d Identification of novel genes and pathways leading to new pharmacologic targets for developing therapeutics

Identification of environmental factors that interact with a subject’s genetic makeup to initiate disease and confirmation of cau-
sality of environmental factors through Mendelian randomization

d Prevention of disease by environmental modification

Identification of susceptible subjects
d Early-in-life screening and targeting of preventative therapies to at-risk subjects to prevent disease

Targeting of therapies
d Subclassification of disease on the basis of genetics and targeting of specific therapies based on this classification
d Identification of subjects at risk of severe disease and targeting of preventative treatments
d Determination of the likelihood of a subject responding to a particular therapy (pharmacogenetics) and individualized
treatment plans
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postmenopausal women the CC genotype is strongly associated
with low dietary intake of calcium frommilk, lower bone mineral
density at the hip and spine, and a greater risk of nonvertebral
fractures. This provides strong evidence that milk drinking im-
proves bone health, especially because directly studying milk in-
take is potentially beset with problems of confounding, reverse
causation (persons with bone problems might be told to drink
more milk), and measurement error. The use of the Mendelian
randomization approach is likely to be of value in the future for
increasing evidence for causality for a range of environmental ex-
posures shown to be associated with increased risk of allergic dis-
ease from farm exposure and diet to aeroallergen and air pollution
exposure.

Identification of new models of pathogenesis
It is clear from genetic studies of allergic disease that the

propensity toward atopy is influenced by factors different than
those that influence disease progression. However, these disease
factors require interaction with atopy (or something else) to
trigger disease. For example, in patients with asthma, broncho-
constriction is triggered mostly by an allergic response to inhaled
allergen accompanied by an eosinophilic inflammation in the
lungs, but in some persons whomight have ‘‘asthma susceptibility
genes’’ but not atopy, asthma is triggered by other exposures, such
as TDI. This grouping of genes into atopic immune response
genes and tissue-specific factors also applies equally to other
clinical manifestations of atopy, such as rhinitis and atopic
dermatitis. It is possible to group the genes identified as contrib-
uting to allergic disease into 4 broad groups (Fig 1).1

First, there is a group of genes that are involved in directlymod-
ulating response to environmental exposures. These include genes
encoding components of the innate immune system that interact
with levels of microbial exposure to alter the risk of allergic im-
mune responses, such as the genes encoding components of the
LPS response pathway, such as CD1479 and TLR4.79 Other envi-
ronmental response genes include detoxifying enzymes, such as
the glutathione S-transferase genes that modulate the effect of ex-
posures involving oxidant stress, such as tobacco smoke and air
pollution.62

The second major group, which includes many of the genes
identified through hypothesis-independent genome-wide ap-
proaches, is a group of genes involved in maintaining the
integrity of the epithelial barrier at the mucosal surface and
signaling of the epithelium to the immune system after environ-
mental exposure. For example, polymorphisms in FLG that di-
rectly affect dermal barrier function are associated not only
with increased risk of atopic dermatitis but also with increased
atopic sensitization (see below). Genes encoding chitinases,
such as AMCase80 and YKL-40,18 appear to play an important
role in modulating allergic inflammation and are produced in in-
creased levels by the epithelium and alternatively activated mac-
rophages in patients with asthma.81 The gene PCDH1 a member
of a family of cell adhesion molecules and expressed in the bron-
chial epithelium, has also been identified as a susceptibility gene
for BHR.24

The third group of genes are those that regulate the immune
response, including IL13, IL4RA, STAT6, TBX21 (encoding T-box

transcription factor), HLAG, and GATA3, which regulate TH1/
TH2 differentiation and effector function, but also others, such
as IRAKM and PHF11, that might regulate the level of inflamma-
tion that occurs at the end organ for allergic disease (eg, the air-
way, skin, and nose).

Finally, a number of genes appear to be involved in determining
the tissue response to chronic inflammation, such as airway
remodeling. They include genes such as ADAM33 which is
expressed in fibroblasts and smooth muscle; PDE4D, which is
expressed in smooth muscle (and inflammatory cells); and
COL29A1, encoding a novel collagen expressed in the skin and
linked to atopic dermatitis.

Thus the insights provided by the realization that genetic
variation in genes regulating atopic immune responses are not the
only or even the major factor in determining susceptibility to
allergic disease has highlighted the importance of local tissue
response factors and epithelial susceptibility factors in the patho-
genesis of allergic disease.82 This is possibly the greatest contribu-
tion that genetic studies have made to the study of allergic disease
and where the most effect in the form of new therapeutics targeting
novel pathways of disease pathogenesis is likely to occur.

Sensitization and progression: FLG in atopic
dermatitis and asthma

Atopic dermatitis often represents the first clinical manifesta-
tion of atopy in childhood and suggests a high risk for the
development of persistent asthma in childhood. Studies of the
gene FLG have now shown that the link between early childhood
eczema and the subsequent development of asthma is, in part, due
to defective epidermal barrier function leading to increased aller-
gen sensitization. Filaggrin (filament-aggregating protein) has a
key role in epidermal barrier function. The protein is amajor com-
ponent of the protein-lipid cornified envelope of the epidermis,
which is important for water permeability and for blocking the en-
try of microbes and allergens.83FLG is located on chromosome
1q21 in the epidermal differentiation complex. In 2006, Smith
et al5 reported that loss-of-function mutations in FLG caused ich-
thyosis vulgaris, a severe skin disorder characterized by dry flakey
skin and a predisposition to atopic dermatitis and associated
asthma. The mutations in FLG appear to act in a semidominant
fashion, with carriers of homozygous or compound heterozygous
mutations (R501X and 2282del4) having severe ichthyosis vulga-
ris, whereas heterozygotes have mild disease. The combined car-
rier frequencies of null FLG mutations (5 in total) are around 9%
in the European population.84

Subsequently, these mutations have also been linked to atopic
dermatitis,70,85,86 asthma,87-89 and allergy,90 although only in the
presence of atopic dermatitis, and account for up to 15% of the
population-attributable risk of atopic dermatitis.87 Confirmation
of the hypothesis that by conferring a deficit in epidermal barrier
function FLGmutation could initiate systemic allergy by allergen
exposure through the skin and start the ‘‘atopic march’’ in suscep-
tible subjects has recently been provided by the analysis of the
spontaneous recessivemousemutant flaky-tail (flt), the phenotype
of which has been shown to result from a frame-shift mutation in
the murine filaggrin gene. Topical application of allergen in mice
homozygous for this mutation resulted in enhanced cutaneous
allergen priming and resultant allergen-specific IgE and IgG anti-
body responses.911See references 14, 17, 21, 23-35, 34, 39, 41, 44, and 70-77.
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The importance of early life
It is well established that for both atopy and asthma, pheno-

typic measures, such as cord blood immune responses, airway
function, and bronchial responsiveness, in the newborn period
(and hence dependent on fetal immune and lung development)
predict subsequent development of allergic disease.92-95 Lower
rates of fetal growth are also associated with impaired lung de-
velopment in children.96 Furthermore, there might also be inter-
action between atopy and lung development.97 A number of
genetic studies have now provided evidence to support a role
for early-life developmental effects in allergic disease. For exam-
ple, ADAM33 was identified as an asthma susceptibility gene by
using a genome-wide positional cloning approach in 2002.17 The
observed positive association between polymorphisms in this
gene and asthma susceptibility and BHR, but not atopy or serum
IgE levels, coupled with the selective expression of ADAM33 in
airway smooth muscle cells and fibroblasts strongly suggests that
alterations in its activity might underlie abnormalities in the

function of these cells critical for both BHR and airway remod-
eling. As in adult airways, multiple ADAM33 protein isoforms
exist in the human embryonic lung when assessed at 8 to 12
weeks of development,98 and a polymorphism in ADAM33 is as-
sociated with early-life measures of lung function (specific air-
way resistance at age 3 years).99 Although replication studies
are awaited, this suggests that variability in this gene is acting
in utero or in early life to determine lung development. A recent
replication study of the association between SNPs on chromo-
some 17q21 in the region of the gene encoding ORMDL3 and
asthma has also provided further support for a critical early-
life period for the development of asthma. In this study Bouzigon
et al35 showed that 17q21 SNPs were associated particularly with
early-onset asthma (!4 years of age), whereas no association
was found for late-onset asthma. Furthermore, adjusting for
early-life smoke exposure revealed a 2.9-fold increase in risk
compared with that seen in unexposed patients with early-onset
asthma.

FIG 1. Susceptibility genes for allergic disease. Group 1: sensing the environment. The group of genes
encodes molecules that directly modulate the effect of environmental risk factors for allergic disease. For
example, genes such as TLR2, TLR4, and CD14, encoding components of the innate immune system, inter-
act with levels of microbial exposure to alter the risk of allergic immune responses.71 Polymorphisms of glu-
tathione-S-transferase genes (GSTM1,GSTM2, GSTM3, GSTM5,GSTT1, and GSTP172,73) have been shown
to modulate the effect of exposures involving oxidant stress, such as tobacco smoke and air pollution on
asthma susceptibility. Group 2: barrier function. A high proportion of the novel genes identified for suscep-
tibility to allergic disease through genome-wide linkage and association approaches have been shown to be
expressed in the epithelium. This includes genes such as FLG,70 which directly affects dermal barrier func-
tion and is associated not only with increased risk of atopic dermatitis but also with increased atopic sen-
sitization. Other susceptibility genes, such as ORMDL3/GSDML,34 PCDH1,24 and C11orf30,44 are also
expressed in the epithelium and might have a role in possibly regulating epithelial barrier function. Group
3: regulation of (atopic) inflammation. This group includes genes that regulate TH1/TH2 differentiation and
effector function (eg, IL13, IL4RA, and STAT674; TBX21 [encoding T-box transcription factor]75; and
GATA376), as well as genes such as IRAKM,77 PHF11,21 andUPAR23 that potentially regulate both atopic sen-
sitization and the level inflammation that occurs at the end-organ location for allergic disease. This also in-
cludes the genes shown to regulate the level of blood eosinophilia (IL1RL1, IL33, MYB, and WDR36).41

Group 4: tissue response genes. This group includes genes that modulate the consequences of chronic in-
flammation (eg, airway remodeling), such as ADAM3317 and PDE4D,39 which are expressed in fibroblasts
and smooth muscle, and COL29A1,25 encoding a novel collagen expressed in the skin linked to atopic der-
matitis. Some genes can affect more than 1 disease component. For example, IL13 regulates both atopic
sensitization through IgE isotype switching but also has direct effects on the airway epithelium and mesen-
chyme, promoting goblet cell metaplasia and fibroblast proliferation.14 Adapted with permission from
Rose-Zerilli MJ, Davis SA, Holgate ST, Holloway JW. The genetics of allergic disease and asthma. In: Leung
DYM, Sampson H, Geha R, Szefler SJ, editors. Pediatric allergy: principles and practice. 2nd ed. St Louis:
Mosby; 2009.

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

HOLLOWAY, YANG, AND HOLGATE S89



WHAT WILL THE RESULTS OF FUTURE GENOMIC
STUDIES REVEAL?

The progress in identification of complex disease susceptibility
genes in the last few years has been remarkable. Use of this
approach has, in the last 12 months alone, identified more novel
susceptibility genes for allergic disease than almost a decade of
efforts in positional cloning. The examples provided by other
common inflammatory diseases show that there are likely to be 20
to 30 easily identifiable genes for disease susceptibility, withmore
to be identified through analysis of intermediate phenotypes, such
as measures of lung function or immune function.

One limitation of the GWAS is the reliance on common
haplotype blocks and genotyping of common variants. This
restricts the ability to detect rare risk alleles that might be
contributing to the disease.53 CNVs are segmentally duplicated
sequences in the genome that contribute a sizeable effect on the
variability of gene expression.100 Although fewer in number,
CNVs cover a larger proportion of the genome sequence com-
pared with SNPs and are also not well captured by currently avail-
able genome-wide genotyping arrays. GWASs in asthma should
therefore be interpreted in this light, and further methods for
fine resequencing and replication studies to find causal alleles
are required. However, as for other complex diseases, such as
Crohn disease and diabetes (which have been extensively studied
with GWAS approaches), the results from GWASs of allergic dis-
ease are unlikely to fully explain the heritability of allergic dis-
ease given the limitations of this approach, which is best suited
to identifying common variants for common diseases.

In addition to the presence of rare variants in the genome and
copy number variation discussed above, another potential
mechanism for explaining the heritability of common diseases
that is not accounted for by loci identified with the GWAS
approach is epigenetics.51,101 Epigenetics refers to biochemical
changes to DNA that do not alter the DNA sequence but might be
induced by environmental factors and transmitted through
generations. Epigenetic factors include modification of histones
by means of acteylation and methylation and DNA methylation.
Modification of histones, around which the DNA is coiled, alters
the rate of transcription, altering protein expression. DNAmeth-
ylation involves adding a methyl group to specific cytosine bases
in the DNA to suppress gene expression. Importantly, both
changes to histones and DNA methylation can be induced in
response to environmental exposures, such as tobacco smoke
and alterations in the early-life environment (eg, maternal
nutrition).102

Evidence as to the importance of epigenetic factors in allergic
disease include studies that have linked altered birth weight, head
circumference at birth, or both (proxy markers for maternal
nutrition) to an increase in adult IgE levels and risk of allergic
disease.103-105 A recent study has also shown that increased envi-
ronmental particulate exposure from traffic pollution results in a
dose-dependent increase in peripheral blood DNA methyla-
tion.106 Observations, such as grandmaternal smoking increasing
the risk of childhood asthma in grandchildren,107 support the con-
cept that transgenerational epigenetic effects (mediated by DNA
methylation) might also be operating in allergic disease. Other
support comes from the study of animal models; for example,
mice exposed in utero to supplementation with methyl donors ex-
hibit enhanced airway inflammation after allergen challenge.108 It
is likely in the near future that studies of large prospective birth

cohorts with information on maternal environmental exposures
during pregnancy are likely to provide important insights into
the role of epigenetic factors in the heritability of allergic
disease.109

WHAT IS THE POTENTIAL CLINICAL UTILITY OF
GREATER UNDERSTANDING OF ALLERGIC
DISEASE GENETICS?

Although undoubtedly the greatest effect of studies of the
genetics of allergic disease has been in increasing our under-
standing of disease pathogenesis, there are a number of other ways
in which greater understanding of the genetic basis of allergic
disease will improve diagnosis and treatment in the future.

Predicting disease onset
One question that is often asked is whether identification of

genetic factors can enable more accurate prediction of the
likelihood a subject will develop allergic disease. In some
respects the clinical use of family history is a surrogate measure
for heritable risk, and this has been shown to have some
validity.110 However, at present, we are not in a position to use
the rapidly accumulating knowledge of genetic variants that influ-
ence allergic disease progression in clinical practice. This simply
reflects the complex interactions between different genetic and
environmental factors required both to initiate disease and deter-
mine progression to a more severe phenotype in a subject, mean-
ing that the predictive value of variation in any one gene is low,
with a typical genotype relative risk of 1.1 to 1.5.111

However, it is possible that as our knowledge of the genetic
factors underlying disease increase, the predictive power of
genetic testing will increase sufficiently to enable its use in
clinical decision making. For example, simulation studies based
on the use of 50 genes relevant for disease development demon-
strated that an area under the curve of 0.8 can be reached if the
genotype relative risk is 1.5 and the risk allele frequency is
10%.111,112Whether this is likely to improve on diagnostics using
traditional risk factor assessment is a separate issue. Recent anal-
yses of the power of genetic testing to predict the risk of type II
diabetes (for which many more genetic risk factors have been
identified through genome-wide approaches than for allergic dis-
ease at this stage) demonstrate that the inclusion of common ge-
netic variants has only a small effect on the ability to predict
development of the condition.113,114 This has led to some ques-
tioning the ‘‘disproportionate attention and importance of
resources’’ focused on genetic studies in the prevention of com-
mon diseases.115 However, the identification of further risk fac-
tors and the development of better methods for incorporating
genetic factors into riskmodels are likely to substantially increase
the value of genotypic risk factors and may also provide a means
for predicting progression to severe disease and targeting of pre-
ventative treatment in the future.116 The potential utility of such
an approach for allergic disease has been highlighted by the recent
observation that in infants with eczema and sensitization to food
allergens, FLG mutations predict subsequent development of
childhood asthma with 100% positive predictive value.117

Predicting asthma subtypes
A simplistic view of asthma or any other allergic disorder that

focuses entirely on TH2 polarization and activation of allergy
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related cells, such as mast cells, basophils, and eosinophils, fails to
take account of locally acting genetic and environmental factors
that are required to translate the atopic phenotype in a specific or-
gan to create disease.116 In addition, the limited efficacy of biologic
agents targeting individual T-cell receptors, such as CD25,118 IL-
5,119,120 and TNF-a,121 indicate that although individual patients
might benefit from such therapies, they form only a small subgroup
of the whole disease spectrum. Thus the concept is emerging of
subphenotypes of asthma driven by differing gene-environment
interactions.122,123 Thus gene-environment interactions are likely
to be crucial in driving such subphenotypes and are leading us to-
ward stratified medicine.

Predicting severe disease
One area in which genetics might play an important role in

prediction is in disease severity. The ability to identify those who
are most likely to have severe persistent disease would allow
targeting of preventative treatments and be of significant clinical
utility. There is increasing evidence that many genetic disorders
are influenced by ‘‘modifier’’ genes that are distinct from the
disease susceptibility locus. The identification of such modifier
genes in allergic diseases such as asthma is difficult because of the
complex interactions among susceptibility, environment, and
treatment. However, despite these difficulties, a number of studies
have identified genes that are associated with measures of asthma
severity. Identification of such markers of severe disease might, in
the future, allow targeting of health care resources to those
subjects who are likely to have severe disease and exhibit the
greatest morbidity and mortality.124

Allergic disease and personalized medicine
There is an increasingly important role for pharmacogenetics,

the study of genetic influences on interindividual variability in
treatment responses. The main areas of focus for pharmacoge-
netic studies in patients with asthma have been the clinical
response to bronchodilators, inhaled steroids, and leukotriene
modifiers, as recently reviewed in detail.125

Naturally occurring polymorphisms in the b2-adrenoceptor
gene (ADRB2) might alter the function and expression of the
b2-adrenoceptor and therefore affect response to short- and
long-acting bronchodilators. A number of nonsynonymous
SNPs have been shown to be functional in vitro, including at
amino acids 16, 27, and 164 and in the promoter region. For ex-
ample, the arginine (Arg) to glycine (Gly) substitution at amino
acid 16 is associated with downregulation in transfected cells. Re-
cently, the study of ADRB2 pharmacogenetics has been applied to
longer-term clinical studies of long-acting bronchodilators.
Although some studies have shown that Arg/Arg16 subjects
have reduced peak expiratory flow rates compared with Gly/
Gly16 subjects in response to salmeterol (with or without con-
comitant inhaled corticosteroid treatment),126 subsequent studies
have failed to confirm these findings.127,128 Variation in study de-
sign (eg, sample size and use of combination inhalers) might ex-
plain some of the difference in results between these clinical
studies. Given the discordant results, further work is required to
fully evaluate the exact role of ADRB2 polymorphisms in the re-
sponse to bronchodilators in asthmatic subjects.129 Furthermore,
there are likely to be other genetic determinants of response to
bronchodilator treatment. For example, Litonjua et al,130

assessing the effect of 844 SNPs in 111 candidate genes, recently
identified the ARG1 gene encoding arginase 1 as a predictor of
acute response to albuterol.

Polymorphisms in steroid pathways might also be clinically
important in asthma management. Tantisira et al131 screened 131
SNPs in 14 candidate genes involved in steroid biology in a large
clinical study of 470 adult asthmatic subjects and then went on to
further validate SNPs of interest in other clinical trials involving
311 children with asthma and 336 adults with asthma. They ob-
served that SNPs in the corticotropin-releasing hormone receptor
1 gene (CRHR1) were associated with improved lung function
(FEV1) response to inhaled steroids after 6 to 8 weeks of treat-
ment in the 3 clinical trials. Corticotropin-releasing hormone in-
creases corticotrophin release from cells of the anterior pituitary
by binding to its receptors, corticotropin-releasing hormone re-
ceptor 1 and 2. In biological terms SNPs in CRHR1 could poten-
tially reduce receptor function, leading to impaired cortisol
release and greater response to exogenous steroids, such as in-
haled steroids.131 However, the association of CRHR1 SNPs
with inhaled steroids’ effects on lung function decrease was not
replicated in a long-term cohort study of 164 adult asthmatic sub-
jects,132 and hence the effect of the CRHR1 polymorphism in the
response of inhaled steroids in asthmatic subjects has yet to be de-
finitively defined. In addition to variation in genes that determine
cortisol synthesis, an obvious candidate for corticosteroid re-
sponse is the glucocorticoid receptor gene NR3C1. Although
common polymorphisms ofNR3C1 do not appear to be important
in determining interindividual corticosteroid resistance and re-
sponse, Hawkins et al133 have recently shown that variation in an-
other component of the large heterocomplex of proteins that
cooperatively function to activate the glucocorticoid receptor
STIP1 is associated with the magnitude of FEV1 improvement
in response to inhaled corticosteroid treatment.

A number of SNPs in genes involved in the leukotriene
pathway have been associated with response to leukotriene
modifiers.134 In a clinical study of montelukast in 252 adult asth-
matic subjects, Lima et al135 found associations of FEV1 response
with SNPs in the 5-lipoxygenase (ALOX5) and multidrug resis-
tance protein 1 (MRP1) genes and changes in exacerbation rates
with SNPs in the leukotriene C4 synthase (LTC4S) and leukotri-
ene A4 hydrolase (LTA4H) genes. Associations with some of
these leukotriene pathway genes were also replicated in a differ-
ent study of montelukast136 and also with zileuton.137

These studies show that pharmacogenetic effects have the
potential to influence the efficacy of asthma therapies because
SNPs can alter the expression and function of asthma pharmaco-
logic targets and their metabolizing systems. Characterizing these
effects at the candidate gene and genome-wide level might have
clinical importance for individualizing asthma therapy, although
to date, interpreting the effects and determining their clinical
relevance has thus far been challenging.

CONCLUSIONS
The evidence to date from positional cloning studies, candidate

gene studies, and GWASs has revealed a number of biologically
plausible candidate genes for allergic disease. The challenge now
is to identify robust susceptibility loci for asthma and then
translate statistical significance from genetic and genomic studies
to biological and clinical effect. The genetic epidemiologic
observations for specific candidate genes in patients with asthma
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and atopy require careful replication enhanced by international
collaboration and the availability of large, well-characterized
case-control populations for genotyping. The strongest candi-
dates require intensive biological investigation of the functional
consequences of the causal SNPs and experiments to apply these
consequences to the biology of asthma pathogenesis. The testing
of gene-environment interactions will also be important in asthma
through in vitro and in vivo challenge studies and measurement of
environmental exposures in longitudinal cohorts. Understanding
the genetic discoveries in allergic disease will potentially lead
to better molecular phenotyping, prognostication, prediction of
treatment response, and insights into molecular pathways to de-
velop more targeted therapies.
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Asthma: Clinical expression and molecular mechanisms

Robert F. Lemanske, Jr, MD,a,b and William W. Busse, MDa Madison, Wis

Asthma is a complex disorder that displays heterogeneity and
variability in its clinical expression both acutely and chronically.
This heterogeneity is influenced by multiple factors including
age, sex, socioeconomic status, race and/or ethnicity, and gene
by environment interactions. Presently, no precise physiologic,
immunologic, or histologic characteristics can be used to
definitively make a diagnosis of asthma, and therefore the
diagnosis is often made on a clinical basis related to symptom
patterns (airways obstruction and hyperresponsiveness) and
responses to therapy (partial or complete reversibility) over time.
Although current treatment modalities are capable of producing
control of symptoms and improvements in pulmonary function in
themajority of patients, acute and often severe exacerbations still
occur and contribute significantly to both the morbidity and
mortality of asthma in all age groups. This review will highlight
some of the important clinical features of asthma and emphasize
recent advances in both pathophysiology and treatment.
(J Allergy Clin Immunol 2010;125:S95-102.)

Key words: Asthma, respiratory syncytial virus, rhinovirus, aller-
gen, prevention, exacerbation, inception, treatment

Asthma is a heterogeneous disorder that is characterized by
variable airflow obstruction, airway inflammation and hyper-
responsiveness, and reversibility either spontaneously or as a
result of treatment. Multiple etiologies no doubt exist for both its
inception and symptom exacerbation once the disease is estab-
lished. Factors underlying inception can range from viral respi-
ratory tract infections in infancy1,2 to occupational exposures in
adults.3 Factors underlying asthma exacerbations include allergen

exposure in sensitized individuals, viral infections, exercise, irri-
tants, and ingestion of nonsteroidal anti-inflammatory agents,
among others. Exacerbating factors can include one or all of these
exposures and vary both among andwithin patients. Asthma treat-
ment is determined to a large extent after an initial assessment of
severity and subsequent establishment of control, both of which
can be variable over time and assessed in 2 domains: impairment
(current) and risk (long-term consequences).4 Unfortunately, de-
spite the availability of effective therapies, suboptimal asthma
control exists in many patients on a worldwide basis.5 The future
development of novel therapies and treatment paradigms should
address these disparities.

NATURAL HISTORY (INCEPTION AND
PROGRESSION)

For many asthmatic subjects, the disease has its roots during
infancy and early childhood. Viral respiratory tract infections
produce wheezing episodes during the first 3 years of life in about
50% of children.6 Some of these children will stop wheezing
(transient wheezers), whereas others will go on to have persistent
symptoms that will either dissipate before adolescence (primarily
nonatopic subjects) or continue into adolescence (atopic wheez-
ers).7 Once in remission, the disease process might remain quies-
cent, or the subject could relapse in later life.8,9 The phenotype of
severe asthma has also been recently well described.10

The pattern and rate of loss of lung function in asthmatic
subjects has been of interest and concern for many investigators.
A number of groups have reported that the greatest absolute loss
of lung function appears to occur very early in childhood.8,11,12

Some have reported that the peak in lung function that is achieved
at about 20 years of age in asthmatic subjects can be decreased13

and that the rate of further loss during adulthood can be increased
in asthmatic subjects.14 About one fourth of children with asthma
might experience greater rates of loss of lung function, and these
children have certain phenotypic characteristics: younger age,
male sex, higher postbronchodilator FEV1 percent predicted,
and greater airway eosinophilic inflammation.15

Molecular and cellular mechanisms in asthma
Children. The performance of invasive procedures in children

to evaluate molecular and cellular mechanisms in asthma is
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obviously not as feasible from a variety of standpoints compared
with adults. However, a few carefully and safely conducted
studies in young children have provided insights into possible
pathophysiologic features as they relate to developmental mile-
stones and disease expression. When bronchoalveolar lavage has
been performed in young wheezing children, a 3-fold increase in
total cells, most significantly lymphocytes, polymorphonuclear
cells, andmacrophages/monocytes, compared with counts seen in
healthy children has been noted. In addition, levels of leukotriene
B4 and C4, prostaglandin E2, and the potentially epithelium-
derived 15-hydroxyeicosattetranoic acid were all increased.16

Several bronchial biopsy studies have been performed in
children. In 53 infants with reversible airflow obstruction eval-
uated for severe wheezing or cough, bronchial biopsy specimens
demonstrated no reticular basement membrane (RBM) thicken-
ing or the eosinophilic inflammation characteristic of asthma in
older children and adults, even in the presence of atopic charac-
teristics.17 Conversely, children younger than 6 years with asthma
had increased epithelial loss, basement membrane thickening,
and eosinophilia compared with control subjects of the same
age. However, similar pathologic changes were seen in atopic
children without asthma.18 Taken together, it appears that the in-
flammatory and structural changes associated with asthma occur
sometime after infancy during the early preschool years, when
children experience more persistent symptoms of airway
dysfunction.

In older children 6 to 16 years of age with difficult asthma
receiving high-dose inhaled corticosteroids (ICSs), RBM thick-
ening to a similar extent to that seen in adult asthmatic subjects
has been demonstrated.19 Additionally, there was no association
with RBM thickening and age, symptom duration, lung function,
or concurrent eosinophilic airway inflammation. However, unlike
adults with asthma, no relationship was observed between RBM
thickness and bronchial wall thickening on high-resolution com-
puted tomographic scanning in children with difficult asthma.20

Finally, persistent airflow obstruction has been associated with
a greater density of CD41 T lymphocytes in endobronchial bi-
opsy specimens in 27 school-aged children with difficult asthma
after treatment with systemic corticosteroids compared with that
seen in control subjects.21

A number of biomarkers have been evaluated to avoid the
invasive procedures of bronchial lavage, biopsy, or both in
children. Exhaled nitric oxide might be useful as a diagnostic
tool and in ongoing management of children with asthma.
Exhaled nitric oxide levels have been demonstrated to differen-
tiate young children with asthma from those without,22 to identify
children who are likely to respond to ICSs,23 and to predict those
children who will experience an asthma relapse after reduction of
ICSs.24 However, recent data indicate that when fraction of
exhaled nitric oxide monitoring is used in conjunction with a
National Asthma Education and Prevention Program guide-
lines–based asthma management program, it might result in
excessive ICS dosing without any significant gains in achieving
or maintaining asthma control.25

Exhaled breath condensate (EBC) is obtained by cooling
exhaled air and is believed to reflect the contents of the airway
lining fluid.26 Hydrogen peroxide, isoprostanes, aldehydes, and
nitrotyrosine are considered markers of oxidative stress, and their
levels are increased in the EBC of children with asthma, suggest-
ing an imbalance between oxidants and antioxidants. Conversely,
levels of glutathione, a protective lung antioxidant, are decreased

in children with acute asthma, suggesting a reduced antioxidant
capacity.27 Levels of the inflammatory mediators cysteinyl leuko-
trienes are increased in the EBC of children with atopic asthma,
even while receiving corticosteroid treatment.28 Finally, airway
pH balance might have a role in asthma because a reduced EBC
pH has been reported in children with acute or stable asthma.26

Levels of several other mediators of inflammatory cells have
been found to be significantly higher in very young children with
asthma, including the number of blood eosinophils, serum
eosinophil cationic protein, eosinophil-derived neurotoxin, and
urinary eosinophil-derived neurotoxin.29 In addition, both in-
creased eosinophil cationic protein and cysteinyl leukotriene
levels30 have been obtained from nasal washings in wheezing
children less than 2 years of age.

Adults. Asthma for most, but not all, patients begins in early
life. As noted above, the cellular and molecular patterns associ-
ated with airway inflammation in asthma are complex, interac-
tive, redundant, and variable.31 In adults, particularly those with
established longstanding disease, the factors that contribute to
the pathophysiology of airway abnormalities are dependent on
the phases of asthma, such as acute, persistent, severe versus non-
severe, or during treatment.

An understanding of the immunopathology of airways in
asthma has been markedly advanced with the use of bronchos-
copy and biopsy. These airway samples can then be analyzed by
using histologic and immunologic methods, and the identified
features can be evaluated in relationship to clinical features of
asthma to more fully understand the contribution of cellular and
molecular events to the resulting physiology and response to
treatment.32 In addition, it is now appreciated that the regulation
of airway inflammation is distinct in different phases of asthma
(ie, early-onset disease largely related to allergic inflammation
and in the persistent or chronic phase of the disease).33 It is helpful
to arbitrarily consider asthma in terms of the traditional TH2 in-
flammatory processes and the more chronic inflammatory phase,
in which resident airway cells assume the more dominant compo-
nent contributing to airway dysfunction (Fig 1),33 to appreciate
the immunopathogenetic mechanisms associated with different
phases of asthma.

In the acute inflammatory aspects of asthma, allergen-IgE–
directed processes are predominant features of airway pathology,
withmast cells, TH2 lymphocytes, and eosinophils the predominant
histologic features.32 The cytokine network associated with these
processes often includes IL-3, IL-4, IL-5, IL-9, and IL-13.34

Mast cells are important contributors both to the initiation of
asthma with release of acute-phase mediators, including cysteinyl
leukotrienes, and also inflammatory cytokines, which serve to per-
petuate inflammatory events in the airway.35 Subpopulations of
lymphocytes polarized toward a TH2 profile further the inflamma-
tory process by release of cytokines, including IL-4, IL-5, and IL-
13. It is these factors that serve to drive inflammation (eg, recruit-
ment of eosinophils) and also regulate IgE production.32

Eosinophils are a characteristic feature of allergic inflamma-
tion.32 The biology of eosinophils is well designed to cause
airway inflammation, enhancement of airway hyperresponsive-
ness, and airflow obstruction. Eosinophils are recruited to the air-
way in asthmatic subjects by families of cytokines, and
chemokines (eg, IL-5, RANTES, and eotaxin) undergo cell acti-
vation through processes not fully identified and release highly in-
flammatory granule-associated substances, the actions of which
injure the airway and cause persistent inflammation. Eosinophils
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are also a rich source for leukotrienes, products of oxidative me-
tabolism, and inflammatory cytokines and growth factors.36 Al-
though the eosinophil is a prominent feature of airway
pathology in asthmatic subjects, its precise contribution to airway
pathophysiology is undergoing re-evaluation.

The pattern of airway injury in patients with chronic asthma
tends to be more variable, with a shift in the histologic picture
toward resident cells of the airway as the more likely cause of
persistent disease. In some patients there will be a progressive
decrease in lung function and the development of chronic
irreversible changes in lung function with their asthma. Although
these changes likely have their origins at the onset of asthma,
many questions remain as to who is at risk for airway remodeling,
when this process begins, and what factors regulate the transition
from acute to chronic inflammation. The recognition of progress-
ive loss of lung function in asthmatic subjects has led to a renewed
interest in the role of resident airway cells in persistent
inflammation.

The airway epithelium is both a target and contributor of
persistent inflammatory airway changes in asthmatic subjects.37

Histologic evaluation of airways in asthmatic subjects, particu-
larly those with more severe disease, reveals injury to epithelium
and often a loss of these cells. Epithelial cells are also a rich
source of inflammatory mediators and growth factors. In addition,
airway smooth muscle often shows hypertrophic and hyperplastic

changes in subjects with persistent severe asthma. Moreover, the
airway smooth muscle can be a source of both inflammatory cy-
tokines and growth factors.38

There are other airway cells involved in asthma histopathology,
including mucous glands and blood vessels. In subjects with
asthma, mucous glands hypertrophy occurs. Activation of these
cells leads to the release of mucus to occlude airways and, in
severe exacerbations, to become the principal cause for resistance
to treatment. Many factors generated in asthma (ie, vascular
endothelial growth factor) can act on airway vessels to cause
proliferation and, as a process, narrow the airways.

Understanding that heterogeneity exists in the pattern of airway
inflammation and the likely molecular factors regulating these
processes explains why current therapy is not effective in all
subjects with asthma. As the phenotypic features of asthma unfold
and with them a recognition of the associated cellular and
molecular events, a more specific approach to treatment will
follow accompanied by improved control of disease.

Risk factors
Risk factors in relationship to asthma have been evaluated in the

context of disease inception (eg, viral infections1,2,39), environ-
mental exposures (eg, aeroallergens,40 pollution,41-43 and tobacco
smoke)44-47 and lifestyle (eg, living on a farm,48 diet,49 and

FIG 1. Inflammatory and remodeling responses in asthma with activation of the epithelial mesenchymal
trophic unit. The epithelial mesenchymal trophic unit has been defined as bidirectional interaction between
the epithelium and underlyingmesenchyme involving the release of selective growth factors and cytokines.
Epithelial damage alters the set point for communication between bronchial epithelium and underlying
mesenchymal cells, leading to myofibroblast activation, an increase in mesenchymal volume, and
induction of structural changes throughout airway wall. Used with permission from the Lancet.33
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antibiotic use50), comorbid conditions (eg, atopic dermatitis51 and
obesity52), and occupational exposures,3 among others, as well as
disease severity (as defined by the risk domain, which is discussed
subsequently; hospitalizations,53,54 frequency and severity of ex-
acerbations,55 and loss of lung function8,56). Genetic factors also
contribute significantly to disease expression and severity.Asthma
is genetically classified as a complex disorder; as such, it does not
follow simpleMendelian inheritance characteristics. Hundreds of
genetic association studies on asthma-related phenotypes have
been conducted in different populations; these have been recently
reviewed.57 Although the importance of gene-environment
interactions in the expression of disease has recently been high-
lighted,58 the complexities involved in analyzing these relation-
ships from a functional perspective have proved challenging.59

Recent pharmacogenetic evaluations in relationship to chronic
b-agonist use60 and corticosteroid efficacy have provided new in-
sights into the variability of response in asthmatic patients.

Exacerbating factors
Allergens. Allergen exposure is important in host allergic

sensitization and as a common precipitant of asthmatic symptoms
in both children and adults. The formation of antigen-specific IgE
antibody to aeroallergens (eg, mites, trees, grasses, and animal
dander)—the development of allergic sensitization but not nec-
essarily of allergic disease—does not usually occur until 2 to 3
years of life. Thus aeroallergen-induced asthma is uncommon
during the first year of life, begins to increase in prevalence during
later childhood and adolescence, and peaks in the second decade
of life. Once established in genetically predisposed individuals,
IgE-mediated reactions are a major contributor both to acute
asthmatic symptoms and chronic airway inflammation. Chronic
low-level exposure to indoor allergens, dust mite and cockroach
in particular, might play a major role in both asthma inception and
subsequent provocation of symptoms.61 Although a wide variety
of inhaled allergens can provoke asthma symptoms, sensitization
to house dust mite,62 cockroach,63Alternaria species,64 and possi-
bly cat40 are important in the pathogenesis of asthma. Dog, but not
cat, ownership during infancy has been shown to reduce the sub-
sequent development of allergic sensitization and atopic dermati-
tis65; numbers of pets and not the type of furred pet might also
reduce future risk.66 These diverse findings indicate that these re-
lationships are indeed complex and might involve gene-environ-
ment interactions. Pollen immunotherapy in school-aged children
with only allergic rhinitis at the start of treatment has been dem-
onstrated to reduce significantly the subsequent risk of the devel-
opment of airway hyperresponsiveness and asthma.67

Infections. Respiratory tract infections caused by viru-
ses,1,68,69Chlamydia species,70 and Mycoplasma species70 have
been implicated in the pathogenesis of asthma. Of these respira-
tory pathogens, viruses have been demonstrated to be epidemio-
logically associated with asthma in at least 3 ways.

First, during infancy, certain viruses have been implicated as
potentially being responsible for the inception of the asthmatic
phenotype. The viruses most convincingly demonstrated in this
regard have been rhinovirus and respiratory syncytial virus
(RSV).1,2 The propensity to respond to these infections differ-
ently in persons destined to have asthma might be due to aberra-
tions in innate immune responses, epithelial cell barrier
alterations that enhance viral replication, and potentially in-
creased virulence of pathogenic viral strains. However, because

nearly every child has been infected at least once with this virus
by 2 years of age, additional genetic, environmental, or develop-
mental factors must contribute to the propensity of RSV to be ep-
idemiologically linked with childhood asthma.

Second, in patients with established asthma, particularly
children, viral upper respiratory tract infections play a significant
role in producing acute exacerbations of airway obstruction that
might result in frequent outpatient visits or hospitalizations.1,71

Rhinovirus, the common cold virus, is the most frequent cause
of exacerbations, but other viruses, including parainfluenza,
RSV, influenza, and coronavirus, also have been implicated, albeit
to a lesser extent. The increased tendency for viral infections to
produce lower airway symptoms in asthmatic subjects might be
related, at least in part, to interactions among allergic sensitiza-
tion, allergen exposure, and viral infections acting as cofactors
in the induction of acute episodes of airflow obstruction.72,73 Ab-
normalities in the innate immune response that would prevent vi-
ral replication in airway epithelial cells from asthmatic subjects
have recently been demonstrated.68

Third, and paradoxically, infections have been considered to
have the potential of actually preventing the development of
allergic respiratory tract diseases, including asthma. Interest in
this area increased after the advancement of the hygiene hypoth-
esis,74 which proposed that increasing family size coincident with
an increased number of infections might protect against these de-
velopments. Based on a progressively broader interpretation of
this initial hypothesis,75 a number of other epidemiologic (eg, liv-
ing on a farm76 and early pathologic bacterial colonization of the
airway77) and biologic (eg, probiotics78) factors have been evalu-
ated regarding their ability to influence the development of aller-
gic sensitization, asthma, or both.

For infections with other microbial agents, recent attention
has focused on Chlamydia and Mycoplasma species as potential
contributors to both exacerbations and the severity of chronic
asthma in terms of loss of lung function or medication require-
ments.70 Finally, infections involving the upper airways (ie, si-
nusitis) have been considered to contribute to asthma control
instability, evoking the concept of a unified airway in relation-
ship to inflammatory responses and alterations in airway
physiology.

Exercise. Exercise is one of the more common precipitants of
airway obstruction in asthmatic subjects.79 The symptoms of ex-
ercise-induced bronchospasm (EIB) can include any or all of the
following: wheezing, coughing, and shortness of breath and, in
children, chest pain or discomfort. The symptoms are most in-
tense for 5 to 10 minutes and usually resolve within 15 to 30 min-
utes after exercise cessation. Under most circumstances, the
degree of bronchoconstriction is rarely severe enough to be life-
threatening, and such a situation almost invariably reflects
advanced untreated disease, confounding triggering factors (ie,
concomitant allergen or irritant exposure), or both. Objective doc-
umentation of airflow obstruction after an exercise challenge test
(!15% decrease in FEV1; !10% if symptoms accompany the
decrease in FEV1)

79 or a convincing history with an appropriate
response to prophylactic or rescue medication is required to
make the diagnosis of EIB. Exercise challenge testing, particu-
larly in elite athletes,80 must be of sufficient intensity and duration
to be able to accurately diagnose the condition, keeping in mind
that such confounding problems as vocal cord dysfunction might
need to be considered in the differential diagnosis.81 The patho-
physiology of EIB can involve exaggerated responses to heat
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andwater loss and the release of inflammatorymediators as a con-
sequence of these thermodynamic alterations.82

Nonsteroidal anti-inflammatory drugs. Approximately
5% to 10% of adult asthmatic patients will have an acute
worsening of symptoms to nonsteroidal anti-inflammatory drugs
(NSAIDs).83 The aspirin triad, asthma, nasal polyps, and aspirin
sensitivity, is usually found in adult asthmatic patients. The re-
sponse to aspirin or other NSAIDs begins within an hour of aspi-
rin ingestion and is associated with profound rhinorrhea, eye
lacrimation, and, potentially, severe bronchospasm. Patients sen-
sitive to aspirin usually are reactive to all other NSAIDs, and var-
iations in the frequency and severity of adverse responses appear
to depend on the potency of each drug within this class of com-
pounds to inhibit the activity of the COX-1 enzyme.83

The sensitivity to NSAIDs is not IgE mediated but involves the
modulation of eicosanoid production. It has been suggested that
NSAIDs act by reducing the formation of prostaglandins, which
help maintain normal airway function, while increasing the
formation of asthma-provoking eicosanoids, including hydrox-
yeicosatetraenoic acids and large quantities of cysteinyl leuko-
trienes.83 In addition, there is evidence that mast cell activation
occurs, and its mediators can be detected in nasal secretions dur-
ing an episode of aspirin-induced asthma.84 This syndrome
should be of concern in any asthmatic subject with nasal polypo-
sis, chronic sinusitis, and eosinophilia, although the polyposis and
sinusitis might precede the onset of recognized NSAID sensitivity
by years.

Aspirin desensitization is available for the aspirin-sensitive
patient who might need anti-inflammatory treatment or for use in
patients with ischemic heart disease. In patients with aspirin-
induced asthma, desensitization with aspirin has proved benefi-
cial in improved asthma control, as well as improved sense of
smell, reduced purulent sinus infections, and need for further
polyp surgery.85,86

Gastroesophageal reflux. The true incidence of gastroe-
sophageal reflux disease (GERD) in asthmatic subjects and as a
causative factor in disease severity has yet to be established.
However, it has been estimated that as many as 45% to 65% of
adults and children with asthma have GERD. The mechanisms by
which GERD affects asthma are also not established but might
include microaspiration or irritation of the esophagus with reflux
bronchospasm. Although often asymptomatic in its presentation,
many patients have nighttime exacerbations or difficult-to-control
symptoms. Confirmation of the importance of GERD to asthma
often requires endoscopy and 24-hour monitoring of intraeso-
phageal pH levels with concomitant measures of peak expiratory
flow rates.

A number of clinical trials have begun to evaluate the effect of
suppressing acid reflux on asthma symptoms. A systematic
review of 12 small trials of proton-pump inhibitors used in
asthma showed an improvement in asthma-related outcomes, but
many studies had design flaws and variability in their outcomes.87

In one study with patients experiencing nocturnal symptoms and
symptomatic gastroesophageal reflux, comparisons were made
between placebo and 40 mg of esomeprazole twice daily.88 Im-
provements in peak flow were noted but not in FEV1, rescue in-
haler use, or nocturnal awakenings. Finally, the American Lung
Association–Asthma Clinical Research Center evaluated 40 mg
of esomeprazole twice daily versus placebo in subjects who
were asymptomatic for acid reflux disease but had documented
acid reflux in 40% of the subjects. Proton-pump inhibitors had

no significant effect on a variety of asthma outcomes.89 These
studies suggest that treatment of acid reflux is beneficial, but im-
provement in symptoms from this condition had no effect on
asthma outcomes.

Psychosocial factors. The role of psychosocial factors, or
‘‘stress,’’ has undergone an important re-evaluation both in terms
of a disease risk factor and a concomitant component of
severity. Evidence has shown that parental stress is a risk factor
for asthma expression in some children.90 The mechanisms by
which this occurs have not been defined but might include the
promotion of allergic inflammation. For example, Liu et al91

found stress from final examinations to enhance eosinophil re-
cruitment to the airway after an antigen inhalation challenge.
Chen et al92 evaluated the influence of socioeconomic status,
which they related to stress, on cytokine generation. With pe-
ripheral blood cells from asthmatic subjects but not healthy con-
trol subjects, lower socioeconomic status was associated with
greater generation of the proinflammatory cytokines IL-5 and
IL-13. These data are a further indication that stress can, in asth-
matic subjects, promote an inflammatory profile. Recent work
has also demonstrated dose-response–type relationships be-
tween panic and asthma and bidirectional longitudinal associa-
tions between the 2 conditions.93

DISEASE PROGRESSION, PREVENTION, AND
TREATMENT

Although a number of research groups are investigating
strategies aimed at asthma prevention,94,95 this goal has not yet
been achieved. Therefore therapy at present is directed primarily
at achieving optimal control while attempting to minimize both
short- and long-term side effects from any therapeutic interven-
tion. Asthma control is defined by an understanding of the pa-
tient’s asthma severity, which can be viewed in 2 domains:
impairment and risk. Impairment is an evaluation of the concur-
rent degree of control in achieving the following: minimal (or
none) chronic symptoms, including nocturnal awakenings caused
by asthma; minimal (or none) need for acute rescue therapy, such
as inhaledb2-agonists; establishment of a normal lifestylewith no
limitations on activities, including exercise; and normalization of
pulmonary function. The risk domain includes criteria that deal
with future events that the treatment program should either pre-
vent or reduce to the greatest extent possible: reduction (or elim-
ination of) in the frequency and severity of asthma exacerbations;
minimal or no loss of lung function over time (considered to be a
potential consequence of airway remodeling); and minimal or no
adverse effects from medications.

The initial selection of pharmacologic treatment is determined
based on the age of the patient and the severity of his or her asthma
at the time of evaluation. Because asthma is a variable but chronic
disease (or syndrome), specific treatment will need to be adjusted
both acutely, or during exacerbations, and chronically in the
context of eliminating or reducing both impairment and risk
because they dynamically fluctuate over time to achieve accept-
able control. a stepwise approach has been adapted for treatment
to accomplish these goals (http://www.nhlbi.nih.gov/guidelines/
asthma/asthgdln.htm).4 The basis of the stepwise approach is to
increase the number, frequency, and dose of medications with in-
creasing asthma severity until the patient’s disease has been put
under ‘‘control’’ (ie, achieving optimal control for that patient).
Once control has been established, step-down therapy can be
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attempted to minimize medication burden, when possible. Re-
cently, the concept of response to therapy has also received in-
creasing attention. Responsiveness is the ease with which
asthma control is achieved by therapy. Responsiveness to an
asthma treatment is highly variable, and it is likely that both ge-
netic and phenotypic characteristics contribute to this intrapatient
and interpatient variability in response over time.96,97

In the last few years, a number of published clinical trials with
new therapeutic agents or novel treatment strategies are notewor-
thy based on their potential effect in initiating or adjusting
medication based on this stepwise severity scheme. The first set of
trials pertains to the treatment of preschool wheezing children.
One trial98 evaluated continuous ICS treatment (2 years receiving
therapy with an ICS and the third year receiving as-needed med-
ication, which served as the observation year) in children who had
a positive asthma predictive index (API). Children with positive
APIs in the first 3 years of life have about a 65% chance of having
clinically diagnosed asthma by age 6 years. During the 2 years of
treatment with a low-dose ICS (fluticasone, 88 mg twice daily)
compared with matching placebo, treated children had signifi-
cantly greater numbers of episode-free days and reduced exacer-
bations requiring oral steroid treatment. However, after
discontinuation of the ICS treatment at the beginning of the obser-
vation period, episode-free days were no different than in the pla-
cebo group within about 3 months. Reduced airway resistance in
the ICS group at the end of the treatment period was no longer ev-
ident at the end of the observation period. Thus early recognition
and treatment of high-risk children can reduce symptom burden
while receiving therapy but does not appear to alter the natural
history of asthma.98 Similar negative results were seen when in-
termittent ICS therapy was prescribed.99 Intermittent therapy
with either an ICS or montelukast at the onset of respiratory tract
symptoms was able to reduce symptom burden during these ill-
nesses; however, these beneficial effects were only seen in chil-
dren with positive APIs.100 In a third study in preschool-aged
children with moderate-to-severe, presumed virus-induced
wheezing, pre-emptive treatment with high-dose fluticasone
(750 mg twice daily at the start of upper respiratory tract symp-
toms) compared with placebo reduced the use of rescue oral cor-
ticosteroids. However, treatment with fluticasone was associated
with a smaller gain in height and weight.101 Finally, in preschool
children presenting to a hospital with mild-to-moderate wheezing
associated with a presumed viral infection, oral prednisolone was
not superior to placebo in reducing the duration of the hospital
stay.102 These disparate results in this age group might relate to
host (eg, presence or absence of atopy103), viral (cause/pathoge-
nicity of viral infection, such as rhinovirus vs RSV104), or both
factors that confer differential responses to these types of inter-
ventions. More studies are obviously needed before precise rec-
ommendations can be made in this age group.

The second set of trials pertains to the use of long-acting
b-agonists (LABAs) in combinationwith ICSs for the treatment of
persistent asthma. Although a number of clinical trials have
demonstrated both safety and efficacy in terms of asthma control
in both the impairment and risk domains,105 concern has been
raised about the potential for adverse outcomes in a small number
of patients with the use of LABAs.106 Recent continued review of
the available data has re-emphasized these potential safety issues
in both children and adults.107 Unfortunately, the possible mech-
anisms underlying these rare events are unknown. Moreover, the
numbers of patients needed to be prospectively evaluated to

ascertain the precise risks involved might be too large to realisti-
cally enroll.108 Overall, however, the benefits of combination ther-
apy appear to outweigh the risks in the majority of patients.
Monotherapy with LABAs in asthmatic subjects should not be
prescribed.

SUMMARY
Asthma is a complex genetic disorder that is characterized by

airway inflammation and reversible airflow obstruction. It is
further distinguished by multiple phenotypes that might differ
based on age of onset, triggering factors, and patterns of severity
both during acute exacerbations and on a more chronic basis, as
reflected by variably reversible loss of lung function. As a result of
this clinical heterogeneity, treatment approaches need to be
individualized and modified to obtain and maintain adequate
symptom and disease control over time. Although current therapy
is targeted at the development of secondary and tertiary preven-
tion strategies, ongoing research is evaluating the prospects of
primary prevention as well.
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Rhinitis and sinusitis

Mark S. Dykewicz, MD,a and Daniel L. Hamilos, MDb Winston-Salem, NC, and Boston, Mass

Rhinitis and sinusitis are among the most common medical
conditions and are frequently associated. In Western societies an
estimated 10% to 25% of the population have allergic rhinitis,
with 30 to 60 million persons being affected annually in the
United States. It is estimated that sinusitis affects 31 million
patients annually in the United States. Both rhinitis and sinusitis
can significantly decrease quality of life, aggravate comorbid
conditions, and require significant direct medical expenditures.
Both conditions also create even greater indirect costs to society
by causing lost work and school days and reduced workplace
productivity and school learning. Management of allergic
rhinitis involves avoidance, many pharmacologic options, and,
in appropriately selected patients, allergen immunotherapy.
Various types of nonallergic rhinitis are treated with avoidance
measures and a more limited repertoire of medications. For
purposes of this review, sinusitis and rhinosinusitis are
synonymous terms. An acute upper respiratory illness of less
than approximately 7 days’ duration is most commonly caused
by viral illness (viral rhinosinusitis), whereas acute bacterial
sinusitis becomes more likely beyond 7 to 10 days. Although the
mainstay of management of acute bacterial sinusitis is
antibiotics, treatment of chronic sinusitis is less straightforward
because only some chronic sinusitis cases have an infectious
basis. Chronic rhinosinusitis (CRS) has been subdivided into 3
types, namely CRS without nasal polyps, CRS with nasal polyps,
and allergic fungal rhinosinusitis. Depending on the type of CRS
present, a variety of medical and surgical approaches might be
required. (J Allergy Clin Immunol 2010;125:S103-15.)

Key words: Rhinitis, sinusitis, rhinosinusitis, allergic, fungal sinusi-
tis, nasal polyposis

Rhinitis and sinusitis are among the most common medical
conditions and are frequently associated.1-4 An estimated 10% to
25% of the population in Western societies has allergic rhinitis.1,2

Sinusitis affects an estimated 31 million persons annually in the
United States.3 Both rhinitis and sinusitis can significantly de-
crease quality of life, aggravate comorbid conditions, and require
significant direct medical expenditures. Both conditions also cre-
ate even greater indirect costs to society by causing lost work and
school days, as well as reduced workplace productivity and
school learning.

For the purposes of this review, sinusitis and rhinosinusitis are
synonymous terms.

RHINITIS
Background

Although semantically, the term rhinitis implies inflammation
of the nasal mucous membranes, inflammatory cell infiltrates
are not characteristic of all disorders considered to be rhinitis.
As a clinical term, rhinitis refers to a heterogeneous group of nasal
disorders characterized by 1 or more of the following symptoms:
sneezing, nasal itching, rhinorrhea, and nasal congestion.1 Rhini-
tis can be caused by allergic, nonallergic, infectious, hormonal,
occupational, and other factors.1,2 Allergic rhinitis is the most
common type of chronic rhinitis, but 30% to 50% of patients
with rhinitis have nonallergic triggers. Preliminary data suggest
that 44% to 87% of patients with rhinitis might have mixed rhini-
tis, a combination of allergic and nonallergic rhinitis.1,2,5 World-
wide, the prevalence of allergic rhinitis continues to increase.
Studies suggest that seasonal allergic rhinitis (hay fever) is found
in approximately 10% to 20% of the general population,1,2 with
an even greater prevalence in children. Overall, allergic rhinitis
affects 30 to 60 million subjects in the United States annually.1,6

Severe allergic rhinitis has been associated with diminished
quality of life, disordered sleep (in as many as 76% of patients),
obstructive sleep apnea, and impairment in work performance.1,2

In addition, rhinitis can contribute to sinusitis (see the section
below on Sinusitis, comorbidities, and allergic rhinitis) and is
frequently associated with asthma.
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Pathogenesis
Nasal anatomy and physiology. The nasal cavity (Fig 1)

is divided by the nasal septum, which is composed of bone more
proximally and cartilage more distally. The inferior, middle, and
superior turbinates in the nasal cavity promote air filtration,
humidification, and temperature regulation. The nasal cavity
and turbinates are lined with mucosa comprised of pseudostrati-
fied columnar ciliated epithelium that overlies a basement mem-
brane and the submucosa (lamina propria). The submucosa
consists of serous and seromucous nasal glands, nerves, extensive
vasculature, and cellular elements. Overlying the nasal epithe-
lium is a thin layer of mucus that dynamically moves by means
of ciliary action to the posterior nasopharynx. Infections (viral
or bacterial) and allergic inflammation impair mucociliary clear-
ance. Because nasal tissues are highly vascular, vascular changes
can lead to significant nasal obstruction. Vasoconstriction and
consequent decreases in nasal airway resistance result from sym-
pathetic nerve stimulation. Parasympathetic nerve stimulation
promotes secretion from nasal airway glands and nasal conges-
tion. The nasal mucosa also contains nerves of the nonadrenergic
noncholinergic system. Neuropeptides from the latter nerves
(substance P, neurokinin A and K, and calcitonin gene–related
peptide) are thought to play some role in vasodilatation, mucus
secretion, plasma extravasation, neurogenic inflammation, and
mast cell nerve interactions, but the relative clinical importance
of neuropeptides needs further definition.7

Allergic rhinitis
Pathophysiology. Common allergens causing allergic rhi-

nitis include proteins and glycoproteins in airborne dust mite fecal
particles, cockroach residues, animal danders, molds, and pollens.
On inhalation, allergen particles are deposited in nasal mucus,
with subsequent elution of allergenic proteins and diffusion into
nasal tissues. In addition, small-molecular-weight chemicals in
occupational agents or drugs can act as haptens that react with
self-proteins in the airway to form complete allergens. Evidence
extrapolated from asthma studies suggests that once in nasal
tissues, common aeroallergens not only undergo antigen process-
ing to elicit allergen-specific allergic responses but also promote
development of allergic airway disease through their inherent
properties. For example, protease activities of several common
aeroallergens can facilitate allergen access to antigen-presenting
cells by cleaving tight junctions in the airway epithelium and
activation of protease-activated receptors on epithelial cells.8

Activated epithelial cells then produce cytokines, chemokines,
and thymic stromal lymphopoietin, which interact with interepi-
thelial and subepithelial dendritic cells to skew T-cell develop-
ment and adaptive allergic sensitization. The house dust mite
allergen Der p 2 mimics MD-2, the LPS-binding component of
the Toll-like receptor 4 signaling complex,2 and facilitates Toll-
like receptor 4 signaling and airway TH2-type inflammation.9

In the nose allergens are processed by antigen- presenting cells
(dendritic cells expressing CD1a and CD11c andmacrophages) in
the nasal epithelial mucosa, with subsequent presentation of
allergenic peptides by MHC class II molecules to T-cell receptors
on resting CD41 T lymphocytes in regional lymph nodes. With
costimulatory signals, allergen-stimulated T cells proliferate
into TH2-biased cells that release IL-3, IL-4, IL-5, IL-13, and
other cytokines. These cytokines then lead to a cascade of events
that promote B-cell isotype switching with subsequent local and

systemic production of allergen-specific IgE antibody production
by plasma cells, eosinophilic infiltration into the nasal epithelium
and mucosa, and mast cell proliferation and infiltration of airway
mucosa.

Early/immediate allergic response. Within minutes of
inhalation of allergen in sensitized subjects, deposited allergens
are recognized by IgE antibody bound tomast cells and basophils,
causing degranulation and release of preformed mediators, such
as histamine and tryptase, and the rapid de novo generation of me-
diators, including cysteinyl leukotrienes (leukotrienes C4, D4, and
E4) and prostaglandin D2. Mediators cause plasma leakage from
blood vessels and dilation of arteriovenous arteriole venule anas-
tomoses, with consequent edema, pooling of blood in the cavern-
ous sinusoids (the principal cause of the congestion of allergic
rhinitis), and occlusion of the nasal passages.Mediators also stim-
ulate active secretion of mucus from glandular and goblet cells.
Histamine elicits itching, rhinorrhea, and sneezing, whereas other
mediators, such as leukotrienes and prostaglandin D2, likely have
more important roles in the development of nasal congestion.
Stimulation of sensory nerves results in the perception of nasal
congestion and itching and can provoke systemic reflexes, such
as sneezing paroxysms.1,10

Late-phase response. Mediators and cytokines released
during the early phase set off a cascade of events over the ensuing
4 to 8 hours that lead to an inflammatory response called the late
response. Although clinical symptoms during the late phasemight
be clinically similar to those of the immediate reaction, nasal
congestion is more prominent. The cysteinyl leukotrienes also
play an active role in recruitment of inflammatory cells. Media-
tors and cytokines released during the early response act on post-
capillary endothelial cells to promote expression of adhesion
molecules, such as intercellular adhesion molecule 1, E-selectin,
and vascular cell adhesion molecule 1, that promote adherence of
circulating leukocytes, such as eosinophils, to endothelial cells.
Factors with chemoattractant properties, such as IL-5 for eosino-
phils, promote the infiltration of the superficial lamina propria of
the mucosa with many eosinophils, some neutrophils and baso-
phils, and eventually CD41 (TH2) lymphocytes and macro-
phages.1 These cells become activated and release more
mediators, which in turn activate many of the proinflammatory
reactions seen in the immediate response.

FIG 1. Nasal anatomy. Reprinted with permission from Dykewicz MS.
Rhinitis and sinusitis. In: Rich RR, Fleischer TA, Shearer WT, Schroeder HW
Jr, Frew AJ, Weyand CM, editors. Clinical Immunology. 3rd ed. London:
Mosby Elsevier; 2008. p. 626-39.
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Priming effect. The amount of allergen necessary to elicit an
immediate response becomes less when allergen challenges are
given repeatedly, a phenomenon called the priming effect.1,11

During ongoing, prolonged allergen exposure and repeated late-
phase/inflammatory responses, the nasal mucosa becomes
progressively more inflamed and responsive to allergen. Clini-
cally, the priming effect can explain why patients might have
increasing symptoms despite decreasing aeroallergen levels as a
season progresses and also provides the rationale for initiating
effective anti-inflammatory rhinitis therapies before a pollen sea-
son or before other chronic or repetitive aeroallergen exposures.
In addition, the priming effect from allergen is also associated
with mucosal hyperresponsiveness to nonantigenic triggers,
such as strong odors and cigarette smoke.

Associated nonnasal symptoms. Allergic rhinitis is
often accompanied by allergic conjunctivitis (a complex some-
times referred to as allergic rhinoconjunctivitis) that results in
conjunctival injection and chemosis and symptoms of itchy eyes
and tearing.1 The prevalence and severity of conjunctival symp-
toms associated with allergic rhinitis vary with several factors,
but one study found allergic conjunctivitis symptoms in more
than 75% of patients with seasonal allergic rhinitis.12 Sensitivity
to pollens is more frequently associated with ocular symptoms
than is sensitivity to house dust mites. Itching of the ears and
throat can also be associated with allergic rhinitis.

Association with asthma. Allergic asthma and rhinitis are
comorbid conditions that are associated pathophysiologically and
epidemiologically.1,2 Both are airway diseases in which IgE anti-
body sensitization to aeroallergens is a prominent feature. There
is some evidence that systemic trafficking of inflammatory cells
from local inflammation in one portion of the respiratory tract
can induce inflammatory changes in the other, with one example
being that segmental bronchial allergen challenge in patients with
allergic rhinitis has been shown to result in both bronchial and
nasal inflammatory responses.13 Treatment with intranasal corti-
costeroids in patients with allergic asthma and rhinitis has been
shown to prevent the seasonal increase in bronchial hyperreactivity
and to reduce existing bronchial hyperreactivity.1,14,15 More than
80% of persons with allergic asthma have allergic rhinitis, and
allergic rhinitis is a clear risk factor for the eventual development
of asthma.1,2 Guidelines recommend that patients with persistent
allergic rhinitis should be evaluated for asthma and patients with
asthma should be evaluated for rhinitis.1,2

Differential diagnosis, including forms of nonallergic
rhinitis. Some of the classic symptoms of allergic rhinitis
(rhinorrhea, nasal congestion, sneezing, and nasal itching) over-
lap with symptoms associated with forms of nonallergic rhinitis
(Table I) and various anatomic abnormalities of the upper airway
(Table II), sometimes making it difficult to distinguish between
these disorders on the basis of history alone.

Nonallergic rhinitis without eosinophilia. Sometimes
termed idiopathic rhinitis,2 this manifests as chronic nasal symp-
toms not caused by allergic or infectious processes. Symptoms are
nasal obstruction, increased secretions, or both, with sneezing and
pruritus being less common. This clinical presentation is likely
caused by a heterogeneous group of disorders with a pathogenesis
that is incompletely understood. Vasomotor rhinitis is a term that
is sometimes used synonymously with the term nonallergic rhini-
tis without eosinophilia but sometimes can more specifically
connote nasal symptoms that occur in response to environmental

conditions, such as changes in temperature or relative humidity,
odors (eg, perfumes or cleaning materials), passive tobacco
smoke, alcohol, sexual arousal, and emotional factors. Such
hyperreactivity to nonallergic triggers is not mediated by in-
creased neural efferent traffic to the blood vessels supplying the
nasal mucosa and can also occur in allergic rhinitis, when the
term mixed rhinitis is applied.1,2

Nonallergic rhinitis with eosinophilia syndrome.
Nonallergic rhinitis with eosinophilia syndrome (NARES) is
characterized by perennial nasal symptoms (particularly nasal
congestion), sneezing paroxysms, profuse watery rhinorrhea,
nasal pruritus, and occasional loss of smell.1,2 Nasal smears
demonstrate eosinophils (inconsistently defined as >5%
to >20%),16,17 as in allergic rhinitis, but patients lack evidence
of allergic disease based on skin testing or serum levels of IgE
to environmental allergens. However, similar to histologic find-
ings in patients with allergic rhinitis, mast cells with bound IgE
and increased tryptase levels have been found in nasal mucosal bi-
opsy specimens of patients with NARES. Patients are typically
middle-aged adults. The prevalence of NARES in the general
population is uncertain, but NARES occurs extremely infre-
quently in childhood and probably accounts for less than 2% of
children with nasal eosinophilia.18 It has been proposed that the
syndrome might be an early stage of nasal polyposis and aspirin

TABLE I. Types of rhinitis

I. Allergic rhinitis
II. Nonallergic rhinitis
A. Vasomotor rhinitis

1. Irritant triggered (eg, chlorine)
2. Cold air
3. Exercise (eg, running)
4. Undetermined or poorly defined triggers

B. Gustatory rhinitis
C. Infectious
D. NARES

III. Occupational rhinitis
A. Caused by protein and chemical allergens; IgE mediated
B. Caused by chemical respiratory sensitizers; immune

mechanism uncertain
C. Work-aggravated rhinitis

IV. Other rhinitis syndromes
A. Hormonally induced

1. Pregnancy rhinitis
2. Menstrual cycle related

B. Drug induced
1. Rhinitis medicamentosa
2. Oral contraceptives
3. Antihypertensive and cardiovascular agents
4. Aspirin/NSAIDs
5. Other drugs

C. Atrophic rhinitis
D. Rhinitis associated with inflammatory-immunologic disorders

1. Granulomatous infections
2. Wegener granulomatosis
3. Sarcoidosis
4. Midline granuloma
5. Churg-Strauss syndrome
6. Relapsing polychondritis
7. Amyloidosis

Reprinted with permission from Wallace et al.1

NSAIDs, Nonsteroidal anti-inflammatory drugs.
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sensitivity.19 Patients with NARES are at risk for obstructive sleep
apnea.20

Hormonal rhinitis and rhinitis of pregnancy. Rhinitis
can be caused by hormonal changes of pregnancy or puberty, the
use of oral contraceptives or conjugated estrogens, or thyroid
disorders. In pregnancy rhinitis de novo nasal congestion de-
velops during pregnancy proposed to occur from hormone-in-
duced nasal vascular pooling resulting from vasodilation and
increased blood volume. Symptoms usually disappear within 2
weeks after delivery. However, pre-existing rhinitis is a more
common cause of nasal symptoms in pregnant women, with ap-
proximately one third of woman with allergic rhinitis having
worsened symptoms during pregnancy.21

Drug-induced rhinitis. Rhinitis can be caused by either oral
or topical medications. Causal oral medications include angioten-
sin-converting enzyme inhibitors (which can cause nasal symptoms
in the absence of the more common adverse effect of cough),
b-blockers, various antihypertensive agents, aspirin, other nonste-
roidal anti-inflammatory drugs, and oral contraceptives.1,2 Use of
topical a-adrenergic decongestant sprays for more than 5 to 7
days can induce rebound nasal congestion on withdrawal and
reduced mucociliary clearance because of loss of ciliated epithelial
cells (rhinitis medicamentosa).22 Repeated use of intranasal co-
caine and methamphetamine can also result in rebound congestion
and, on occasion, septal erosion and perforation.

Food-induced rhinitis. Ingested food allergens rarely cause
isolated rhinitis on an IgE-mediated basis without involvement of
other organ systems.1,2 Ethanol in beer, wine, and other alcoholic
drinks can produce symptoms that have been proposed to occur
because of pharmacologic nasal vasodilation. Gustatory rhinitis
is a cholinergically mediated syndrome of watery rhinorrhea
occurring immediately after ingestion of foods, particularly hot
and spicy foods.23 It can occur as a distinct entity or accompany
other types of rhinitis.

Atrophic rhinitis. Primary atrophic rhinitis is a chronic
condition characterized byprogressive atrophyof the nasalmucosa,
resorption of underlying bone and turbinates, nasal dryness, and
foul-smelling nasal crusts associated with a constant bad smell
(ozena).24,25 Often associated with sinusitis, it occurs more
commonly in young to middle-aged adults and is more prevalent
in developing countries with warm climates. The nasal cavities ap-
pear abnormally wide on examination, and squamous metaplasia,

atrophy of glandular cells, and loss of pseudostratified epithelium
are found in nasal biopsy specimens. The dryness and reduction
of nasal mucosal tissue with the resultant decreased resistance to
airflow is, paradoxically, perceived by patients as severe nasal
congestion. An infectious basis has been proposed. Secondary
atrophic rhinitis can be less severe and progressive than primary
atrophic rhinitis and develops as a direct result of other primary
conditions, such as chronic granulomatous nasal infections, chronic
sinusitis, excessive nasal surgery, trauma, and irradiation.

Infectious rhinosinusitis. Acute viral upper respiratory tract
infection (URI) presents with nasal symptoms and constitutional
symptoms (fever, myalgias, and malaise). Pruritus is typically
absent, and symptoms resolve within 7 to 10 days. Acute and
chronicbacterial sinusitis canbe difficult todistinguish from rhinitis
on the basis of history (see the section on infectious rhinosinusitis).

Differential considerations other than rhinosinusitis
For more information on differential considerations other than

rhinosinusitis, see Table II. Anatomic abnormalities usually pre-
sent with prominent obstructive symptoms with less prominent
symptoms of rhinorrhea. Septal deviation can cause symptoms
of unilateral or bilateral congestion or recurrent sinusitis,
although more often it is asymptomatic. Septal deviations can of-
ten be diagnosed by seeing the external deviation of the nose or by
looking anteriorly with a nasal speculum. Diagnosismight require
fiberoptic rhinopharyngoscopy or computed tomographic (CT)
scanning. Nasal polyps are benign inflammatory growths that
arise from the inflamed mucosa lining the paranasal sinuses.
They can cause invariant unilateral or bilateral nasal obstruction
and loss of smell or rhinorrhea (see the section on CRS with nasal
polyposis [CRScNP]). Polyps are infrequent in children, except
for those with cystic fibrosis, in whom polyps with neutrophilic
infiltrates are characteristic,26 in contrast to eosinophilic infil-
trates typical of most nasal polyps. Unilateral nasal polyps should
raise consideration of a possible neoplasm.

Other differential considerations for nasal symptoms include
nasal tumors that can be benign or malignant. The most common
presentation of tumors is obstruction. Juvenile angiofibromas
often present with bleeding in adolescent males. Nasal carcinoma
can present with unilateral epistaxis and nasal pain. Young
children might place intranasal foreign bodies in their noses
(eg, small parts of toys), leading to foul-smelling, purulent
discharge and unilateral nasal obstruction that predisposes to
sinusitis. Adenoidal hypertrophy in young children causes bilat-
eral nasal obstruction and is often associated with nocturnal
mouth breathing and snoring. Wegener granulomatosis can
present with nasal and sinus complaints, including purulent
rhinorrhea and occasionally septal erosions and perforations.
Sj€ogren syndrome can cause nasal dryness, congestion, and
crusting. Sarcoidosis can present with nasal congestion.

Diagnosis. Full evaluation of a patient with rhinitis should
include assessment of specific symptoms bothersome to the
patient (eg, nasal congestion, pruritus, rhinorrhea, and sneezing),
the pattern of symptoms (eg, infrequent/intermittent, seasonal,
and perennial) that might affect therapeutic choices, identification
of precipitating factors that might be avoided, previous response
to medications, coexisting conditions, and a detailed environ-
mental history, including home and occupational exposures.1,2

Nasal itching is more suggestive of allergic rhinitis than nonaller-
gic rhinitis. Because allergic rhinitis is frequently associated with

TABLE II. Differential diagnosis of rhinitis: Conditions that might

mimic symptoms of rhinitis

A. Nasal polyps
B. Structural/mechanical factors

1. Deviated septum/septal wall anomalies
2. Adenoidal hypertrophy
3. Trauma
4. Foreign bodies
5. Nasal tumors

a. Benign
b. Malignant

6. Choanal atresia
7. Cleft palate
8. Pharyngonasal reflux
9. Acromegaly (excess growth hormone)

C. Cerebrospinal fluid rhinorrhea
D. Ciliary dyskinesia syndrome

Reprinted with permission from Wallace et al.1

J ALLERGY CLIN IMMUNOL

FEBRUARY 2010

S106 DYKEWICZ AND HAMILOS



allergic conjunctivitis, the presence of eye pruritus and lacrima-
tion is a helpful indication that a patient’s rhinitis has an allergic
basis. Pollens are generally associated with seasonal allergic rhi-
nitis. In most regions of the United States, trees pollinate in the
spring, grasses in the late spring and early summer, and weeds
in the late summer and fall. However, in some regions (eg, por-
tions of California) pollens can cause perennial symptoms. Peren-
nial allergens, such as house dust mites, cockroaches, and
animals, cause symptoms that vary little between seasons, making
it difficult to accurately distinguish between allergic and nonaller-
gic rhinitis on the basis of history alone. Family history is an im-
portant clue in making the diagnosis of allergic rhinitis in
children. A handheld otoscope or headlamp with nasal speculum
permits viewing of the anterior third of the nasal airway, including
the anterior tip of the inferior turbinates (and occasionally the an-
terior tip of the middle turbinates) and portions of the nasal
septum. Treatment with a topical decongestant improves visuali-
zation of the nasal cavity. However, some nasal polyps, septal de-
viation, and masses can be missed because of the inability to
visualize the posterior and superior nasal airways. Typically,
patients with allergic rhinitis have clear discharge, swollen turbi-
nates, and bluish or pale mucosa. Pale or erythematous mucosa
can be seen in various types of nonallergic rhinitis. Both allergic
and nonallergic rhinitis can cause allergic shiners, infraorbital
darkening thought to be caused by chronic venous pooling, or
an allergic salute in children who rub their noses upward because
of nasal discomfort, sometimes producing a persistent horizontal
crease across the nose. In association with rhinitis, physical find-
ings of bilateral conjunctivitis (mild injection with nonpurulent
discharge) are suggestive of allergy. Patients with nasal disease
require appropriate examination for associated diseases, such as
sinusitis and otitis media.

Determination of specific IgE antibodies to known allergens by
means of skin testing or in vitro tests is indicated to provide evi-
dence of an allergic basis for the patient’s symptoms, to confirmor
exclude suspected causes of the patient’s symptoms, or to assess
the sensitivity to a specific allergen for avoidance measures, aller-
gen immunotherapy, or both.1,2 Skin testing is preferred for its
simplicity, ease, and rapidity of performance; low cost; and
high sensitivity.1 In patients with perennial rhinitis, history is usu-
ally insufficient for distinguishing allergic from nonallergic rhini-
tis, and testing is of added importance. Neither total serum IgE
levels nor total circulating eosinophil counts are routinely indi-
cated in the diagnosis of rhinitis because they are neither sensitive
nor specific for allergic rhinitis.1

Nasal cytology might aid in differentiating allergic rhinitis and
NARES from other forms of rhinitis, such as vasomotor or
infectious rhinitis, if the correct procedure is followed and the
appropriate stains are used. However, there is lack of expert
consensus about whether nasal cytology should be routinely used
in the diagnosis of rhinitis.1 In selected cases special techniques,
such as fiberoptic nasal endoscopy, inspiratory peak flow mea-
surements, acoustic rhinometry, or rhinomanometry, to assess air-
way function might be useful in evaluating patients presenting
with rhinitis symptoms.

Treatment. Avoidance measures. Avoidance of inciting
factors, such as allergens (house dust mites, molds, pets, pollens,
and cockroaches), irritants, and medications, can effectively
reduce symptoms of rhinitis. In particular, patients allergic to
house dust mites should use allergen-impermeable encasings on
the bed and all pillows. Pollen exposure can be reduced by

keeping windows closed, using an air conditioner, and limiting
the amount of time spent outdoors.

Medications. Selection of medications should be individual-
ized based on multiple considerations, including patient prefer-
ence (eg, intranasal vs oral), individual response (which can differ
from average responses in the general population), and cost.1

Some medications are more effective for treating certain types
of rhinitis (eg, allergic vs nonallergic), more severe symptoms,
or particular rhinitis symptoms that are more bothersome to a
patient (eg, nasal congestion).1,2 Medications also differ in onset
of action, with those having more rapid symptom relief better
suited to treating episodic rhinitis (defined by the Joint Task Force
as allergic nasal symptoms elicited by sporadic exposures to inhal-
ant aeroallergens that are not usually encountered in the patient’s
indoor or outdoor environment)1 or intermittent symptoms
(defined by Allergic Rhinitis and Its Impact on Asthma guidelines
as present <4 days per week or <4 weeks duration).2Table III re-
views principalmedication options for rhinitis (bothmonotherapy
and combination regimens), listing therapeutic considerations for
treatment of allergic rhinitis and then for nonallergic rhinitis.

Allergen immunotherapy/allergy vaccination. Subcu-
taneous allergen immunotherapy can be highly effective in
controlling symptoms of allergic rhinitis and favorably modifies
the long-term course of the disease.27 Sublingual immunotherapy
with single allergens, although part of clinical practice for the
treatment of rhinitis in Europe, is undergoing clinical trials in
the United States and is not approved by the US Food and Drug
Administration (FDA) at the time of this manuscript’s submis-
sion. Patients with allergic rhinitis should be considered candi-
dates for immunotherapy on the basis of the severity of their
symptoms, failure or unacceptability of other treatment modali-
ties, presence of comorbid conditions, and possibly as a means
of preventing worsening of the condition or the development of
comorbid conditions (eg, asthma and sinusitis).1,27 Approxi-
mately 80% of patients will experience symptomatic improve-
ment after 1 to 2 years of subcutaneous immunotherapy, and
guidelines recommend that treatment be continued for a total of
4 to 5 years.27 In many patients the beneficial effects persist for
years after injections are stopped. Allergen immunotherapy for al-
lergic rhinitis can reduce the development of asthma in children
and possibly in adults.1,27,28

Considerations in select populations. Children.
Because some, although not all, nasal corticosteroid preparations
havebeen reported to reduce lineargrowth (at least temporarily),29-31

growth should be monitored in children receiving these agents.
Elderly. Allergy is an uncommon cause of perennial rhinitis in

individuals older than 65 years. More commonly, rhinitis in the
elderly is due to cholinergic hyperreactivity (associated with
profuse watery rhinorrhea, which might be aggravated after
eating [ie, gustatory rhinitis]), a-adrenergic hyperactivity (con-
gestion associated with antihypertensive drug therapy), or sinus-
itis.1 Because the elderly might have increased susceptibility to
the adverse central nervous system and anticholinergic effects
of antihistamines, nonsedating agents are recommended if anti-
histamines are used for allergic rhinitis. Oral decongestants
should be used with caution in this patient subset because of their
effects on the central nervous system, heart, and bladder function.

Pregnancy. The time for greatest concern about potential
congenital malformation caused by medication use is the first
trimester, when organogenesis occurs.1,32,33 When selecting medi-
cations for treating rhinitis in pregnancy, the clinician might
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TABLE III. Principal medication options for rhinitis (listed in alphabetical order)

For AR, both seasonal and perennial

Therapeutic considerations
Monotherapy

Oral agents
Antihistamines, oral (H1 receptor antagonists) d Continuous use is most effective for SAR and PAR but appropriate for PRN use in episodic

or intermittent AR because of relatively rapid onset of action.
d Less effective for nasal congestion than for other nasal symptoms
d Less effective for AR than INSs, with similar effectiveness to INSs for associated ocular

symptoms
d Because they are generally ineffective for non-AR, other choices are typically better for

mixed rhinitis.
d To avoid sedation (often subjectively unperceived), performance impairment, or anticho-

linergic effects of first-generation antihistamines, second-generation agents are generally
preferred.

d Of these, fexofenadine, loratadine, and desloratadine without sedation at recommended
doses

Corticosteroids, oral d A short course (5-7 days) might be appropriate for very severe nasal symptoms.
d Preferred to single or recurrent administration of intramuscular corticosteroids

Decongestants, oral d Pseudoephedrine reduces nasal congestion.
d Side effects include insomnia, irritability, palpitations, and hypertension.

Leukotriene receptor antagonists (LTRAs) d Montelukast is approved for SAR and PAR.
d The efficacies of LTRAs and oral antihistamines are similar (with loratadine as the usual

comparator).
d Because approved for both rhinitis and asthma, can be considered when both conditions

are present.
d Side effects are minimal.

Intranasal agents
Intranasal antihistamines d Effectiveness for AR is equal or superior to that of oral second-generation antihistamines

with a clinically significant effect on nasal congestion.
d Generally less effective than INSs for nasal symptoms
d Clinically significant rapid onset of action (within several hours or less), making them

appropriate for PRN use in patients with episodic AR
d Because azelastine nasal spray is approved for vasomotor rhinitis, appropriate choice for

mixed rhinitis
d Side effects with intranasal azelastine are bitter taste and somnolence.

Intranasal anticholinergic (ipratropium) d Reduces rhinorrhea but not other symptoms of AR.
d Appropriate for episodic AR because of rapid onset of action
d Side effects are minimal, but nasal dryness can occur.

Intranasal corticosteroids (INSs) d Most effective monotherapy for AR
d Effective for all symptoms of SAR and PAR, including nasal congestion
d The usual onset of action is less rapid than that of oral or intranasal antihistamines, usually

occurs within 12 hours, and can start as early as 3-4 hours in some patients.
d Might be considered for episodic AR
d PRN use (eg, >50% days use) is effective for SAR.
d More effective than the combination of an oral antihistamine and LTRA for SAR and PAR
d Similar effectiveness to oral antihistamines for associated ocular symptoms of AR
d Appropriate choice for mixed rhinitis because agents in this class are also effective for

some cases of non-AR
d Without significant systemic side effects in adults
d Growth suppression in children with PAR has not been demonstrated when used at

recommended doses.
d Local side effects are minimal, but nasal bleeding can occur, as well as rare nasal septal

perforation.

Intranasal cromolyn d Used for maintenance treatment of AR; onset of action within 4-7 days; full benefit can
take weeks.

d For episodic rhinitis, administration just before allergen exposure protects for 4-8 hours
against allergic response.

d Less effective than nasal corticosteroids, and there are inadequate data for comparison with
leukotriene antagonists and antihistamines.

d Minimal side effects
Intranasal decongestants d Useful for the short-term and possibly for episodic therapy of nasal congestion but

inappropriate for daily use because of risk for rhinitis medicamentosa

(Continued)
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consider the FDA risk categories (category B being more favorable
than category C) that are based largely on animal data and limited
human studies.1 However, it is also suggested that a clinician con-
sider humancohort and case-control studies, aswell asbirth registry
data.1 Nasal cromolyn has the most reassuring safety profile in
pregnancy. Cetirizine, chlorpheniramine, loratadine, and tripelenn-
amine have been rated FDA pregnancy category B, whereas many
other antihistamines have a category C rating. Intranasal budeso-
nide has a category B rating, whereas other nasal corticosteroids
are rated categoryC.Oral decongestants are best avoided in the first
trimester because of the risk of gastroschisis in the newborn.34

Allergen immunotherapy should not be started or advanced in
dose during pregnancy but might be continued at a stable dose.

SINUSITIS (RHINOSINUSITIS)
Sinus anatomy and physiology

Normal sinus function requires (1) patency of each sinus ostia,
(2) normal mucociliary function, and (3) normal systemic and
local immune function. Epithelial cilia in the sinuses normally
beat mucus in an ordered fashion toward the ostia that commu-
nicate with the nasal cavity. The maxillary, anterior ethmoid, and
frontal sinuses drain through a comparatively narrow drainage
pathway, the ostiomeatal unit (complex), which communicates
into the middle meatus, a space between the inferior and middle
turbinates (Fig 2). In 50% of cases, the frontal sinus drains just an-
terior to this region. The posterior ethmoid and sphenoid sinuses

drain through the sphenoethmoidal recess. Sinus ostial obstruc-
tion is common in patients with acute rhinosinusitis and CRS.
Mucociliary function is grossly abnormal in diseases, such as cys-
tic fibrosis, or in ciliary dysmotility syndrome (Kartagener syn-
drome). Mucociliary function might be impaired by cigarette
smoke, environmental pollutants, or viral URIs.35 Systemic im-
mune function is impaired by hypogammaglobulinemia, severe
T-cell dysfunction, or immune suppression. It has been suggested
but not proved that defects in local innate immune function might
predispose to sinus infections. Local innate function involves (1)
pathogen recognition and signaling through epithelial Toll-like
and other innate receptors and (2) secretion of collectins and
antimicrobial peptides.36 Defects in either pathway remain
largely unstudied in sinusitis.

Rationale for rhinosinusitis rather than sinusitis
The symptoms of rhinitis and sinusitis overlap, and sinusitis

rarely occurs in the absence of rhinitis.4 Second, there is an
important interrelationship between the middle turbinate and
the ethmoid sinus such that cyclic variations in nasal turbinate
swelling occurring during the normal nasal cycle can causemuco-
sal thickening in the ethmoidal infundibulum. This thickening
might be interpreted as ethmoid sinusitis.37 The ethmoid infun-
dibulum and the nose represent contiguous structures sharing
vascular, neuronal, and interconnecting anatomic pathways. For
these reasons, some expert panels have adopted the term

TABLE III. (Continued)

Therapeutic considerations
Combination therapy

Antihistamine, oral with decongestant, oral d Provides more effective relief of nasal congestion than antihistamines alone
Antihistamine, oral with LTRA, oral d Might be more effective than monotherapy with an antihistamine or LTRA

d Combination is less effective than INSs.
d Alternative if patients are unresponsive to or not compliant with INSs

Antihistamine, oral with intranasal antihistamine d Combination can be considered, although controlled studies of additive benefit are lacking.
Antihistamine, oral with INS d Combination can be considered, although supporting studies are limited, and many studies

are unsupportive of the additive benefit of adding an antihistamine to an intranasal steroid.
Intranasal anticholinergic with INS d Concomitant ipratropium bromide nasal spray with INS is more effective for rhinorrhea

than administration of either drug alone.

Intranasal antihistamine with INS d Combination can be considered based on limited data indicating additive benefit.
d There are inadequate data about the optimal interval between administration of the 2

sprays.
d For mixed rhinitis, there is a possible added benefit to combination of intranasal antihis-

tamine with INS.
LTRA, oral with INS d Provides subjective additive relief in limited studies; data are inadequate.

For nonallergic (idiopathic) rhinitis

Therapeutic considerations (for side effects, see AR table)
Monotherapy

Oral agents
Antihistamines, oral (H1 receptor antagonists) d Generally ineffective for non-AR
Decongestants, oral d Pseudoephedrine reduces nasal congestion.

Intranasal agents
Intranasal antihistamines d Effective for vasomotor rhinitis
Intranasal anticholinergic (ipratropium) d Effective only for rhinorrhea of non-AR syndromes

d Special role for preventing rhinorrhea of gustatory rhinitis
INSs d Effective for some forms of non-AR, including vasomotor rhinitis and NARES

Combination therapy d There are inadequate data to provide firm recommendations in non-AR.

Adapted from Wallace et al.1

AR, Allergic rhinitis; INS, intranasal corticosteroids; LTRA, leukotriene receptor antagonist; PAR, perennial allergic rhinitis; PRN, as required; SAR, seasonal allergic rhinitis.
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rhinosinusitis rather than sinusitis, emphasizing that sinusitis typ-
ically involves the nasal passages and the paranasal sinuses.4,38

For the purposes of this review, sinusitis and rhinosinusitis are
synonymous terms.

Infectious rhinosinusitis
Viral rhinosinusitis is defined as acute rhinosinusitis caused by

viral infection. Viral rhinosinusitis is often difficult to distinguish
from acute bacterial rhinosinusitis (ABRS) and can be accompa-
nied by inflammatory changes in the sinuses.39 ABRS, by defini-
tion, is caused by a bacterial pathogen. CRS is an inflammatory
condition in which infection plays an important role. Each of
these entities is discussed further below.

The transition from viral rhinosinusitis to ABRS
The principal inciting event for ABRS is viral rhinosinusitis

(also known as a viral URI). The transition from viral rhinosi-
nusitis to ABRS is variable and only occurs in 0.5% to 2% of
cases.39 Viral rhinosinusitis is typically accompanied by clear
rather than thick or colored secretions. Symptoms can persist
up to 14 days or longer. An acute upper respiratory illness of
less than approximately 7 days’ duration is most commonly
caused by viral illness (viral rhinosinusitis), whereas acute bacte-
rial sinusitis becomes more likely beyond 7 to 10 days.3,4 Transi-
tion from viral URI to ABRS can occur at any time during the
viral URI.40

Acute and chronic rhinosinusitis: Definitions and
symptoms

Rhinosinusitis is defined as inflammation of the nose and para-
nasal sinuses. Acute rhinosinusitis is usually infectious, whereas
CRS is less clearly infectious and often more inflammatory.4

However, infection still plays an important role in CRS. Acute rhi-
nosinusitis is defined as up to 4 weeks of purulent (not clear) nasal
drainage (anterior, posterior, or both) accompanied by nasal ob-
struction, facial pain-pressure-fullness, or both. Subacute

rhinosinusitis is defined in some expert reports3 as rhinosinusitis
of between 4 and 8 weeks’ duration. CRS is defined as an inflam-
matory condition involving the paranasal sinuses and nasal pas-
sages with a minimum duration of either 8 or 12 weeks despite
attempts at medical management.3,4

The 4 major symptoms of CRS are (1) anterior, posterior, or
both mucopurulent drainage; (2) nasal obstruction or blockage;
(3) facial pain, pressure, and/or fullness; and (4) decreased sense
of smell. Two or more symptoms must be present to make the
diagnosis.4,41 In addition, objective documentation of mucosal
inflammation is required.

The symptoms of CRS do not reliably correlate with specific
objective findings nor do they accurately differentiate CRS
subtypes (see below).

Facial pain, pressure, and/or headache are commonly reported
symptoms (83% in one series).42 The pain is usually described as a
dull pain or pressure in the upper cheeks, between the eyes, or in
the forehead. Sharp localizing pain is less common. Anterior, pos-
terior, or both nasal drainage of CRS is usually opaque white or
light yellow. Thick yellow, green, or brown mucus can occur, al-
though this is more characteristic of recurrent acute rhinosinusitis
or AFRS. Nasal congestion can be described as nasal blockage or
stuffiness or less commonly as nasal fullness. Disturbance in sense
of smell can be partial (hyposmia) or complete (anosmia) and is
usually associated with mucosal thickening or opacification in
the anterior ethmoid sinuses. Rarely, hyposmia/anosmia is caused
by olfactory neuronal degeneration or other diseases. Patients with
anosmia often report ageusia, a reduced ability to taste foods.

There is a poor correlation between the symptoms of CRS and
objective findings on imaging of the paranasal sinuses.43,44

Differential considerations other than rhinitis
Facial pain can be caused by nonrhinogenic conditions,

including migraine headaches, tension headaches, cluster head-
aches, and other poorly understood facial pain syndromes.45,46

Facial pain, pressure, or both are not reliable for predicting the
presence of objective findings of rhinosinusitis.46 Focal and sharp
facial pain might be a symptom of CRS but is often not associated
with radiographic evidence of sinus disease. Pain in the upper
teeth, which is suggestive of nerve irritation in adjacent tooth
roots, can be a symptom of maxillary sinus infection.

The differential diagnosis of nasal congestion includes allergic
rhinitis, chronic nonallergic (idiopathic) rhinitis, rhinitis associ-
ated with medication use, secondary atrophic rhinitis (ie, empty
nose syndrome), and cerebrospinal fluid rhinorrhea. Unilateral
nasal congestion/blockage raises the question of a local anatomic
problem, such as an antral choanal cyst, or tumor, such as an
inverted papilloma.47

Subtypes of CRS
CRS can be divided into 3 clinical subtypes with distinctive but

overlapping clinical features (Table IV).

1. CRS without nasal polyposis (CRSsNP) accounts for ap-
proximately 60% of CRS cases. It is a heterogeneous con-
dition in which allergic factors, structural abnormalities,
and viral and bacterial infection variably contribute to
the disease. Facial pain, pressure, and/or fullness are
more common in CRSsNP than in CRScNP (see below).
Bacterial organisms isolated from diseased sinus cavities

FIG 2. The ostiomeatal unit is well visualized on this blow-up of a normal
sinus CT scan. The major structures illustrated include the maxillary
infundibulum, the ethmoid infundibulum, the uncinate process, and the
middle turbinate. The ostiomeatal unit is a 3-dimensional structure made
up of these individual components.
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can include: Streptococcus pneumoniae, Haemophilus in-
fluenzae, Moraxella catarrhalis, Staphylococcus aureus,
coagulase-negative staphylococci, and, less commonly,
gram-negative enteric bacteria. The importance of anaero-
bic bacteria in causing CRS is controversial.4 Sinus ostial
blockage is the inciting event, in most cases leading to ob-
struction of sinus drainage and bacterial infection. As the
condition becomes chronic, a chronic inflammatory infil-
trate containing neutrophils, mononuclear cells, and some
eosinophils is seen. Glandular hyperplasia and submucosal
fibrosis are typically present histologically in patients with
CRSsNP but absent in patients with CRScNP.48,49

2. CRScNP accounts for 20% to 33% of CRS cases. The
symptoms are similar to those of CRSsNP, although hypos-
mia/anosmia is more common in patients with CRScNP.50

Nasal polyps are typically bilateral in the middle meatus
unless they have been previously removed. Unilateral
polyps are relatively uncommon and should prompt con-
sideration of other diagnoses, including inverted papilloma
or other nasal tumors. CRScNP is more likely than
CRSsNP to be associated with asthma and aspirin-exacer-
bated respiratory disease (AERD). The initial trigger for
nasal polyp development is unknown. Polyp tissue typi-
cally contains a predominance of eosinophils, high levels
of histamine, and high levels of the TH2 cytokines IL-5
and IL-13.51,52

3. AFRS is defined as CRS accompanied by (1) the presence
of allergic mucin (thick inspissated mucus that ranges in
color from light tan to brown to dark green and that con-
tains degranulated eosinophils), (2) fungal hyphae in the
mucin, and (3) evidence of IgE-mediated fungal allergy.4

Allergic mucin is thick inspissated mucus that ranges in
color from light tan to brown to dark green and that con-
tains degranulated eosinophils. Sinus surgery is usually re-
quired to remove allergic mucin and establish the diagnosis
of AFRS. Fungal hyphae are found within the allergic mu-
cin, suggesting fungal colonization. The fungi are strictly
noninvasive. Patients with AFRS usually have nasal polyps
and are immunocompetent. Symptoms are similar to those
of other forms of CRS. Fever is uncommon. Occasionally,
AFRS presents dramatically with complete nasal obstruc-
tion, gross facial dysmorphia, and/or visual changes.4

The pathophysiology of AFRS is most consistent with
chronic, intense allergic inflammation directed against col-
onizing fungi. Histologically, allergic mucin demonstrates
intense eosinophilic degranulation, mucostasis, and
inspissations.53

Distinct pathologic features of rhinosinusitis
Allergic mucin. Allergic mucin is a classic feature of

AFRS.54,55 However, allergic mucin is occasionally found in
the absence of colonizing fungi in some cases of CRSsNP or
CRScNP.

Hyperdensities on sinus CT scanning. Opacified sinus
cavities might contain inspissated mucus that produces an inho-
mogeneous hyperdense pattern on sinus CT scanning. Hyper-
densities suggest the presence of allergic mucin. They are a
classic feature of AFRS (in which case the allergic mucin also
contains fungal hyphae), but they can be seen in both CRSsNP
and CRScNP.

A potential role for colonizing fungi in CRS. Patients
with CRS (including those with CRSsNP and CRScNP) have been
found to have immune hypersensitivity to fungi, such as Alternaria
species, that commonly colonize sinus mucus.56,57 Although most
patients do not produce a classic IgE-mediated response against
these fungi, eosinophilic inflammation caused by a TH2-type sen-
sitization is present. The T-cell cytokines involved include IL-5
and IL-13. The eosinophilic inflammation is most intense in the
mucus, where the eosinophils physically associate with fungal
hyphae.58

Role of bacterial infection. CRS is a complex inflamma-
tory disorder rather than a simple infectious process. Bacterial
infections can complicate all forms of CRS. Bacteria can be
involved in the pathogenesis of CRS, in the following ways:

d ABRS might fail to resolve, leading to a chronic infection
in 1 or more sinuses.

d Bacterial colonization with enterotoxin-producing S aureus
is found with increased prevalence in patients with

TABLE IV. Definitions of rhinosinusitis based on disease

classification

Recurrent acute rhinosinusitis
A. Recurrent acute rhinosinusitis >3 times per year
B. Requires >2 of the following symptoms:

d Anterior or posterior mucopurulent drainage
d Nasal congestion
d Facial pain/pressure
d Decreased sense of smell

C. Normal between episodes
Chronic rhinosinusitis with nasal polyps
A. Symptoms present for >12 weeks
B. Requires >2 of the following symptoms

d Anterior or posterior mucopurulent drainage
d Nasal congestion
d Facial pain/pressure
d Decreased sense of smell

C. Objective documentation
d Rhinoscopic examination OR
d Radiograph (sinus CT scan preferred)

D. Bilateral nasal polyps in middle meatus
Chronic rhinosinusitis without nasal polyps
A. Symptoms present for >12 weeks
B. Requires >2 of the following symptoms:

d Anterior or posterior mucopurulent drainage
d Nasal congestion
d Facial pain/pressure
d Decreased sense of smell

C. Objective documentation
d Rhinoscopic examination OR
d Radiography (sinus CT preferred)

AFRS
A. Symptoms present for >12 weeks
B. Requires >2 of the following symptoms

d Anterior or posterior mucopurulent drainage
d Nasal congestion
d Facial pain/pressure
d Decreased sense of smell

C. Objective documentation
d Rhinoscopic examination OR
d Radiography (sinus CT scan preferred)

D. AFRS criteria
d Positive fungal stain or culture of allergic mucin AND
d IgE-mediated fungal allergy
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CRScNP and is associated with local production of entero-
toxin-specific IgE antibodies.59,60 These antibodies can be
measured in sinus tissues, although levels in the blood
might be undetectable. The enterotoxins act as superanti-
gens and locally activate T lymphocytes.59 In contrast, pa-
tients with CRSsNP do not have an increased prevalence of
enterotoxin-specific IgE antibodies.

d Bacteria can form biofilm on the sinus epithelium. Seques-
tration of bacteria within biofilms allows the bacteria to re-
sist antibiotic treatment and persist as a low-grade infection
within the sinus mucosa.61,62

d Drug-resistant infection can occur with gram-negative bac-
teria or methicillin-resistant S aureus.41

d Acute bacterial infection can lead to osteitis of the underly-
ing bone, although actual invasion of the bone has not been
conclusively demonstrated.63

Physical findings
The diagnosis of ABRS requires the presence of purulent nasal

discharge (secretions that are cloudy or colored) and nasal
obstruction (congestion, blockage, or stuffiness), facial pain-
pressure-fullness, or both.40 Using a positive sinus radiograph as a
gold standard for confirmation of disease, this symptom definition
only allows for correct diagnosis in approximately 40% to 50% of
cases.64 Nonetheless, ABRS remains a clinical diagnosis.

The definitive diagnosis of CRS requires objective confirma-
tion of disease either with nasal endoscopy or sinus CT scanning.
Nasal endoscopy might reveal discolored mucus or edema in the
middle meatus or sphenoethmoidal recess or similar findings in
the sinus cavities of patients who have undergone previous
surgery. Typical findings on sinus CT include sinus ostial
narrowing or obstruction, sinus mucosal thickening or opacifica-
tion, and, less commonly, air-fluid levels in the sinuses.

Diagnostic testing
Sinus imaging with plain radiography or sinus CT scanning is

not recommended in patients with uncomplicated ABRS unless
symptoms or signs suggesting extrasinus involvement are pre-
sent.40 Sinus CT scanning is the imaging study of choice for eval-
uation of CRS.4,40 Coronal images are commonly obtained,
although multiplanar images are available in many institutions.
Nasal endoscopy is sufficient to establish the diagnosis of CRS
but is insufficient to establish the extent of sinus involvement un-
less extensive prior sinus surgery has been performed.

Because CRS is associated with allergic rhinitis in 60% of
adults and 36% to 60% of children, patients with CRS should be
evaluated for allergy so that environmental control measures or
other interventions appropriate for allergic disease can be
implemented.3

Initial treatment of ABRS
An initial period of watchful waiting without initiation of

antibiotics can be considered in adults with uncomplicated
ABRS who have mild illness (mild pain and temperature
<38.3 8C) and assurance of follow-up.40 Spontaneous resolution
has been reported in 62% to 69% of patients in placebo-con-
trolled clinical trials.40 Patients with more severe symptoms
should be treated with an antibiotic. The most common bacteria
isolated from the maxillary sinuses of patients with ABRS in-
clude S pneumoniae, H influenzae, and M catarrhalis, the latter

being more common in children.40 If a decision is made to treat
with an antibiotic, amoxicillin is considered first-line therapy for
most adults. For patients with penicillin allergy, trimethoprim-
sulfamethoxazole or macrolide antibiotics are cost-effective
alternatives. Several additional antibiotics, including cephalo-
sporins and fluoroquinolones, are FDA approved for treatment
of ABRS.

Intranasal decongestants might relieve nasal congestion but
should be limited to 3 days to avoid rebound nasal congestion.40

Intranasal corticosteroid sprays have been studied but are not
approved as adjunctive therapy.

When initial therapy of ABRS fails
If ABRS does not improve after several days of antibiotics,

prescription of an alternative antibiotic for several additional
weeks should be considered.3 If there is still no response, a sinus
CT scan is indicated to confirm the presence of sinusitis and de-
termine whether anatomic abnormalities might be predisposing
to sinusitis. Underlying medical conditions should also be con-
sidered, including immune deficiency, gastroesophageal reflux
disease, or defects in mucociliary clearance (see the section
on chronic rhinosinusitis comorbidities). Specialist evaluation
is appropriate when sinusitis is refractory to treatment or is
recurrent.

Findings that suggest need for immediate referral
The following symptoms and signs are suggestive of other

conditions that require immediate evaluation: double or reduced
vision, proptosis, dramatic periorbital edema, ophthalmoplegia,
other focal neurologic signs, severe headache, and meningeal
signs.65 Extrasinus extension of sinus disease is the most ominous
complication of acute rhinosinusitis or CRS. Complications of
acute sinusitis includeorbital cellulitis, cavernousvein thrombosis,
brain abscess, meningitis, localized osteomyelitis, and oral-antral
fistula. Complications of chronic sinusitis include localized
osteomyelitis, oral-antral fistula, mucocele, and brain abscess.

Treatment of chronic rhinosinusitis
Topical corticosteroid nasal sprays are recommended for all

forms of CRS.66 Antihistamines might be helpful in patients with
underlying allergic rhinitis.66 Antibiotics should be used to treat
infection if nasal purulence is present, although antibiotics have
not been officially approved for use in CRS. Antifungals, includ-
ing oral terbinafine and topical amphotericin B, have been studied
in patients with CRS.67-69 Most antifungal trials have failed to
show efficacy, and antifungal agents are not recommended.

CRScNP. Patients might benefit from a brief course (10-15
days) of oral corticosteroids to shrink nasal polyps.70 Topical cor-
ticosteroid nasal sprays are recommended.71 In patients with se-
vere polyposis, sinus surgery with debulking of nasal polyps
might be necessary. Topical corticosteroid nasal sprays are rec-
ommended to prevent recurrence of nasal polyps, although they
are not always effective. Antileukotriene agents (eg, zafirlukast,
montelukast, and zileuton) have received limited study and are
not FDA approved for the treatment of nasal polyps. Patients
with nasal polyps who have AERD might benefit from aspirin
desensitization and daily aspirin therapy, provided they have no
contraindications to aspirin therapy.66
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AFRS. Sinus surgery is almost always required to establish the
diagnosis of AFRS, remove inspissated mucus, and restore sinus
patency. Nearly all patients with AFRS have nasal polyps. After
surgery, oral corticosteroids are recommended at 0.5 mg/kg daily,
with gradual tapering of the dose to the lowest possible dose nec-
essary to maintain control of sinus symptoms. Topical corticoste-
roid nasal sprays are also recommended to control inflammation
and prevent recurrence of nasal polyps.

Indications for sinus surgery
Functional endoscopic sinus surgery (FESS) is the procedure of

choice for surgical management of refractory CRS. FESS is
predicated on the observation that CRS ‘‘usually starts in the nose
and spreads through the ethmoidal prechambers to the frontal and
maxillary sinuses, with infections of these latter sinuses thus
usually being of secondary nature.’’72 The principal goal of FESS
is to restore patency to the ostiomeatal unit, the key anatomic area
of drainage of the maxillary and anterior ethmoid sinuses (Fig 2).
A typical FESS procedure includes (on each side) removal of the
uncinate process, creation of a widened maxillary antrostomy, an
ethmoidectomy, and (in some cases) a sphenoidotomy. Additional
goals of FESS might include correction of septal deformities, re-
moval of severe concha bullosa deformity (enlarged middle turbi-
nate containing an air cell), and restoration of patency to the
frontal sinus. Several studies have reported a high success rate
for FESS in improving the symptoms of CRS.73-75

The classic indications for FESS include (1) persistence of
CRS symptoms despite medical therapy, (2) correction of
anatomic deformities believed to be contributing to persistence
of disease, and (3) debulking of advanced nasal polyposis.

Comorbidities
Allergic rhinitis. IgE-mediated allergy to environmental

allergens is found in 60% of patients with CRS (including
CRSsNP and CRScNP) compared with 30% to 40% for the
general population.76 Patients with CRS are typically sensitized
to perennial rather than seasonal (ie, pollen) allergens.76 By def-
inition, all patients with AFRS have IgE-mediated allergy to
fungi. Fungal spores can germinate in sinus mucus, thereby in-
creasing the allergenic stimulus.

Histopathologic studies of ethmoidal tissue from patients with
CRSsNP and nasal polyps from patients with CRScNP have
shown that patients with CRS with associated allergies have
mucosal TH2 cell infiltration with production of classic TH2 cyto-
kines, including IL-4, IL-5, and IL-13.77,78 This suggests that al-
lergens contribute to chronic allergic sinus inflammation.

Immunodeficiency. Deficient antibody production in re-
sponse to vaccination or hypogammaglobulinemia is found in
approximately 12% of adults with CRSsNP.50 Immunodeficiency
is rare in patients with CRScNP or AFRS. Most patients with de-
ficient antibody production or hypogammaglobulinemia have a
pattern of recurrent acute episodes of purulent infection. They
might also have a history of concomitant pulmonary infections
or recurrent otitis media. Although the nasal and sinus epithelium
expresses Toll-like and other innate receptors and produces a va-
riety of antimicrobial proteins, such as lactoferrin, lysozyme, de-
fensins, collectins, and cathelicidins, there are limited data about
CRS risk in patients with defects in innate immunity.79

Gastroesophageal reflux disease. Sinusitis is considered
a possible extraesophageal manifestation of gastroesophageal
reflux disease. The mechanism is believed to be due to direct
reflux of gastric acid into the pharynx and nasopharynx, causing
inflammation of the sinus ostium and leading to sinusitis.80,81

Defects in mucociliary clearance. Defects in mucociliary
clearance, such as those found in patients with cystic fibrosis and
primary ciliary dyskinesia, dramatically increase the risk of CRS.

Viral infections. In a small number of cases, patients appear
to have CRS after a period of repeated exposure to viral URIs.
This is characteristically seen in patients exposed to health care
settings, day care centers, schools, or homes with small children.
However, data clearly implicating viral agents in the pathogenesis
of CRS are scarce,82 and the role of viral infection in patients with
CRS is controversial.

Systemic diseases. CRS might be the presenting feature of
an underlying systemic illness, such as Wegener granulomatosis
or Churg-Strauss vasculitis83,84 or, less commonly, sarcoidosis.85

Anatomic abnormalities. Several common anatomic var-
iants can be seen in patients with CRS, including nasal septal
deviation, concha bullosa deformity, Haller cells, agar nasi cells,
and paradoxical curvature of themiddle turbinate. However, these
abnormalities are also seen in otherwise healthy subjects and are
not clearly epidemiologically linked to an increased risk of
sinusitis.86-89

Associated conditions
Both asthma and AERD are associated with CRS. Approxi-

mately 20% of patients with CRS have concomitant asthma.
Conversely, approximately two thirds of asthmatic subjects,
including both children and adults, have evidence of chronic
sinus mucosal thickening or sinus opacification in cross-sectional
studies.90 The combination of aspirin sensitivity, asthma, and na-
sal polyposis is referred to as triad asthma, Samter syndrome, or
AERD.91,92

REFERENCES
1. Wallace DV, Dykewicz MS, Bernstein DI, Bernstein IL, Blessing-Moore J, Cox L,

et al. The Joint Force on Practice Parameters, representing the AAAAI, ACAAI,
JCAAI. The diagnosis and management of rhinitis: An updated practice parameter.
J Allergy Clin Immunol 2008;122(suppl):S1-84.

2. Bousquet J, Khaltaev N, Cruz AA, Denburg J, Fokkens WJ, Togias A, et al. Aller-
gic Rhinitis and Its Impact on Asthma (ARIA) 2008 update (in collaboration with
the World Health Organization, GA(2)LEN and AllerGen). Allergy 2008;63(suppl
86):8-160.

3. Slavin RG, Spector SL, Bernstein IL, Kaliner MA, Kennedy DW, Virant FS, et al.
The diagnosis and management of sinusitis: a practice parameter update. J Allergy
Clin Immunol 2005;116(suppl):S13-47.

4. Meltzer EO, Hamilos DL, Hadley JA, Lanza DC, Marple BF, Nicklas RA, et al.
Rhinosinusitis: establishing definitions for clinical research and patient care.
J Allergy Clin Immunol 2004;114:155-212.

5. Settipane RA, Charnock DR. Epidemiology of rhinitis: allergic and nonallergic.
Clin Allergy Immunol 2007;19:23-34.

6. US Census Bureau. Available at: http://www.census.gov/index.html. Accessed
October 24, 2009.

7. Rosenwasser L. New insights into the pathophysiology of allergic rhinitis. Allergy
Asthma Proc 2007;28:10-5.

8. Hammad H, Lambrecht BN. Dendritic cells and epithelial cells: linking innate and
adaptive immunity in asthma. Nat Rev Immunol 2008;8:193-204.

9. Trompette A, Divanovic S, Visintin A, Blanchard C, Hegde RS, Madan R, et al.
Allergenicity resulting from functional mimicry of a Toll-like receptor complex
protein. Nature 2009;457:585-8.

10. Heppt W, Dinh QT, Cryer A, Zweng M, Noga O, Peiser C, et al. Phenotypic alter-
ation of neuropeptide-containing nerve fibres in seasonal intermittent allergic rhi-
nitis. Clin Exp Allergy 2004;34:1105-10.

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

DYKEWICZ AND HAMILOS S113



11. Wachs M, Proud D, Lichtenstein LM, Kagey-Sobotka A, Norman PS, Naclerio
RM. Observations on the pathogenesis of nasal priming. J Allergy Clin Immunol
1989;84:492-501.

12. Bousquet J, Knani J, Hejjaoui A, Ferrando R, Cour P, Dhivert H, et al. Heteroge-
neity of atopy. I. Clinical and immunologic characteristics of patients allergic to
cypress pollen. Allergy 1993;48:183-8.

13. Braunstahl GJ, Kleinjan A, Overbeek SE, Prins JB, Hoogsteden HC, Fokkens WJ.
Segmental bronchial provocation induces nasal inflammation in allergic rhinitis
patients. Am J Respir Crit Care Med 2000;161:2051-7.

14. Corren J, Adinoff AD, Irvin CG. Changes in bronchial responsiveness following
nasal provocation with allergen. J Allergy Clin Immunol 1992;89:611-8.

15. Foresi A, Pelucchi A, Gherson G, Mastropasqua B, Chiapparino A, Testi R. Once
daily intranasal fluticasone propionate (200 micrograms) reduces nasal symptoms
and inflammation but also attenuates the increase in bronchial responsiveness
during the pollen season in allergic rhinitis. JAllergy Clin Immunol 1996;98:274-82.

16. Ellis A, Keith P. Nonallergic rhinitis with eosinophilia syndrome. Curr Allergy
Asthma Rep 2006;6:215-20.

17. Schiavino D, Nucera E, Milani A, Della Corte AM, D’Ambrosio C, Pagliari G,
et al. Nasal lavage cytometry in the diagnosis of nonallergic rhinitis with eosino-
philia syndrome (NARES). Allergy Asthma Proc 1997;18:363-6.

18. Rupp GH, Friedman RA. Eosinophilic nonallergic rhinitis in children. Pediatrics
1982;70:437-9.

19. Moneret-Vautrin DA, Hsieh V, Wayoff M, Guyot JL, Mouton C, Maria Y. Nonal-
lergic rhinitis with eosinophilia syndrome a precursor of the triad: nasal polyposis,
intrinsic asthma, and intolerance to aspirin. Ann Allergy 1990;64:513-8.

20. Kramer MF, de la Chaux R, Fintelmann R, Rasp G. NARES: a risk factor for
obstructive sleep apnea? Am J Otolaryngol 2004;25:173-7.

21. Ellegard EK. Pregnancy rhinitis. Immunol Allergy Clin North Am 2006;26:
119-35.

22. Knipping S, Holzhausen HJ, Goetze G, Riederer A, Bloching MB. Rhinitis medi-
camentosa: electron microscopic changes of human nasal mucosa. Otolaryngol
Head Neck Surg 2007;136:57-61.

23. Raphael GD, Hauptschein-Raphael M, Kaliner M. Gustatory rhinitis: a syndrome
of food-induced rhinorrhea. J Allergy Clin Immunol 1989;83:110-5.

24. Zohar Y, Talmi YP, Strauss M, Finkelstein Y, Shvilli Y. Ozena revisited. J Otolar-
yngol 1990;19:345-9.

25. Moore EJ, Kern EB. Atrophic rhinitis: a review of 242 cases. Am J Rhinol 2001;
15:355-61.

26. Rowe-Jones JM, Shembekar M, Trendell-Smith N, Mackay IS. Polypoidal rhinosi-
nusitis in cystic fibrosis: a clinical and histopathological study. Clin Otolaryngol
1997;22:167-71.

27. Joint Task Force on Practice Parameters; American Academy of Allergy, Asthma
and Immunology; American College of Allergy, Asthma and Immunology; Joint
Council of Allergy, Asthma and Immunology. Allergen immunotherapy: a prac-
tice parameter second update. J Allergy Clin Immunol 2007;120(suppl):
S25-85.

28. Niggemann B, Jacobsen L, Dreborg S, Ferdousi HA, Halken S, Host A, et al. Five-
year follow-up on the PAT study: specific immunotherapy and long-term preven-
tion of asthma in children. Allergy 2006;61:855-9.

29. Skoner D, Rachelefsky G, Meltzer E, Chervinsky P, Morris R, Seltzer J, et al. De-
tection of growth suppression in children during treatment with intranasal belcome-
thasone dipropionate. Pediatrics 2000;105:E23.

30. Agertoft L, Pedersen S. Short-term lower leg growth rate in children with rhinitis
treated with intranasal mometasone furoate and budesonide. J Allergy Clin Immu-
nol 1999;104:948-52.

31. Schenkel E, Skoner D, Bronsky E, Miller S, Pearlman D, Rooklin A, et al.
Absence of growth retardation in children with perennial allergic rhinitis following
1 year treatment with mometasone furoate aqueous nasal spray. Pediatrics 2000;
101:E22.

32. Gilbert C, Mazzotta P, Loebstein R, Koren G. Fetal safety of drugs used in the
treatment of allergic rhinitis: a critical review. Drug Saf 2005;28:707-19.

33. Schatz M, Zeiger RS, Harden K, Hoffman CC, Chilingar L, Petitti D. The safety of
asthma and allergy medications during pregnancy. J Allergy Clin Immunol 1997;
100:301-6.

34. Werler MM, Sheehan JE, Mitchell AA. Maternal medication use and risks of gas-
troschisis and small intestinal atresia. Am J Epidemiol 2002;155:26-31.

35. Baroody FM. Mucociliary transport in chronic rhinosinusitis. Clin Allergy Immu-
nol 2007;20:103-19.

36. Tieu DD, Kern RC, Schleimer RP. Alterations in epithelial barrier function and
host defense responses in chronic rhinosinusitis. J Allergy Clin Immunol 2009;
124:37-42.

37. Stringer SP, Mancuso AA, Avino AJ. Effect of a topical vasoconstrictor on com-
puted tomography of paranasal sinus disease. Laryngoscope 1993;103:6-9.

38. Lanza DC, Kennedy DW. Adult rhinosinusitis defined. Otolaryngol Head Neck
Surg 1997;117(suppl):S1-7.

39. Gwaltney JM Jr. Acute community-acquired sinusitis. Clin Infect Dis 1996;23:
1209-23.

40. Rosenfeld RM, Andes D, Bhattacharyya N, Cheung D, Eisenberg S, Ganiats TG,
et al. Clinical practice guideline: adult sinusitis. Otolaryngol Head Neck Surg
2007;137(suppl):S1-31.

41. Benninger MS, Ferguson BJ, Hadley JA, Hamilos DL, Jacobs M, Kennedy DW,
et al. Adult chronic rhinosinusitis: definitions, diagnosis, epidemiology, and path-
ophysiology. Otolaryngol Head Neck Surg 2003;129(suppl):S1-32.

42. Bhattacharyya N. The economic burden and symptom manifestations of chronic
rhinosinusitis. Am J Rhinol 2003;17:27.

43. Bhattacharyya T, Piccirillo J. Wippold FJ 2nd. Relationship between patient-based
descriptions of sinusitis and paranasal sinus computed tomographic findings. Arch
Otolaryngol Head Neck Surg 1997;123:1189.

44. Hopkins C, Browne JP, Slack R, Lund V, Brown P. The Lund-Mackay staging sys-
tem for chronic rhinosinusitis: How is it used and what does it predict? Otolaryngol
Head Neck Surg 2007;137:555-61.

45. Jones NS. Midfacial segment pain: implications for rhinitis and sinusitis. Curr
Allergy Asthma Rep 2004;4:187.

46. Rosbe KW, Jones KR. Usefulness of patient symptoms and nasal endoscopy in the
diagnosis of chronic sinusitis. Am J Rhinol 1998;12:167.

47. Kim JH. Available at: http://www.bcm.edu/oto/grand/121792.html. Accessed Octo-
ber 26, 2009.

48. Malekzadeh S, Hamburger MD, Whelan PJ, Biedlingmaier JF, Baraniuk JN. Den-
sity of middle turbinate subepithelial mucous glands in patients with chronic rhi-
nosinusitis. Otolaryngol Head Neck Surg 2002;127:190-5.

49. Watelet JB, Claeys C, Perez-Novo C, Gevaert P, Van Cauwenberge P, Bachert C.
Transforming growth factor beta1 in nasal remodeling: differences between
chronic rhinosinusitis and nasal polyposis. Am J Rhinol 2004;18:267-72.

50. Hamilos DL. Chronic rhinosinusitis patterns of illness. Clin Allergy Immunol
2007;20:1.

51. Drake-Lee AB, McLaughlan P. Clinical symptoms, free histamine and IgE in
patients with nasal polyposis. Int Arch Allergy Appl Immunol 1982;69:268.

52. Hamilos DL. Nasal polyps as immunoreactive tissue. Allergy Asthma Proc 1996;
17:293.

53. Schubert MS, Goetz DW. Evaluation and treatment of allergic fungal sinusitis. I.
Demographics and diagnosis. J Allergy Clin Immunol 1998;102:387.

54. Marple BF, Mabry RL. Comprehensive management of allergic fungal sinusitis.
Am J Rhinol 1998;12:263-8.

55. Corey JP. Allergic fungal sinusitis. Otolaryngol Clin North Am 1992;25:225-30.
56. Ponikau JU, Sherris DA, Kern EB, Homburger HA, Frigas E, Gaffey TA, et al.

The diagnosis and incidence of allergic fungal sinusitis. Mayo Clin Proc 1999;
74:877.

57. Shin SH, Ponikau JU, Sherris DA, Congdon D, Frigas E, Homburger HA, et al.
Chronic rhinosinusitis: an enhanced immune response to ubiquitous airborne fungi.
J Allergy Clin Immunol 2004;114:1369.

58. Ponikau JU, Sherris DA, Kephart GM, Adolphson C, Kita H. The role of ubiqui-
tous airborne fungi in chronic rhinosinusitis. Curr Allergy Asthma Rep 2005;5:
472-6.

59. Van Zele T, Gevaert P, Watelet JB, Claeys G, Haoltappels G, Claeys C, et al.
Staphylococcus aureus colonization and IgE antibody formation to entero-
toxins is increased in nasal polyposis. J Allergy Clin Immunol 2004;114:
981-3.

60. Bernstein JM, Kansal R. Superantigen hypothesis for the early development of
chronic hyperplastic sinusitis with massive nasal polyposis. Curr Opin Otolaryngol
Head Neck Surg 2005;13:39.

61. Ramadan HH. Chronic rhinosinusitis and bacterial biofilms. Curr Opin Otolaryngol
Head Neck Surg 2006;14:183.

62. Harvey RJ, Lund VJ. Biofilms and chronic rhinosinusitis: systematic review of
evidence, current concepts and directions for research. Rhinology 2007;45:3.

63. Lee JT, Kennedy DW, Palmer JN, Feldman M, Chiu AG. The incidence of concur-
rent osteitis in patients with chronic rhinosinusitis: a clinicopathological study. Am
J Rhinol 2006;20:278-82.

64. Hickner JM, Bartlett JG, Besser RE, Gonzales R, Hoffman JR, Sande MA, et al.
Principles of appropriate antibiotic use for acute rhinosinusitis in adults: back-
ground. Ann Intern Med 2001;134:498-505.

65. Anon J, Jacobs M, Poole M, Ambrose P, Benninger M, Hadley J, et al. Antimicro-
bial treatment guidelines for acute bacterial rhinosinusitis. Otolaryngol Head Neck
Surg 2004;130:1-45.

66. Fokkens W, Lund V, Bachert C, Clement P, Hellings P, Holmstrom W, et al. EAACI
position paper on rhinosinusitis and nasal polyps executive summary. Allergy
2005;60:583-601.

J ALLERGY CLIN IMMUNOL

FEBRUARY 2010

S114 DYKEWICZ AND HAMILOS



67. Kennedy DW, Kuhn FA, Hamilos DL, Zinreich SJ, Butler D, Warsi G, et al. Treat-
ment of chronic rhinosinusitis with high-dose oral terbinafine: a double blind, pla-
cebo-controlled study. Laryngoscope 2005;115:1793-9.

68. Ponikau JU, Sherris DA, Weaver A, Kita H. Treatment of chronic rhinosinusitis
with intranasal amphotericin B: a randomized, placebo-controlled, double-blind
pilot trial. J Allergy Clin Immunol 2005;115:125.

69. Ebbens FA, Scadding GK, Badia L, Hellings PW, Jorissen M, Mullol J, et al. Am-
photericin B nasal lavages: not a solution for patients with chronic rhinosinusitis.
J Allergy Clin Immunol 2006;118:1149.

70. Benitez P, Alobid I, de Haro J, Brenguer J, Bernal-Spreckelsen M, Pujols L, et al. A
short course of oral prednisone followed by intranasal budesonide is an effective
treatment of severe nasal polyps. Laryngoscope 2006;116:770-5.

71. Small CB, Hernandez J, Reyes A, Schenkel E, Damiano A, Staudinger H, et al.
Efficacy and safety of mometasone furoate nasal spray in nasal polyposis. J Allergy
Clin Immunol 2005;116:1275-81.

72. Stammberger H, Posawetz W. Functional endoscopic sinus surgery. Concept, indi-
cations and results of the Messerklinger technique. Eur Arch Otorhinolaryngol
1990;247:63-76.

73. Chambers DW, Davis WE, Cook PR, Nishioka GJ, Rudman DT. Long-term out-
come analysis of functional endoscopic sinus surgery: correlation of symptoms
with endoscopic examination findings and potential prognostic variables. Laryngo-
scope 1997;107:504-10.

74. Senior BA, Kennedy DW, Tanabodee J, Kroger H, Hassab M, Lanza D. Long-term
results of functional endoscopic sinus surgery. Laryngoscope 1998;108:151-7.

75. Jakobsen J, Svendstrup F. Functional endoscopic sinus surgery in chronic sinusitis—a
series of237consecutivelyoperatedpatients.ActaOtolaryngol Suppl2000;543:158-61.

76. Berrettini S, Carabelli A, Sellari-Franceschini S, Bruschini L, Abruzesse A, Quar-
tieri F, et al. Perennial allergic rhinitis and chronic sinusitis: correlation with rhi-
nologic risk factors. Allergy 1999;54:242-8.

77. Hamilos DL, Leung DY, Wood R, Cunningham L, Bean DK, Yasruel Z, et al.
Evidence for distinct cytokine expression in allergic versus nonallergic chronic
sinusitis. J Allergy Clin Immunol 1995;96:537-44.

78. al Ghamdi K, Ghaffar O, Small P, Frenkiel S, Hamid Q. IL-4 and IL-13 expression
in chronic sinusitis: relationship with cellular infiltrate and effect of topical corti-
costeroid treatment. J Otolaryngol 1997;26:160-6.

79. Psaltis AJ, Bruhn MA, Ooi EH, Tan LW, Wormald PJ. Nasal mucosa expression
of lactoferrin in patients with chronic rhinosinusitis. Laryngoscope 2007;117:
2030-5.

80. Barbero GJ. Gastroesophageal reflux and upper airway disease. Otolaryngol Clin
North Am 1996;29:27-38.

81. Schreiber S, Garten D, Sudhoff H. Pathophysiological mechanisms of extraeso-
phageal reflux in otolaryngeal disorders. Eur Arch Otorhinolaryngol 2009;266:
17-24.

82. Jang YJ, Kwon HJ, Park HW, Lee BJ. Detection of rhinovirus in turbinate epithe-
lial cells of chronic sinusitis. Am J Rhinol 2006;20:634.

83. Lohrmann C, Uhl M, Warnatz K, Kotter E, Ghanem N, Langer M. Sinonasal com-
puted tomography in patients with Wegener’s granulomatosis. J Comput Assist To-
mogr 2006;30:122-5.

84. Alobid I, Guilemany JM, Mullol J. Nasal manifestations of systemic illnesses. Curr
Allergy Asthma Rep 2004;4:208.

85. Kay DJ, Har-El G. The role of endoscopic sinus surgery in chronic sinonasal sar-
coidosis. Am J Rhinol 2001;15:249.

86. Lusk RP, McAlister B, el Fouley A. Anatomic variation in pediatric chronic sinus-
itis: a CT study. Otolaryngol Clin North Am 1996;29:75.

87. Bolger WE, Butzin CA, Parsons DS. Paranasal sinus bony anatomic variations and
mucosal abnormalities: CT analysis for endoscopic sinus surgery. Laryngoscope
1991;101:56.

88. Jones NS, Strobl A, Holland I. A study of the CT findings in 100 patients with rhi-
nosinusitis and 100 controls. Clin Otolaryngol Allied Sci 1997;22:47.

89. Danese M, Duvoisin B, Agrifoglio A, Cherpillod J, Krayenbuhl M. Influence
of naso-sinusal anatomic variants on recurrent, persistent or chronic sinusitis.
X-ray computed tomographic evaluation in 112 patients. J Radiol 1997;78:
651-7.

90. Jani AL, Hamilos DL. Current thinking on the relationship between rhinosinusitis
and asthma. J Asthma 2005;42:1.

91. Samter M, Beers RF Jr. Intolerance to aspirin. Clinical studies and consideration of
its pathogenesis. Ann Intern Med 1968;68:975-83.

92. Berges-Gimeno MP, Simon RA, Stevenson DD. The natural history and clinical
characteristics of aspirin-exacerbated respiratory disease. Ann Allergy Asthma Im-
munol 2002;89:474-8.

J ALLERGY CLIN IMMUNOL

VOLUME 125, NUMBER 2

DYKEWICZ AND HAMILOS S115



Food allergy

Scott H. Sicherer, MD, and Hugh A. Sampson, MD New York, NY

Adverse immune responses to foods affect approximately 5% of
young children and 3% to 4% of adults in westernized
countries and appear to have increased in prevalence. Food-
induced allergic reactions are responsible for a variety of
symptoms and disorders involving the skin and gastrointestinal
and respiratory tracts and can be attributed to IgE-mediated
and non–IgE-mediated (cellular) mechanisms. Genetic
disposition and environmental factors might abrogate oral
tolerance, leading to food allergy. Disease outcomes are
influenced by the characteristics of the immune response and of
the triggering allergen. Diagnosis is complicated by the
observation that detection of food-specific IgE (sensitization)
does not necessarily indicate clinical allergy. Therefore
diagnosis requires a careful medical history, laboratory studies,
and, in many cases, an oral food challenge to confirm a
diagnosis. Novel diagnostic methods, including ones that focus
on immune responses to specific food proteins or epitopes of
specific proteins, are under study. Currently, management of
food allergies consists of educating the patient to avoid ingesting
the responsible allergen and to initiate therapy (eg, with
injected epinephrine for anaphylaxis) in case of an unintended
ingestion. Improved therapeutic strategies under study include
oral and sublingual immunotherapy, Chinese herbal medicine,
anti-IgE antibodies, and modified vaccines. (J Allergy Clin
Immunol 2010;125:S116-25.)

Key words: Food allergy, food hypersensitivity, oral tolerance, gas-
trointestinal food hypersensitivity, food allergens, anaphylaxis

The term food allergy is used to describe an adverse immune
response to foods.1 Considering allergy to milk, egg, peanut,
and seafood in a meta-analysis of 51 studies, self-reported al-
lergy ranged from 3% to 35%, whereas estimates from 6 studies
using oral food challenges (OFCs) estimated rates of 1% to
10.8%.2 In a meta-analysis including 36 population-based stud-
ies focusing on allergy to fruits and vegetables (excluding pea-
nut),3 only 6 included OFCs, and estimates of allergy varied
widely from 0.1% to 4.3% for fruits and tree nuts to 0.1% to

1.4% for vegetables and less than 1% for wheat, soy, and ses-
ame. Although an allergy could be triggered by virtually any
food, ‘‘major allergens’’ responsible for most significant reac-
tions include milk, egg, peanut, tree nuts, shellfish, fish, wheat,
and soy. Allergy to additives and preservatives is generally
uncommon.4

Food allergy rates vary by age, local diet, and many other
factors. Studies in the United Kingdom and North America
focusing on peanut indicate that prevalence rates in children have
increased, essentially doubling, and exceed 1% in school-aged
children.5 A 2008 Centers for Disease Control and Prevention re-
port indicated an 18% increase in childhood food allergy from
1997 to 2007, with an estimated 3.9% of children currently af-
fected.6 Extrapolation from US studies indicates approximately
125,000 emergency department visits7 and 53,700 episodes of an-
aphylaxis8 from foods each year. Fatalities are primarily reported
from allergic reactions to peanuts and tree nuts, appear to be as-
sociated with delayed treatment with epinephrine, and occur
more often in teenagers and young adults with asthma and a pre-
viously diagnosed food allergy.9 The determination of accurate
food allergy prevalence rates is hampered by the lack of studies
applying reliable diagnostic methodologies, such as supervised
OFCs, to large unselected populations. Table I presents estimated
rates of food allergies in North America based primarily on data
from studies conducted there when possible.2,3,10

Although prior studies indicated childhood food allergies typ-
ically resolved by age 3 years, recent studies, albeit possibly
affected by selection bias because of referral patterns, indicated
only 11% resolved egg and 19% resolved milk allergy by age 4
years; however, about 80% resolved these allergies by age 16
years.11,12 Peanut allergy, which is typically considered a persis-
tent allergy, can resolve for about 20% of young children by school
age, although recurrence of peanut allergy has also been described
primarily in those who tolerated an OFC but did not continue to
consume the food.5 Studies to address the reasons for increased
prevalence and persistence of food allergies, focusing primarily
on peanut, have included the hygiene hypothesis; changes in the
components of the diet, including antioxidants, fats, and nutrients,
such as vitamin D; the use of antacids, resulting in exposure to
more intact protein; food processing, such as for peanut roasting
and emulsification to produce peanut butter compared with fried
or boiled peanut; and extensive delay of oral exposure, thus in-
creasing topical (possibly sensitizing) rather than oral (possibly
tolerizing) exposure to food allergens.5,13 Evidence supporting
this latter hypothesis is supported by one study showing peanut al-
lergy rates in a school-aged cohort of Israeli Jewish children to be
0.17% compared with those in a cohort of Jewish children in the
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United Kingdom, where the rate was about 10-fold higher (1.85%,
P < .001), in the context of data showing consumption of peanut at
ages 8 to 14 months was 7.1 g in Israel compared with 0 g in the
United Kingdom (P < .0001).14 A case-control study additionally
found that peanut allergy was associated with household peanut
consumption rather than maternal or infant peanut consumption.15

However, randomized controlled trials are needed to confirm the
hypothesis that earlier ingestion of peanut is protective.

PATHOGENESIS
Oral tolerance induction and immune response to
food proteins

The gastrointestinal tract encompasses the largest surface area
in the human body and is comprised of a single-cell layer of
columnar intestinal epithelial cells separating the internal sterile
environment from the external world.16 Its main function is to
process ingested food into a form that can be absorbed and used
for energy and growth, while at the same time preventing the pen-
etration of harmful pathogens into the body. An intricate ‘‘gastro-
intestinal mucosal barrier’’ has evolved that consists of
physiologic and immunologic components to accomplish this.
The physiologic barrier includes a single layer of epithelial cells
joined by tight junctions and coveredwith a thickmucus layer that
traps particles, bacteria, and viruses. Trefoil factors are secreted
by mucus-secreting cells of the stomach and intestine to help
strengthen and promote restoration of the mucosal barrier. In ad-
dition, luminal and brush border enzymes, bile salts, and extremes
of pH serve to destroy pathogens and render antigens less immu-
nogenic. The immunologic component consists of innate (poly-
morphonuclear neutrophils, macrophages, natural killer cells,
epithelial cells, and Toll-like receptors) and adaptive immune (in-
traepithelial and lamina propria lymphocytes, Peyer patches, se-
cretory IgA, and cytokines) cells and factors, which also
provide an active barrier to foreign antigens. However, the effi-
ciency of this mucosal barrier in infants and young children is
not optimal because of the developmental immaturity of various
components of the gut barrier and immune system (eg, the activity
of various enzymes is suboptimal in the newborn period and the
secretory IgA system is not fully mature until 4 years of age).16

Consequently, this immaturity might play a role in the increased
prevalence of both gastrointestinal tract infections and food aller-
gies seen in the first several years of life. Recently, studies in both
murine models and human subjects have suggested that alteration
of the physiologic barrier function (eg, decreased gastric acidity
caused by potent antacids) can lead to increased IgE sensitization
in both children and adults.17 Additionally, altered intestinal per-
meability leading to increased exposure to intact proteins might
promote sensitization and might enhance the severity of food-
induced allergic reactions.18

Whereas the systemic immune system is typically confronted
with relatively small quantities of foreign antigen and mounts a
brisk inflammatory response, the mucosal immune system regu-
larly encounters enormous quantities of antigen and must sup-
press immune reactivity to food and harmless foreign commensal
organisms (ie, develop oral tolerance). Antigen-presenting cells,
including intestinal epithelial cells and dendritic cells, and
regulatory T cells play a central role in the development of oral
tolerance.16,19,20 Several types of regulatory T cells have been
identified in conjunction with intestinal immunity: TH3 cells, a
population of CD41 cells that secrete TGF-b; TR1 cells, a

population of CD41 cells that secrete IL-10; CD41 and CD251

regulatory T cells; CD81 suppressor T cells; and gd T cells.16

In addition, intestinal epithelial cells can process luminal antigen
and present it to T cells on an MHC class II complex but lack a
‘‘second signal,’’ thus leading to anergy and suggesting their
role in tolerance induction to food antigens as nonprofessional an-
tigen-presenting cells. Despite the evolution of this elegant gas-
trointestinal barrier, about 2% of ingested food antigens are
absorbed and transported throughout the body in ‘‘immunologi-
cally’’ intact forms, even through the normal mature gut.21 In a se-
ries of experiments performed more than 75 years ago, Walzer
and colleagues22,23 passively sensitized volunteers with sera
from patients with food allergy and demonstrated that immuno-
logically intact antigens cross the mucosal barrier and dissemi-
nate rapidly throughout the body to activate local mast cells.

Several nonhost factors can influence the development of oral
tolerance, such as physical properties of the antigen and the dose
and frequency of exposure. Studies in murine models indicated
differences in immune responses depending on the dose of
antigen ingested: high-dose tolerance involves deletion of effec-
tor T cells, and low-dose tolerance is the result of activation of
regulatory T cells with suppressor functions.16

Ongoing studies indicate that commensal gut flora also likely
play a role in oral tolerance induction, as initially suggested by the
observation that mice raised in a germ-free environment do not
have normal tolerance.24 In one study mice treated with antibi-
otics or lacking Toll-like receptor 4–recognizing bacterial LPSs
and then exposed to a sensitizing regimen of peanut were more
prone to peanut allergy than wild-type control animals.25 Popula-
tion-based observational studies relating the presence of atopic
dermatitis to stool bacterial patterns and interventional studies ad-
ministering probiotics suggest a potential for allergy prevention
by creating a tolerogenic bacterial milieu, although clinical stud-
ies are conflicting.26

IgE-mediated hypersensitivity responses are attributed to the
generation of TH2 cells that produce IL-4, IL-5, and IL-13. Mu-
rine models demonstrate a role of TH2 skewing at the time of
gut antigen presentation by dendritic cells.27,28 To explore the rel-
ative role of a TH2- or TH1-biased immune response in food al-
lergy, Turcanu et al29 expanded human peanut-specific T cells
in vitro from the peripheral blood of patients with peanut allergy
using peanut antigen and then stimulated the cells with phorbol
12-myristate 13-acetate and ionomycin to maximize cytokine se-
cretion. Expanded T cells from 9 subjects with peanut allergy
were found to be TH2 biased. However, Thottingal et al30 mea-
sured peanut allergen–driven cytokine responses in short-term
primary cultures of PBMCs from adults with peanut allergy and
peanut-tolerant adults with or without peanut-specific IgE.

TABLE I. Estimated food allergy rates in North America

Prevalence Infant/child Adult

Milk 2.5% 0.3%
Egg 1.5% 0.2%
Peanut 1% 0.6%
Tree nuts 0.5% 0.6%
Fish 0.1% 0.4%
Shellfish 0.1% 2%
Wheat, soy 0.4% 0.3%
Sesame 0.1% 0.1%
Overall 5% 3% to 4%
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Subjects with positive skin test responses hadmore frequent or in-
tense IL-5 and IL-13 responses than those without, irrespective of
whether they had clinically symptomatic peanut allergy. Surpris-
ingly, the 3 groups were not distinguishable based on IFN-g re-
sponses, which were absent, suggesting that a protective TH1
bias does not explain the distinction in clinical outcomes, whereas
a spectrum of TH2 responses might.

In susceptible hosts oral tolerance might not develop after
antigen ingestion, or it might be bypassed altogether by presen-
tation of proteins through alternate routes, such as the respiratory
tract or skin. Oral allergy syndrome/pollen-food–related syn-
drome is an example in which oral tolerance is bypassed because
sensitization occurs through the respiratory route.31 Respiratory
sensitization to Bet v 1 in birch pollen might lead to oral pruritus
in allergic patients when eating raw apples because of cross-reac-
tivity to a homologous apple protein, Mal d 1. Application of food
proteins to the skin of mice has been shown to result in systemic
allergic symptoms after oral exposure.32,33 As described above,
there are epidemiologic studies from Israel and the United King-
dom that support the notion that environmental, rather than or per-
haps in the absence of, oral exposure to peanut might promote
sensitization and allergy.13,15 The loss of skin barrier provides a
portal for sensitization to food allergens in the environment and
is increasingly being considered a potential route by which food
allergens can evade oral tolerance.13

The immunopathophysiology of non–IgE-mediated gastroin-
testinal food allergy disorders are also being evaluated. In infants
with food protein–induced enterocolitis syndrome, detection of
TNF-a from PBMCs cultured in vitro with food proteins respon-
sible for the reaction has been shown.34 Chung et al35 found in-
creased staining for TNF-a and decreased staining for the
regulatory cytokine receptor TGF-b1 in duodenal biopsy speci-
mens of affected infants. Morework is clearly needed to elucidate
the immunologic basis of this disorder, but these studies suggest
that a deficit in TGF-b1 response and excessive TNF-a response
might be important pathogenic factors.

Healthy subjects without food allergy frequently have low
concentrations of food-specific IgG, IgM, and IgA antibodies in
their serum. Food protein–specific IgG antibodies tend to increase
in the first months after the introduction of a food and then
generally decrease, even though the food protein continues to be
ingested.36 Subjects with various inflammatory bowel disorders
(eg, celiac disease, inflammatory bowel disease, and food allergy)
frequently have high levels of food-specific IgG and IgM anti-
bodies, but there is no evidence that these antibodies are
pathogenic.37

The role of food proteins
Allergic reactions to egg, milk, peanut, tree nuts, fish, shellfish,

wheat, and soy account for most significant food allergies in
the United States, although any food can trigger an allergic
response.38 However, relatively few protein families account
for the vast majority of allergic reactions.39 In a study by Jenkins
et al40 comparing animal food allergens and their humanhomologs
(considering protein families, sequence analysis, and evolutionary
relationships), they noted that sequence identities to human homo-
logs of greater than 62% typically excluded the protein from being
allergenic in human subjects.Major food allergens share a number
of common features; they arewater-solubleglycoproteins, 10 to 70
kd in size, and relatively stable to heat, acid, and proteases.

However, it is clear that additional aspects, such as food
preparation, can affect allergenicity. One theory proposed to
explain a higher rate of peanut allergy in westernized countries,
where peanut is consumed roasted, compared with lower preva-
lence rates in China, where peanut is primarily boiled or fried,
regards the differential effect of these preparation methods.5 The
high temperature of roasting (180 8C) peanuts leads to a Maillard
reaction that appears to increase stability and allergenicity.41,42

Another theory posits that emulsification (peanut butter) in-
creases allergenicity through an adjuvant effect.5 Additional char-
acteristics of the manner in which foods are ingested might be
relevant. For example, recent studies suggest that 70% to 80%
of young children allergic to milk or eggs can tolerate baked
(heat-denatured) forms of the protein but not the unbaked
form.43,44 It is suggested that these children make IgE antibodies
primarily to conformational epitopes on the food proteins and rep-
resent the children who will naturally outgrow their food
allergies.

Two recent studies suggest that the carbohydrate moiety of
certain glycoproteins might play a significant role in the allerge-
nicity of food proteins. Shreffler et al45 showed that glycosylated
Ara h 1, a major peanut allergen, but not the deglycosylated form,
acted as a TH2 adjuvant by activating dendritic cells to drive the
maturation of TH2 cells. Additionally, Ara h 1 acts as a ligand
for DC-SIGN (dendritic cell–specific intercellular adhesion mol-
ecule 3–grabbing nonintegrin, an ITAM I [immunoreceptor tyro-
sine-based activation motif–containing type II member of the C-
type lectin family]), which also has been shown to interact with
schistosome glycoproteins and induce TH2 responses.46 Com-
mins et al47 identified 24 adults who reported urticaria, angioe-
dema, or anaphylaxis 3 to 6 hours after ingesting beef, lamb, or
pork. These patients were all found to have positive skin test re-
sults and serum IgE antibodies to galactose-a-1,3-galactose, the
carbohydrate moiety of these glycoproteins. This is the first dem-
onstration of IgE antibodies directed at a carbohydrate epitope
leading to clinical symptoms.

CLINICAL DISORDERS
In addressing possible food-induced allergic disease, the

clinician must consider a variety of adverse reactions to foods
that are not food allergies, especially because more than 20% of
adults and children alter their diets for perceived adverse reac-
tions/allergies.2 Adverse reactions that are not classified as food
allergies include host-specific metabolic disorders (eg, lactose in-
tolerance, galactosemia, and alcohol intolerance), a response to a
pharmacologically active component (eg, caffeine, tyramine in
aged cheeses triggering migraine, and histaminic chemicals in
spoiled dark-meat fish resulting in scombroid poisoning
masquerading as an allergic response), or toxins (eg, food poison-
ing). Additionally, psychologic (food aversion and anorexia nerv-
osa) or neurologic (eg, auriculotemporal syndrome manifested by
a facial flush from tart foods or gustatory rhinitis manifested by
rhinorrhea from hot or spicy foods) responses can mimic food
allergies.

It is conceptually and diagnostically helpful to categorize food-
induced allergic disorders based on immunopathology among
those that are and are not mediated by IgE antibodies. Disorders
with an acute onset of symptoms after ingestion are typically
mediated by IgE antibody. Food-specific IgE antibodies arm
tissue mast cells and blood basophils, a state termed sensitization.
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On re-exposure, the causal food proteins bind to the IgE anti-
bodies specific for them and trigger the release of mediators,
such as histamine, that cause the symptoms. Another group of
food hypersensitivity disorders are subacute or chronic and are
mediated primarily by T cells. A third group of chronic disorders
attributed to food allergy are variably associated with detectable
IgE antibody (IgE-associated/cell-mediated disorders). Table II
lists the features of a spectrum of the most common food-induced
allergic disorders categorized by pathophysiology.4,48 The table
does not include disorders such as recalcitrant childhood gastro-
esophageal reflux, constipation, and irritable bowel syndrome,
which are sometimes attributed to food allergy.49 Detection of
IgG antibodies to foods is not considered diagnostic of food al-
lergy.1,4,37 However, Heiner syndrome, a rare infantile disorder
characterized by pulmonary hemosiderosis triggered bymilk pro-
tein, is associated with increased milk-specific IgG antibodies.
Celiac disease and the related skin disorder dermatitis herpetifor-
mis can be considered food allergies because an immune response
to gluten in grains, such as wheat, rye, and barley, is responsible,
but these disorders are not discussed further here. Dietary (food)
protein–induced enteropathy is another malabsorption syndrome,
but unlike celiac disease, it is usually caused by cow’s milk, is
transient, is not associated with malignancy or dermatitis, and,
for unclear reasons, has been rarely described in the past decade.
Although symptoms ofmucous and bloody stools in breast-fed in-
fants have typically been attributed to dietary proctitis/proctoco-
litis caused by immune responses to maternal ingestants, such as
cow’s milk, studies have recently emphasized that alternative
causes, such as infection or other inflammatory disorders, should
be considered.50,51 Thus empiric maternal dietary interventions
should be undertaken with consideration that alternative explana-
tions might exist, and retrials of the avoided allergen can be con-
sidered shortly after resolution of symptoms if other signs of
allergy are absent. Lastly, contact dermatitis has also been attrib-
uted to foods, particularly with occupational exposure.

DIAGNOSIS
The evaluation requires a thorough history and physical exam-

ination to consider a broad differential diagnosis, to ascertain
possible trigger foods, and to determine a likely general patho-
physiologic basis, specifically whether the food-induced allergic
disorder is likely IgE mediated, which guides testing. The history
should determine the possible causal food or foods, quantity
ingested, time course of reaction, ancillary factors (exercise,
aspirin, and alcohol), and reaction consistency.4 The history also
focuses on details that might contribute to estimating the prior
probability of an allergic reaction to a specific food. For example,
reasoning dictates that a food ingested infrequently is more likely
responsible for an acute reaction than one previously tolerated;
that contamination of a meal by a previously diagnosed allergen
should be considered ahead of a less likely explanation, such as de-
velopment of a new allergy to a previously tolerated food; and that
major allergens are inherentlymore likely to be triggers than other
foods. To arrive at a diagnosis, the clinician should consider the
epidemiologic aspects of the disease (eg, common triggers and
common associations) and the details of the specific history and
then consider appropriate testing that can be evaluated in the con-
text of these prior probability estimates.4

For IgE-mediated disorders, skin prick tests (SPTs) provide a
rapid means to detect sensitization.4 Negative SPT responses

essentially confirm the absence of IgE-mediated allergic reactiv-
ity (negative predictive accuracy,>90%). However, a positive test
response does not necessarily prove that the food is causal (spec-
ificity, <100%). Consideration of the clinical history and disease
pathophysiology is required to maximize the utility of test results.
For example, a positive SPT response can be considered confirma-
tory when combined with a recent clear history of a food-induced
allergic reaction to the tested food. Additionally, increasing SPT
wheal size is correlated with an increasing likelihood of clinical
allergy.4,52 Studies have attempted to define wheal sizes above
which allergy is virtually confirmed based on the test result
alone53,54; however, these studies have been limited to a few foods
in infants using specific techniques in only a few populations.4 In
one study of 140 children evaluated for peanut allergy, 64 had pos-
itive SPT responses, and 18 reacted during oral peanut chal-
lenge.55 Of 17 children with an SPT wheal of greater than
10 mm, only 8 reacted during the challenge. Thus additional stud-
ies are needed to continue to define the diagnostic accuracy of
skin test wheal sizes for different foods, ages, disease, and popu-
lations; wheal size has not been correlated to severity of out-
comes. When evaluating allergy to many fruits and vegetables,
commercially prepared extracts are often inadequate because of
the lability of the responsible allergen, and therefore the fresh
food might be used for testing.

Serum immunoassays to determine food-specific IgE antibodies
(the term RAST is now antiquated) provide another modality to
evaluate IgE-mediated food allergy.56 Increasingly higher concen-
trations of food-specific IgE levels correlate with an increasing
likelihood of a clinical reaction but do not generally correlate
very well with reaction severity.57-62 Different predictive values
are being generated from emerging studies, whichmight represent
nuances of diet, age, disease, and challenge protocols.60,61,63 Par-
ticular values associated with a high likelihood of clinical allergy
(eg,>95%) are often referred to as diagnostic values. Undetectable
serumfood-specific IgEmight be associatedwith clinical reactions
for 10% to 25%.57,64 Consequently, if there is a suspicion of possi-
ble allergic reactivity, a negative SPT response, negative physi-
cian-supervised food challenge result, or both are necessary to
confirm the absence of clinical allergy. Nomograms are available
where prior probabilities can be used along with likelihood ratios
(determined from studies evaluating the diagnostic utility of tests)
to predict a diagnosis; however, there are few studies providing
likelihood ratios, and results vary.4 A decrease in specific IgE con-
centration is associated with an increasing chance of allergy reso-
lution.65A complete primer of food allergy diagnosis is beyond the
scope of this review, but Table III provides additional insights and
information that are key to accurate diagnostics.57-62,66-68

Although not commercially available, determination of spe-
cific IgE-binding epitopes on an allergen might provide increased
diagnostic utility.69 The specific profiles of epitopes bound might
reflect distinctions in binding to areas of an allergen that are de-
pendent on protein folding (conformational epitopes) and are a
feature of mild/transient allergy versus areas that represent linear
binding regions that are stable, reflecting a severe persistent al-
lergy. Additionally, IgE responses to specific proteins in foods
might account for particular outcomes.70 For example, identifica-
tion of IgE binding to labile birch pollen–related proteins is asso-
ciated with mild reactions, whereas binding to stable lipid transfer
proteins in the same foods is associated with more severe reac-
tions. This observation forms the basis for an approach termed
component-resolved diagnostics.
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TABLE II. Food-induced allergic disorders (also see text)

Immunopathology Disorder Key features
Additional

immunopathology Typical age
Most common
causal foods

Natural
course

IgE antibody
dependent
(acute onset)

Urticaria/
angioedema

Triggered by
ingestion or direct
skin contact
(contact urticaria);
food commonly
causes acute (20%)
but rarely chronic
(2%) urticaria

Children > adults Primarily major
allergens

Depending
on food

Oral allergy
syndrome
(pollen–food
related)

Pruritus, mild edema
confined to oral
cavity

Uncommonly
progresses beyond
mouth (;7%) or
anaphylaxis (1% to
2%)

Might increase after
pollen season

Sensitization to
pollen proteins by
the respiratory
route results in IgE
that binds certain
homologous,
typically labile
food proteins (in
certain fruits/
vegetables (eg,
apple Mal d 1 and
birch bet v 1)

Onset after pollen
allergy established
(adult > young
child)

Raw fruit/vegetables
Cooked forms
tolerated Examples
of relationships:
birch (apple,
peach, pear,
carrot), ragweed
(melons)

Might be
long-lived
and vary
with seasons

Rhinitis, asthma Symptoms might
accompany a food-
induced allergic
reaction but rarely
an isolated or
chronic symptom

Symptoms might also
be triggered by
inhalation of
aerosolized food
protein

Infant/child >
adult, except for
occupational
disease (eg,
baker’s asthma)

General: major
allergens
Occupational:
wheat, egg, and
seafood, for
example

Depending
on food

Anaphylaxis Rapidly progressive,
multiple organ
system reaction can
include
cardiovascular
collapse

Massive release of
mediators, such as
histamine, although
mast cell tryptase
levels not always
increased

Key role of
platelet-activating
factor

Any Any but more
commonly peanut,
tree nuts, shellfish,
fish, milk, and egg

Depending
on food

Food-associated,
exercise-induced
anaphylaxis

Food triggers
anaphylaxis only if
ingestion followed
temporally by
exercise

Exercise is
presumed to alter
gut absorption,
allergen digestion,
or both

Onset more
commonly later
childhood/adult

Wheat, shellfish,
and celery are
most described

Presumed
persistent

IgE antibody
associated/cell-
mediated
(delayed
onset/chronic)

Atopic dermatitis Associated with food
in ;35% of
children with
moderate-to-severe
rash

Might relate to
homing of
food-responsive
T cells to the
skin

Infant > child
> adult

Major allergens,
particularly
egg and milk

Typically resolves

(Continued )
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Increasingly, studies are evaluating the utility of the atopy patch
test for disorders in which symptoms are delayed after food
ingestion, such as atopic dermatitis,71 eosinophilic esophagitis,72

and food protein–induced enterocolitis syndrome.73The test is per-
formed by placing foods under Finn chambers in a manner akin to
testing for contact allergens. Although the atopy patch test shows
promise, there are currently no standardized reagents, methods
of application, or interpretations, and the additional diagnostic in-
formation in some studies appears marginal.71,72 Additional future
diagnostic modalities might include the basophil activation test.74

Various tests and procedures (eg, endoscopy/biopsy and breath hy-
drogen tests) might be required to evaluate possible gastrointesti-
nal allergy.75 Unproved or disproved tests, such as the pulse test,
applied kinesiology (muscle strength tests), cytotoxic tests, elec-
trodermal tests, and IgG testing, should not be used.76

The OFC is comprised of a gradual feeding of a possible
allergen under medical supervision to determine tolerance or
clinical reactivity. Severe reactions could be elicited, and there-
fore the procedure is undertaken by properly trained personnel
with medications and equipment to treat anaphylaxis on hand.
Feeding is generally stopped when objective or persistent sub-
jective symptoms are elicited.62 For chronic disorders in which an
ingested food is currently a part of the diet, diagnosis typically in-
cludes a period of elimination of the possible trigger food or foods
to determine whether symptoms resolve before an OFC. Caution
is advised because acute severe reactions are sometimes noted af-
ter reintroduction of a potential allergen (eg, positive test result
for IgE or suspicion of allergy) after prolonged dietary elimina-
tion.77 Open or single-blind OFCs are often used to screen for re-
actions. The double-blind, placebo-controlled OFC is the gold
standard for the diagnosis of food allergies because bias is

minimized.78 If the blinded challenge result is negative, it must
be confirmed by means of an open supervised feeding of a typical
serving of the food in its natural form to rule out a false-negative
challenge result (approximately 1% to 3%). A number of reviews
have outlined the procedures involved for OFCs,78,79 and a
comprehensive clinically oriented guide has been recently
published.80

MANAGEMENT
The primary therapy for food allergy is to avoid the causal food

or foods. Education about avoidance includes careful attention to
label reading, care in obtaining foods from restaurants/food
establishments, and avoidance of cross-contact of foods with an
allergen during meal preparation, such as avoiding shared cutting
boards, slicers, and mixers. Food-labeling laws in the United
States require simple English terms, such as ‘‘milk’’ instead of
‘‘casein,’’ to indicate the presence of specific regulated food
allergens, including only milk, egg, wheat, soy, peanut, tree nuts,
fish, and crustacean shellfish. Patients and caregivers should be
encouraged to obtain medical identification jewelry, taught to
recognize symptoms, and instructed on using self-injectable
epinephrine and activating emergency services. Comprehensive
educational materials are available through organizations such as
the Food Allergy & Anaphylaxis Network (Fairfax, Va; 1-800-
929-4040 or http://www.foodallergy.org).

Various medications can provide relief for certain aspects of
food-induced disorders. Antihistamines might partially relieve
symptoms of oral allergy syndrome and IgE-mediated skin
symptoms. Anti-inflammatory therapies might be beneficial for
allergic eosinophilic esophagitis or gastroenteritis.81 It is

TABLE II. (Continued )

Immunopathology Disorder Key features
Additional

immunopathology Typical age
Most common
causal foods

Natural
course

Eosinophilic
gastroenteropathies

Symptoms vary on
site(s)/degree of
eosinophilic
inflammation

Esophageal:
dysphagia and
pain

Generalized: ascites,
weight loss, edema,
and obstruction

Mediators that
home and activate
eosinophils play a
role, such as
eotaxin and IL-5

Any Multiple Likely
persistent

Cell-mediated
(delayed onset/
chronic)

Dietary protein
enterocolitis

Primarily affects
infants

Chronic exposure:
emesis, diarrhea,
poor growth, and
lethargy

Re-exposure after
restriction: emesis,
diarrhea, and
hypotension (15%)
2 hours after
ingestion

Increased TNF-a
response,
decreased
response to
TGF-b

Infancy Cow’s milk,
soy, rice
and oat

Usually
resolves

Dietary protein
proctitis

Mucus-laden, bloody
stools in infants

Eosinophilic
inflammation

Infancy Milk (through
breast-feeding)

Usually
resolves
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TABLE III. Pearls and pitfalls regarding the diagnosis of food allergy

Pearl/observation Additional details Clinical application

A positive skin test or serum food-specific IgE test
result indicates sensitization but not necessarily
clinical allergy

Screening with indiscriminate panels of tests is
poorly informative

The history and epidemiologic considerations
should guide test selection

Tolerated foods generally need not be tested
Differential diagnosis should include alternative

allergen triggers (environmental aeroallergens)
and nonallergic diseases (eg, intolerance)

Dose, manner of preparation, and ancillary
(eliciting) factors might alter reaction outcomes

Alcohol, NSAIDs, and exercise are among
eliciting factors that might facilitate a reaction

Heating can alter allergenicity (eg, bakery
products with egg/milk might be tolerated when
whole forms are not, and cooked fruits might be
tolerated when raw fruits are not)

A low dose might be tolerated, whereas larger
amounts might not

The history should focus on amounts triggering a
reaction and ancillary factors

The history should explore the types of foods
tolerated or not tolerated

IgE binding to homologous proteins among food
groups and between foods and pollens might
have variable clinical relevance

Rates of clinical cross reactivity:

Care should be used in not overtesting
For some categories and foods, avoidance of the
entire group might be prudent, especially to
avoid cross-contact in preparation, but
individualization might be possible

Allergy
to: Related food

Approximate
clinical

reaction rate

Peanut Most beans 5%

A tree
nut

Other tree nut 35%
Higher for:

walnut-pecan,
almond-hazel,

cashew-pistachio

A fish Other fish 50%

Shellfish Another
shellfish

75%

Grain Another grain 20%

Cow’s
milk

Goat/sheep milk
Mare’s milk

Beef

>90%
5%
10%

Tests for serum food-specific IgE might not
provide comparable results among
manufacturers

In the United States there are 3 major test
manufacturers

Care must be taken in evaluating test results over
time when different manufacturers are used

Serum/skin tests might be negative despite clinical
reactivity

Might be due to reagent lacking relevant protein
Might be because reaction is not IgE mediated

Do not discount a convincing history because of a
negative test result

Consider testing with fresh food (prick-prick test)
Be cognizant of non–IgE-mediated allergic

reactions
Increasingly high serum food-specific IgE levels
or increasingly larger skin test wheal sizes
indicate greater chances of clinical allergy

Correlation of tests with outcomes vary by centers,
age, and disease (equivalent results are
generally more predictive of allergy in a
younger patient)

Results are not strongly reflective of severity

Tests should not be viewed solely as positive/
negative

Results can be followed over time to monitor
allergy persistence/resolution

Specific correlative values might not be applicable
over all patient groups

At specific high levels of IgE or large skin tests,
clinical reactivity is highly likely; however,
studies are limited, and variations in diagnostic
cutoff values are reported Food

Mean
age 5 y,
50% react

Mean
age 5 y,

!95% react

Age
<2 y, !95%

react

Egg (kUa/L) 2 7 2

Milk (kUa/L) 2 15 5
Peanut
(kUa/L)

2/5 14

Oral food challenges might be deferred,
particularly if there is a clinical history

NSAIDs, Nonsteroidal anti-inflammatory drugs.
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important to recognize that the key treatment for food-induced an-
aphylaxis is prompt administration of epinephrine.

PREVENTION
There are limited data on primary prevention of food allergy

through dietary means, although numerous studies possessing
various limitations have addressed outcomes of atopic disease,
such as atopic dermatitis and asthma. Based on review of the
available literature, professional organizations82,83 have gener-
ally concluded that there is insufficient evidence regarding re-
duced atopic disease to recommend maternal avoidance of
allergens during pregnancy or lactation, although there is some
evidence that allergen avoidance during lactationmight be related
to reduced atopic dermatitis. For infants with a family history of
atopy placing them at increased risk, data primarily support the
practice of exclusive breast-feeding for at least 4 months com-
pared with feeding intact cow’s milk formula to decrease the cu-
mulative incidence of atopic dermatitis and cow’s milk allergy in
the first 2 years. Similarly, avoidance of solid foods for the first 4
to 6 months is associated with reduced risk of atopic dermatitis.
Additionally, for infants not being exclusively breast-fed, whole
protein formula (cow’s milk or soy) compared with the use of
studied extensively or partially hydrolyzed formulas in the first
few months appears to be associated with increased risks for
atopic dermatitis. After 4 to 6 months, there are insufficient stud-
ies/data that specific allergen avoidance alters atopy outcomes.

FUTURE THERAPIES
Future therapeutic options for food allergy include strategies

that target specific foods and ones that block allergic responses

and are not food specific.48,84,85Table IV summarizes some of the
current strategies. Of note, immunotherapeutic approaches now
under study attempt to avoid serious adverse effects that would
otherwise be triggered by injection of native allergens, as noted
in a study of injection immunotherapy for peanut allergy,86 by
changing the route of administration or by modifying (engineer-
ing) the treatment proteins. The approach undergoing the most
current research is oral immunotherapy (OIT), in which doses
of the food protein are given in gradually increasing amounts to-
ward a maintenance dose. Jones et al87 enrolled 39 children with
peanut allergy in an open study of OIT; the study did not use initial
OFCs, but after therapy for 4 to 22 months, initially aiming for
300 mg as a maintenance dose, 27 of 39 children completing
the maintenance phase tolerated the targeted 3.9-g open peanut
food challenge (18 of them without symptoms). Immune param-
eters followed during the study revealed a decrease in skin test and
basophil activation, a decrease in peanut-specific IgE levels, and
an increase in IgG levels.4 In a first double-blind trial of milk OIT
by Skripak et al,88 20 children (12 completed active treatment and
7 received placebo) underwent a regimen of an initial escalation
day (aiming for 50 mg), 8 weekly updosings to a final dose of
500 mg, and maintenance for 3 to 4 months. The median dose
eliciting a reaction at baseline was 40 mg, which increased to
5,140 mg (range, 2,540-8,140 mg) in the treated group but was
unchanged in the placebo group. OIT is presumed to restore or in-
duce a tolerant state. However, a distinction must be made be-
tween desensitization, in which the allergen is ingested without
symptoms during treatment but requires daily ingestion, and tol-
erance, in which the foodmight be ingested without allergy symp-
toms despite periods of abstinence. Studies to date indicate that
OIT induces desensitization, but it remains unclear whether toler-
ance is achieved.89 Staden et al90 randomized children to egg or

TABLE IV. Selected immunotherapeutic strategies

Therapy Immune rationale Benefits Observations to date

Standard subcutaneous
immunotherapy (native allergens)

Antigen presentation in nonmucosal
site results in TH1 skewing

Proved for venom and respiratory
allergy, possible benefit (pollen)
for oral allergy syndrome

Primarily avoided for risk of
anaphylaxis (eg, peanut)

Sublingual/OIT Antigen presentation to mucosal site
provides desensitization and might
induce tolerance

Natural foods, reduced risk of
systemic anaphylaxis compared
with injections

Mounting evidence for
desensitization and relative safety;
unclear effect on tolerance

Modified protein vaccine Reduced IgE activation by mutation
of IgE-binding epitopes

A safer form of immunotherapy
compared with injection of native
protein

Murine models show promise,
human studies are planned

Peptide vaccine (overlapping
peptides)

Peptides are less likely to cross-link
IgE, avoiding mast cell activation

No requirement for IgE epitope
mapping/mutation

Limited

Conjugation of immune stimulatory
sequences to allergen and
additional adjuvant methods

Enhance TH2 response by activating
innate immune receptors (using
specific sequences or whole
bacteria)

Increased efficacy, possibly improved
safety

Preclinical studies

Plasmid DNA-encoded vaccines Endogenous production of allergen
might result in tolerance

Possible 1-dose treatment Murine models reveal strain-specific
response

Anti-IgE antibodies Targeted toward Fc portion of
antibody, can inactivate IgE with
reduced risk for activating mast
cells

Not food specific
Some response in eosinophilic

gastroenteropathy (pilot study)

Preliminary study showed improved
threshold overall but did not show
uniform protection

Chinese herbal medicine Mechanism unknown Not food specific Murine models show efficacy
Human safety studies are underway

Cytokine/anti-cytokine
(eg, anti–IL-5)

To interrupt inflammatory signals Might allow directed interruption of
inflammatory processes without
need for food restriction

Preliminary study shows benefit for
eosinophilic esophagitis.
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milk OIT (n5 25) or observation during dietary elimination
(n5 20); after OFCs at about 21 months on therapy, the treatment
group discontinued daily therapy for 2 months and were rechal-
lenged. Although 64% of the treatment group had a good or at
least partial response to OITwhile on treatment, food challenges
performed 2months off treatment revealed only 36% continued to
have true tolerance, a percentage that exactly matched tolerance
achieved in untreated control subjects. More studies are required
to assess safety,91 efficacy, and mechanisms.

SUMMARY
Food allergies are common, result in both acute and chronic

disease, might be increasing in prevalence, affect quality of life,
and can be severe and potentially fatal. Diagnosis currently relies
on a careful history and an appreciation of epidemiologic aspects
of the disorder, the role and limitation of simple diagnostic tests,
and, if needed, the use of an OFC to confirm allergy or tolerance.
Treatment currently relies on avoidance of triggers and appro-
priate prompt response to allergic reactions, such as using
epinephrine for anaphylaxis. Insights on pathophysiology are
leading to the development of improved methods for prevention,
diagnosis, and management, including clinical studies that are
currently underway that might reduce risks for allergic subjects or
possibly cure these allergies.
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