
Allergic airway diseases are associated with skewed TH2
cytokine production, although the underlying cause of this
aberrant immune response is not well understood. Recently, 2
double-digit cytokines, IL-12 and IL-13, have been proposed to
play pivotal roles in the TH2-polarized immune response to
inhaled allergens. IL-12 is a critical determinant of TH1-
mediated immune responses, and it has been shown that defi-
ciency in this cytokine can lead to TH2-polarized immune
responses. IL-13, on the other hand, has recently been shown
to be a critical mediator of the effector arm of the allergic
response. Overproduction of this cytokine has been shown to
induce many common features of the allergic diathesis, such as
airway hyperresponsiveness, eosinophilic inflammation, IgE
production, mucus hypersecretion, and subepithelial fibrosis.
Substantial evidence suggests that an imbalance in the produc-
tion of these 2 critical immunoregulatory cytokines occurs in
the lungs of atopic and asthmatic individuals, such that IL-13
is overproduced, and IL-12 production is impaired. As a result
of this imbalance, IL-13 production may go unchecked and
induce the classical allergic phenotype. Although it is not
entirely clear what tips the balance between these 2 cytokines,
genetic studies suggest that this could indeed be a primary
event. Interestingly, the genes encoding both of these cytokines
reside within the chromosomal regions on 5q, which have been
associated with asthma in many populations. Although no evi-
dence exists to date to support an association between asthma
and polymorphisms in the IL12 gene, evidence is accumulating
that supports an association between genetic alterations in the
IL13 gene and atopy and asthma. From these observations, we
can conclude that an imbalance in the IL-12/IL-13 axis may
contribute to the development of allergic diseases, such as
asthma. Studies to more fully examine the yin-yang relation-
ship between these 2 critical immunoregulatory cytokines are
clearly warranted. (J Allergy Clin Immunol 2001;107:9-18.)
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Asthma is an inflammatory disease of the lung that is
thought to originate as a result of polarized immune
responses to ubiquitous inhaled antigens. Ample evi-
dence suggests that the asthmatic lung is populated by
CD4+ T cells producing a predominantly TH2 cytokine

pattern (ie, IL-4, IL-13, IL-5, and IL-9). The overexpres-
sion of this cytokine pattern results in recruitment and
activation of a number of effector cells (mast cells and
eosinophils), which leads to the functional characteristics
of the disease, namely airway obstruction and airway
hyperresponsiveness (AHR). Structural changes also
include epithelial desquamation, mucus cell hyperplasia,
muscle hypertrophy, and subepithelial fibrosis. The
underlying cause of the abnormal immune response to
common environmental antigens is not well understood.
Recently, 2 double-digit cytokines, IL-12 and IL-13,
have been proposed to play pivotal roles in the aberrant
immune response to inhaled allergens. Elevations in lung
levels of IL-13 and reciprocal impairments in IL-12 lev-
els have been associated with disease. Alterations in
either production of or responsiveness to either of these
important immunoregulatory cytokines could result in
the polarization of T-cell responses to inhaled allergens
observed in the asthmatic lung (Fig 1). Herein, I review
the individual role of these 2 cytokines in allergic disease
and the evidence for their respective dysregulation and
then speculate on how an imbalance in production of
these 2 cytokines may occur in human disease.

IL-12

IL-12 is a heterodimer (p70) composed of 2 covalent-
ly linked subunits referred to as p40 and p35.1 These
subunits are products of 2 separate genes: a heavy-chain
subunit (p40), the expression of which is tightly regulat-
ed in cells that secrete the intact heterodimer, and a light-
chain subunit (p35), which is constitutively expressed at
low levels by most cell types that have been studied.
Interestingly, the gene encoding the p40 subunit is locat-
ed in the region of chromosome 5, in which linkage to
human asthma has been demonstrated.2,3 Bioactive IL-12
is produced by activated monocytes-macrophages, den-
dritic cells, and other antigen-presenting cells.1 Release
of this cytokine from antigen-presenting cells directs the
differentiation of T cells into TH1 cytokine–producing
cells and is a costimulus of activation of effector TH1
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cells while suppressing TH2 cell generation. IL-12
enhances the proliferation and cytolytic activity of natur-
al killer and T cells and stimulates IFN-γ production by
these cells. The cellular actions of IL-12 are mediated by
means of a high-affinity receptor composed of 2 sub-
units, designated as IL-12Rβ1 and IL-12β2. β2 Expres-
sion is restricted in distribution, and regulation of its
expression is likely a central mechanism by which IL-12
responsiveness is controlled. It is currently thought that
expression of the β2 subunit of the receptor is required
for TH1 differentiation and that expression of the β2 sub-
unit is lost in T cells expressing a TH2 cytokine pattern.4

Activation of the receptor complex results in a series of
phosphorylation events leading to translocation of signal
transducer and activator of transcription 4 (STAT4) to the
nucleus, where it binds specific DNA sequences in the
promoter of IL-12–inducible genes.5

The production of IL-12 is greatly influenced by the
cytokine-mediator milieu present during the immune
response. Its production is both positively (IFN-γ and TNF-
β)6 and negatively (IL-4, IL-13, tumor growth factor
[TGF]-β, and IL-10)7,8 regulated by immune mediators.
The most potent stimulator of IL-12 production is IFN-γ.
Although IL-12 stimulates IFN-γ production, a priming
amount of IFN-γ is necessary, at least in vitro, to get mea-

surable IL-12 levels. Another antigen-presenting
cell–derived cytokine, IL-10, is a powerful downregulator
of IL-12 production.7 Although TH2 cytokines have been
thought of as inhibitors of IL-12, the relationship between
these cytokines and IL-12 is more complex. For instance,
although IL-4 and IL-13 suppress IL-12 production if
added at the time of monocyte stimulation, long-term
preincubation with either of these 2 cytokines induces ele-
vated levels of IL-12.8 This dual effect likely represents the
tight control on production of these 2 opposing arms of the
immune response. Other mediators known to be important
in the allergic diathesis, such as PGE29,10 and histamine,11

have also been shown to inhibit IL-12 production.
The ability of IL-12 to redirect TH2 responses toward

TH1 immune responses has been demonstrated in both in
vitro and in vivo studies. In particular, in vitro studies
have shown that IL-12 inhibits IL-4 production in bulk
cultures of peripheral blood leukocytes from allergic
patients12 and markedly suppresses IL-4–mediated IgE
production by human peripheral blood monocytes.13 Fur-
thermore, IL-12 suppresses antigen-specific IL-4 and IL-
10 synthesis, while increasing IFN-γ production in puri-
fied antigen-primed CD4+ T cells from allergic subjects
with rhinitis.14 Interestingly, the inhibitory effect of IL-12
on TH2 cytokine production was not dependent on IFN-γ.

FIG 1. Schematic representation of the reciprocal role of IL-12 and IL-13 in allergic diathesis. Presentation
of inhaled antigens to naive T cells results in differentiation of T cells into either TH1 or TH2 cytokine–
producing cells. The cytokine milieu present during differentiation greatly influences the directionality of
the immune response. If IL-12 is present, T cells differentiate along a TH1 pattern. TH1 cells produce IFN-γ,
which inhibits TH2 cell differentiation, as well as directly inhibiting a number of effector processes known
to be important in allergic disease, such as IgE production and mast cell activation. Although the exact
mechanisms involved in driving TH2 cell differentiation are not known, IL-4 is thought to be important in
TH2 cell proliferation and inhibition of TH1 cytokine production. IL-13, on the other hand, is thought to be a
critical mediator of the effector arm of the immune response. Overproduction of this cytokine has been
shown to induce the hallmark manifestations of the disease, such as IgE synthesis, mast cell activation,
eosinophilic inflammation, and smooth muscle contractility. Substantial evidence suggests that an imbal-
ance in the production of these 2 critical immunoregulatory cytokines occurs in the lungs of atopic and
asthmatic individuals, such that IL-13 is overproduced, and IL-12 production is impaired. Although it is not
clear what tips the balance between these 2 cytokines, recent evidence suggests that primary defects in
either the IL4RA or IL13 genes may be involved. Dashed lines, inhibition; solid lines, stimulation. DC, Den-
dritic cell; ASM, airway smooth muscle.
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Numerous studies have demonstrated the importance
of IL-12 in preventing TH2 immune responses in vivo in
murine models of allergic disease. For instance, Keane-
Myers et al15 demonstrated that endogenous blockade of
IL-12 in a normally nonresponsive murine strain
(C3H/HeJ) resulted in development of TH2 immune
responses to allergen exposure (ie, airway AHR, IgE, and
eosinophilic inflammation). The TH2-promoting effect of
IL-12 blockade in this strain was accompanied by a shift
in the cytokine pattern from a TH1 cytokine pattern to a
TH2 profile. Furthermore, IL-12 knockout mice have
enhanced bone marrow and bronchoalveolar lavage
(BAL) eosinophilia after antigen challenge when com-
pared with their wild-type controls.16 These studies sug-
gest that endogenous production of IL-12 is protective
against the development of the allergic airway phenotype.

Studies have also demonstrated that exogenous IL-12
treatment can markedly suppress allergic airway respons-
es in susceptible murine strains, depending on the timing
of administration. When IL-12 is administered at the
time of antigen priming, it markedly suppresses IgE syn-
thesis, BAL eosinophilia, and tracheal ring reactivity to
acetylcholine.17 Delaying the treatment until the time of
local allergen challenge was shown by several investiga-
tors to be effective in inhibiting AHR and eosinophilia,
although it was not effective in inhibiting IgE produc-
tion.18,19 The protection provided by IL-12 was accom-
panied by a shift in the cytokine pattern from a TH2 to a
TH1 profile, with substantial increases in IFN-γ levels in
the BAL fluids.18 IL-12 has been shown to reverse estab-
lished TH2 immune responses in vivo in some models18

but not others.19 Interestingly, one group has highlighted
the potential utility of using IL-12 as an adjuvant in
immunotherapeutic approaches to the treatment of aller-
gic airway responses.20 They showed that vaccinating
mice with a fusion protein containing ovalbumin and
murine IL-12 after ovalbumin sensitization significantly
reduced IgE production, increased IgG2a, and greatly
enhanced TH1 cytokine synthesis, all in an antigen-
specific fashion.

The inhibitory actions of IL-12 on allergic airway
responses are thought to be primarily, but not entirely,
mediated by its ability to stimulate IFN-γ. Studies by
Gavett et al18 indicated that the inhibitory effects of IL-
12 on AHR were mediated through induction of IFN-γ,
whereas BAL eosinophilia was only partially dependent
on IFN-γ. Brusselle and colleagues21 more directly
examined the role of IFN-γ in the inhibitory effects of IL-
12 on eosinophilia in an IFN-γ receptor knockout mouse.
Not surprisingly, they demonstrated that the IFN-γ
dependence of the inhibitory effect of IL-12 on allergen-
induced BAL eosinophilia was dependent on the timing
of the IL-12 treatment. Specifically, the ability of IL-12
to inhibit eosinophilia when given at the time of initial
priming was dependent on IFN-γ. In contrast, IFN-
γ–independent mechanisms were important when the
cytokine was administered at the time of allergen chal-
lenge. The exact mechanisms by which IL-12 inhibits
eosinophilia independently of IFN-γ remain to be deter-
mined. Collectively, these studies suggest that IL-12 is an
important regulator of TH2 immune responses in vivo
and that dysregulation of this critical immunoregulatory
cytokine may lead to the production of pathogenic TH2
cytokine patterns and susceptibility to allergic airway
disease.

Dysregulation of IL-12 production in human

asthma

The notion that dysregulated IL-12 levels may be
important in allergic airway responses is supported by
several studies of human asthmatic patients. Naseer et al22

demonstrated that the number of IL-12 (p40)–expressing
cells in bronchial biopsy specimens from allergic asth-
matic patients is significantly less than that found in the
lungs of normal control subjects (Fig 2). Furthermore,
treatments that result in improved lung function, such as
steroid treatment, result in significantly increased num-
bers of IL-12+ cells in bronchial biopsy specimens. These
increases were associated with a concurrent reduction in
the number of IL-13–expressing cells. Moreover, those

FIG 2. In situ hybridization of bronchial biopsy specimens from atopic asthmatic and normal control sub-
jects with riboprobes for IL-13 mRNA (A) and IL-12 mRNA (B). Statistical differences were determined by
using the Wilcoxon rank-sum test (P < .05). Reprinted with permission from Naseer T, et al. Am J Respir Crit
Care Med 1997;155:845-51.
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patients who were resistant to steroid treatment did not
show an increase in the numbers of lung cells expressing
IL-12 (Fig 3). A similar increase in skin IL-12 message
levels has been observed in patients with hay fever who
underwent a successful pollen immunotherapy regimen.23

Similar impairments in IL-12 production have also been
observed in whole blood cultures,24 PBMCs,25 and alve-
olar macrophages26 from atopic asthmatic patients com-
pared with atopic nonasthmatic and normal control sub-
jects. Taken together, these studies strongly suggest that
deficiencies in IL-12 production are associated with sus-
ceptibility to allergic airway disease.

Although the mechanisms that give rise to impaired
IL-12 production in asthmatic subjects are unclear at the
present time, several potential mechanisms exist, such as
altered expression of the genes encoding either one or
both of the individual subunits of the functional cytokine
or overproduction of cytokines, that inhibit its produc-
tion. Whether altered IL-12 production in asthmatic sub-
jects is a primary or secondary event is not currently
known; however, the fact that the gene encoding the p40
subunit is located in a region of chromosome 5q that has
been associated with asthma-related traits supports the
notion of a primary event.1,2 Indeed, rare polymorphisms
in the promoter regions of both of these genes have
recently been identified,27 but to my knowledge, their
association with human asthma has yet to be evaluated.

Alternatively, the impairment of macrophage IL-12 pro-
duction in asthma may be caused by increases in mediators
and cytokines known to negatively influence IL12 gene
expression, such as IL-10. Van der Pouw Kraan et al24

examined the potential role of IL-10 in the suppressed lev-
els of IL-12 in PBMCs from asthmatic subjects. They
demonstrated that SAC-stimulated levels of IL-10 were
equivalent between asthmatic and normal subjects, where-
as IL-12 levels were reduced in asthmatic patients. Fur-
thermore, neutralization of IL-10 in cultures of PBMCs
did not influence IL-12 production in either group. They
also showed that the impairment in IL-12 does not just

reflect a generalized failure of monocytes-macrophages
from asthmatic subjects to produce cytokines because IL-
6 levels were equivalent between normal control subjects
and asthmatic patients. Despite the lack of evidence for a
role for IL-10, a role for other mediators known to inhibit
IL-12 production, such as histamine, PGE2, TGF-β, IL-4,
or IL-13, cannot be ruled out.

Another possible explanation for impaired TH1
responses is a loss of responsiveness to IL-12. Recent
studies in mice have indicated that loss of IL-12
responsiveness and subsequent inability of mice to
mount TH1 responses is due to altered expression of the
IL-12Rβ2 subunit. Furthermore, IL-12–dependent sig-
naling in human TH1 cells was shown to correlate with
the selective expression of the transcripts encoding the
signaling component of IL-12Rβ2 and with the pres-
ence of high-affinity IL-12–binding sites selectively
located on TH1 cells. Thus it is proposed that not only
is IL-12Rβ2 a marker of TH1 cells but that lack of
expression of this receptor subunit results in an inabil-
ity to mount TH1 responses. Interestingly, various
allergic conditions have been shown to be associated
with altered IL12RB2 gene expression. For example,
Matsui et al28 demonstrated that IFN-γ production in
response to IL-12 stimulation of PBMCs was reduced
in 24 of 75 atopic individuals, whereas responses to
PHA were not different from those of control subjects.
Ten of these 24 asthmatic subjects were heterozygous
for truncated (2496 del 91) or missense (1577 A to G
and 2799 A to G) mutations of the IL12RB2 chain
gene. In these same individuals IL-12–induced phos-
phorylation of STAT4 was reduced relative to that of
control individuals. In another study, both IL-12 pro-
duction and IL-12Rβ2 expression in tissue biopsy
specimens from patients with allergic rhinitis were
reduced compared with those found in control
patients.29 Interestingly, although steroid treatment of
these patients reversed suppression of IL-12 produc-
tion, it did not restore IL-12Rβ2 expression.

FIG 3. In situ hybridization of bronchial biopsy specimens from steroid-sensitive (SS) and steroid-resistant
(SR) atopic asthmatic subjects before and 2 weeks after prednisone treatment with riboprobes for IL-13
mRNA (A) and IL-12 mRNA (B). Statistical analysis was performed by using a nonparametric Wilcoxon
signed-rank test (P < .05). Reprinted with permission from Naseer T, et al. Am J Respir Crit Care Med
1997;155:845-51.
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It has also been suggested that mainstay therapies for
asthma, such as glucocorticoids and β-adrenergic ago-
nists, may contribute to the imbalance in IL-12/IL-13
cytokine production. For example, β-agonists have
recently been shown to decrease TH1 cytokines and
increase TH2 cytokine production in human PBMCs.
This shift in cytokine production is thought to be due to
alterations in IL-12 levels because addition of rIL-12 pre-
vented the β-adrenoceptor–induced changes in cytokine
patterns.30 Similarly, glucocorticoid treatment of human
dendritic cells reduced their ability to promote the pro-
duction of IFN-γ in CD4+ T cells.31 This decreased abil-
ity was likely a result of steroid effects on IL-12 because
IFN-γ production could be restored by exogenous rIL-12.
In addition, steroids have been shown to directly inhibit
IL-12 production in monocytes32 and dendritic cells.33

Dexamethasone has also been shown to decrease IL-
12–induced IFN-γ secretion and IFN receptor factor 1 in
T cells and natural killer cells. The reduced responsive-
ness to IL-12 appears to be due to inhibition of STAT4-
dependent IFN-γ regulatory factor 1 promoter activity.34

Further evidence of reduced responsiveness to IL-12 is
provided by the observation that steroid treatment
inhibits surface expression of both IL-12 receptor sub-
units (IL-12Rβ1 and IL-12Rβ2) on human PBMCs.10

Interestingly, the reduction in receptor expression was
not mediated by IL-4, IL-10, or TGF-β.

Although the in vitro studies demonstrate that steroids
reduce IL-12 levels and shift cytokine production toward
a TH2 pattern, in vivo administration of steroids to asth-
matic patients is associated with increases in TH1
cytokines and IL-12 levels in supernatants of blood cul-
tures and in sera of patients.35 This elevation in TH1-
promoting cytokine levels was associated with a signifi-
cant improvement in FEV1. Taken together, these studies
suggest that although steroids may be beneficial for asth-
ma or allergies as a result of the direct inhibitory effects
of steroids on cytokine synthesis in T cells, chronic
steroid therapy may indirectly exacerbate the long-term
course of allergic disease.

Collectively, these studies suggest that alterations in
either IL-12 production, responsiveness, or a combina-
tion thereof may contribute to aberrant immune respons-
es to ubiquitous antigens observed in human asthma.
Studies to determine the exact mechanisms of such alter-

ations in this pivotal regulatory cytokine are clearly war-
ranted. Thus a better understanding of the mechanisms
underlying dysregulation of IL-12 production and
responsiveness awaits studies designed to examine IL-12
receptor expression and modulation of IL-12 production
in asthma.

IL-13

IL-13 is a 12-kd cytokine cloned from activated T
cells.36 The human IL13 gene is located on chromosome
5q31 in the cluster of genes encoding IL-4, IL-3, IL-5,
IL-9, and GM-CSF. The gene encoding IL-13 is only 25
kb upstream of the IL4 gene and in the same orientation,
leading to the speculation that these genes arose as a
duplication event during evolution. Although the IL-13
protein has approximately 25% homology with IL-4, it
shares many structural characteristics with IL-4. Further-
more, it shares many, but not all, functional properties
with IL-4. This overlap in function is due to the sharing
of a receptor chain in their individual multimeric recep-
tor complexes.37

The functional IL-13 receptor complex is a het-
erodimer composed of the IL-4Rα chain38 and a 65- to
70-kd protein termed IL-13Rα1. There is an additional
IL-13–binding protein referred to as IL-13Rα2. This
receptor chain binds IL-13, but not IL-4, with very high
affinity but does not seem to be important in signaling. It
is currently thought to serve as a decoy receptor because
it has been found in soluble form in vivo. The genes
encoding the 2 IL-13 receptor chains are both mapped to
the X chromosome. The unique IL-4 receptor is com-
posed of the IL-4Rα chain and the γc chain, which it
shares with IL-2, IL-7, IL-9, and IL-15. Interestingly, the
receptor complex formed by IL-4Rα and IL-13Rα1 also
serves as a receptor for IL-4 in cells lacking the γc chain.

IL-13R is expressed on monocyte-macrophage popu-
lations, B cells, basophils, eosinophils, mast cells,
endothelial cells, fibroblasts, smooth muscle, and airway
epithelium. In contrast to IL-4, no functional IL-13
receptor has been detected on human or mouse T cells or
mouse B cells.39

Signaling through the IL-13R complex is thought to
occur through the IL-4Rα chain because antibodies direct-
ed against the IL-4Rα chain inhibit the binding and the

TABLE I. Functions of IL-12/IL-13 relevant to allergic airway diseases

Function IL-12 IL-13

TH cell differentiation Induces TH1 and inhibits TH2 Inhibits TH1
Proinflammatory cytokine production (IL-1, IL-6, IL-8) Induces Inhibits
IFN-γ production Induces Inhibits
AHR Inhibits (IFN-γ dependent) Induces
IgE Inhibits Induces
Eosinophilia Inhibits (IFN-γ dependent and independent) Induces
VCAM-1 Not determined in allergic disease Induces
Eotaxin Inhibits Induces
Mastocytosis Inhibits Induces

VCAM, Vascular cell adhesion molecule.
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biologic activities of IL-13 and IL-4. Ligation of either
cytokine receptor complex results in activation of JAK-1
and Tyk-2 kinases and induction of tyrosine phosphoryla-
tion of the IL-4Rα chain and the insulin receptor substrate
2, which is the docking site for the Src homology domain
containing the PI kinase in lymphoid cells.37 In contrast to
IL-4, IL-13 does not induce activation of JAK-3 kinase,
which associates with the γc chain of the IL-4R complex
after IL-4 binding. Phosphorylation of the IL-4Rα chain
after binding of IL-13 or IL-4 results in recruitment, phos-
phorylation, and nuclear translocation of STAT6, where it
binds to specific consensus sequences found within the
promoter regions of genes regulated by IL-4 and IL-13.

IL-13 is produced at relatively high levels by both TH1
and TH2 CD4+ T cells after activation. In addition, TH0
and CD8+ T cells produce considerable quantities of IL-
13. IL-13, unlike IL-4, is also produced by naive
CD45RA+ T cells. Thus IL-13 does not behave as a clas-
sical TH2 cytokine. IL-13 is also produced by a number
of non-T-cell populations, such as keratinocytes, mast
cells, and, in large quantities, basophils.

Biologic effects of IL-13

IL-13 has a number of actions similar to IL-4 as a
result of sharing of the IL-4Rα chain. Both cytokines are
known to have a number of actions relevant to the aller-
gic diathesis, such as the regulation of isotype class
switching in B cells to IgE synthesis, induction of the
expression of MHC II and CD23, induction of adhesion
molecule expression on endothelial cells (vascular cell
adhesion molecule 1), chemokine production (eotaxin),
the activation of mast cells and eosinophils, and the inhi-
bition of proinflammatory gene expression (IL-1, TNF,
and IL-6) by monocyte-macrophage populations.40 How-
ever, there are clear differences in their functions, such as
the fact that in contrast to IL-4, IL-13 does not support
proliferation of activated human and mouse T cells. More
importantly, IL-13 is unable to directly drive differentia-
tion of naive CD4+ T cells toward a TH2 phenotype. This
is likely because of the fact that functional IL-13 recep-
tors have not been shown on T cells, although message
for the receptor has been detected in activated T cells.
Even though IL-13 does not have direct effects on T
cells, it may affect T-cell functions and TH1 cell differ-
entiation indirectly through its downregulatory effects on
production of proinflammatory cytokines, particularly on
monocyte production of IL-12.

Role of IL-13 in experimental murine models

of allergic disease

Although CD4+ T cells have been implicated for some
time in the pathogenesis of asthma, the exact mechanisms
by which they induce the allergic phenotype still remain
to be determined. Initially, efforts were focused on exam-
ining the role of the paradigmatic TH2 cytokines IL-4 and
IL-5. However, recent studies suggest that perhaps these 2
cytokines are not necessarily essential for development of
AHR.41-43 In particular, several groups have shown that
although antibody-mediated blockade of IL-4 during

allergen sensitization ablates the development of allergic
asthma, similar blockade of IL-4 before or during antigen
challenge inhibits neither allergic inflammation nor
AHR.41,42 This strongly suggested that although IL-4
plays its well-recognized immunoregulatory role in gen-
erating TH2 deviation in these models, it is not necessary
for the expression of allergic asthma. This was further
supported by the finding that transfer of TH2 cells derived
from IL-4–deficient mice was still able to confer AHR.44

Further evidence that neither IL-4 nor IL-5 were essential
for the expression of AHR was provided by the finding
that mice rendered deficient in both IL-4 and IL-5 still
have AHR in response to allergen sensitization and chal-
lenge.43 Interestingly, Gavett et al45 found that blockade
of the IL-4Rα chain before antigen provocation in sensi-
tized mice effectively inhibited AHR, eosinophilic
inflammation, and mucus hyperplasia. Furthermore,
Kuperman et al46 showed that a deficiency in the STAT6
molecule, which mediates most of the cellular actions of
both IL-4 and IL-13, abolished antigen-induced eosino-
philic inflammation and AHR. These results suggested
that perhaps steps distal to IL-4Rα ligation were clearly
important in the development of allergic responses but
that IL-4 did not appear to be the ligand. Because IL-13
also signals through this pathway, it was proposed that the
effectiveness of IL-4 receptor blockade was due to inhibi-
tion of IL-13–mediated processes and not those mediated
by IL-4. This hypothesis was supported by recent findings
that blockade of endogenous levels of IL-13 in sensitized
mice by the administration of a soluble form of the IL-
13Rα2 chain, which binds only IL-13, reverses AHR and
pulmonary mucous cell hyperplasia.47,48 Further evidence
of its importance as an effector molecule in asthma is pro-
vided by the fact that acute administration of IL-13 itself
was sufficient to recreate many features of the allergic
phenotype, such as AHR, eosinophilic inflammation, and
mucus metaplasia, in nonimmunized mice47,48 or RAG1-
/- deficient mice.48 Moreover, chronic expression of IL-13
in the murine lung results in development of these fea-
tures, as well as subepithelial fibrosis and the formation of
Charcot crystals.49 Despite the ability of IL-13 to recreate
the allergic phenotype in naive mice, recent studies in IL-
13–deficient mice suggest that there may be some redun-
dancies in the effects of IL-4 and IL-13 on eosinophilia
and AHR but that IL-13 appears to be most important in
mucus hypersecretion.50 Thus the jury is still out on the
exact roles that these 2 cytokines play in the development
of allergic responses. Nonetheless, it is probably fair to
say that IL-4 is essential for the initial differentiation of
CD4 T cells into cells producing TH2 cytokines, whereas
IL-13 is likely the most important mediator of the effec-
tor phase of the response, depending on the existing
milieu. Further studies are clearly needed to determine the
exact role of these 2 cytokines in the allergic phenotype.

The possible mechanisms for differences in contribu-
tion of IL-4 and IL-13 to the effector phase of the aller-
gic response are not well understood. However, reason-
able hypotheses include the following: (1) there are
differences in the kinetics of IL-4 and IL-13 production
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during the immune response to inhaled antigens; (2)
there are differences in either affinities or distribution of
the shared receptors for IL-4 and IL-13; and (3) these
receptors induce different signaling pathways. The sim-
plest of these explanations is that perhaps IL-4 is pro-
duced primarily during the differentiation phase of the
response and that IL-13 is either produced later or its pro-
duction is sustained. This contention is supported by the
finding that IL-13 is produced early after T-cell activa-
tion, and steady-state levels of IL-13 mRNA are still
observed 72 hours after activation, whereas IL-4 produc-
tion is transient and message levels are generally not
detectable 12 hours after activation of human T-cell
clones in vitro. Alternatively, the distribution and make-
up of the IL-4/IL-13 receptor complex on lung cells may
determine the binding affinity of the receptor complex
for IL-13 or IL-4. One example of differences in IL-4/IL-
13 receptor distribution is the fact that T cells do not have
functional IL-13R but do, however, express the unique
IL-4R. As more information becomes available on IL-13
receptor expression, more differences may be uncovered.
In terms of differences in the makeup of the IL-4/IL-13
receptor complex, the presence of the γ chain (which is
primarily on hematopoietic cells) lowers binding affinity
of the complex for IL-13, and it is thought that the pres-
ence of IL-13Rα2 may weaken binding of the complex
for IL-4.51 Thus differences in the makeup of the IL-
4/IL-13 receptor complex on resident airway cells may
bias the effector response toward one or the other
cytokine. As discussed above, there are some differences
in signaling pathways, such as the fact that IL-13 does
not activate JAK-3 kinases, whereas ligation of the
unique IL-4 receptor complex does. Whether these or
other undiscovered signaling differences account for the
nonredundant actions of these 2 cytokines remains to be
discovered. Much remains to be learned about the rela-
tive contribution of IL-4/IL-13 to the allergic response.

Potential mechanisms of IL-13–induced AHR

Although the exact mechanisms by which IL-13 medi-
ates AHR are currently unknown, several hypotheses have
been put forth. IL-13 may induce AHR through direct or
indirect effects achieved through mediators released by
surrounding cells or infiltrating inflammatory cells.

Although CD4+ T cells are clearly required to initiate
allergic responses, it appears that once IL-13 is produced
by the T cell, they are no longer required for development
of the allergic phenotype. Evidence for this is presented in
RAG-/- mice, which are deficient in functional T cells.49

In these mice IL-13 induces hyperreactivity similar to that
observed in their wild-type controls. This is not surprising
because T cells do not express receptors for IL-13.

IL-13, like IL-4, has been shown to induce IgE synthe-
sis in human, but not mouse, B cells through induction of
germline E transcription. Thus it may play an important
role in IgE synthesis and IgE-mediated immune respons-
es in human disease. However, IL-13–induced AHR does
not appear to be dependent on IgE because rIL-13 induces
AHR in animals lacking functional B cells.49

A mechanism by which IL-13 may mediate eosino-
philic inflammation and AHR is through the recruitment,
homing, and activation of inflammatory cells. IL-13 has
been shown to have several actions relevant to the recruit-
ment of T cells and eosinophils into the lung. Among these
actions are its role in upregulation of vascular cell adhe-
sion molecule 1 expression, its ability to prolong eosino-
phil survival, and its activity as an eosinophil activation
and chemotactic agent. IL-13 has been shown to induce
the expression of vascular cell adhesion molecule 1 on
endothelial cells in the vasculature, resulting in preferen-
tial extrasavation of eosinophils into the airway spaces. In
addition, IL-13 has been shown to induce eotaxin produc-
tion in airway epithelial cells in vitro.52 In vivo confirma-
tion of this finding has been provided in IL-13 transgenic
mice.49 Despite the importance of IL-13 in eosinophil
recruitment, preliminary reports suggest that eosinophil
infiltration does not appear to be required for IL-
13–induced AHR (Wills-Karp M, unpublished data).

Recent reports suggest that IL-13 may induce AHR by
means of its direct effects on airway smooth muscle. In this
regard, Chen and Panettieri53 have reported that IL-13 can
augment cholinergically induced contractions of tracheal
smooth muscle in vitro, suggesting that IL-13 may mediate
AHR by means of its direct effects on airway smooth mus-
cle. Alternatively, IL-13 has been shown to induce prolifer-
ation of airway smooth muscle in culture, potentially con-
tributing to the muscle hyperplasia observed in human
asthma. IL-13 has also been shown to activate fibroblasts
and may thereby alter the balance in matrix protein deposi-
tion and lead to increased stiffness of the airways. The role
of IL-13 in fibrotic responses has been clearly demonstrat-
ed in IL-13 transgenic mice.49

IL-13 and IL-4 are potent activators of the 15-lipoxy-
genase enzyme, which catalyzes the production of 15-
hydroxyeicosatrienoic acid in human monocytes and air-
way epithelial cells.54 15-Hydroxyeicosatrienoic acid
products are known to have bronchoconstrictor and vas-
cular effects and mucus-producing activity. Thus IL-13
stimulation of these potent mediators may contribute to
the airway changes observed in allergic asthma. Although
the exact mechanisms by which IL-13 induces AHR are
currently unknown, future studies will undoubtedly reveal
the exact mechanisms by which it mediates the effector
phase of the allergic response.

IL-13 overproduction in human asthma

Numerous studies have demonstrated exaggerated IL-
13 production in the lungs of human asthmatic subjects.
Specifically, both message and protein levels of IL-13 are
elevated in bronchial biopsy specimens22,55,56 and BAL
cells57-61 from allergic individuals when compared with
those of control subjects. Interestingly, elevations in IL-13
mRNA and protein levels appear to be more associated
with asthma than with atopy because levels were increased
in the lungs of atopic and nonatopic asthmatic patients but
not in those of atopic nonasthmatic patients when they
were compared with normal subjects.56 IL-13 levels are
strongly correlated with BAL eosinophils in allergic asth-
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matic subjects after local allergen challenge, whereas IL-4
levels are not.61 Although the cellular source of IL-13 in
BAL is not known, Huang et al57 proposed that the prima-
ry source of IL-13 in BAL fluid may be alveolar
macrophages. More recently, Prieto et al60 have provided
further support for this hypothesis. They enriched alveolar
macrophages from asthmatic individuals after repeated
low-dose allergen provocations. They found that mRNA
levels for IL-13 in these cells are significantly elevated
after the allergen challenges. Thus IL-13 and IL-12 pro-
duced by macrophage populations may play an important
role in directing the immune response in allergic disease.
A potential interplay between these 2 cytokines is illus-
trated by the reciprocal message levels of these 2 cytokines
detected in biopsy specimens from allergic asthmatic
patients compared with normal control individuals,22 with
IL-13 mRNA levels being elevated and IL-12 levels being
reduced. Furthermore, after steroid treatment, the reverse
is seen: IL-13 levels decline, and IL-12 levels increase.
Collectively, these studies strongly suggest that a yin-yang
relationship exists between IL-12 and IL-13 in asthma and
that overzealous production of IL-13 and impaired IL-12
production are key components of atopy and asthma.

Polymorphisms in the IL-13/IL-4R complex

are associated with asthma

Overproduction of IL-13 in asthma may arise as a result
of a primary defect in the IL13 gene or a secondary effect
of expanded TH2 cells. Although there is certainly ample
evidence supporting expanded TH2 cells in asthma, recent
studies suggest that primary defects in either the gene
encoding IL-13 or the IL-4Rα chain may be important in
susceptibility to asthma and related traits. In addition to
the evidence for linkage of asthma and related traits to the
region of chromosome 5q, where the IL13 gene resides,
there are several population studies of different ethnic
backgrounds showing evidence for associations between
asthma and related traits and various polymorphisms in the
IL13 gene. Polymorphisms have been identified both in
the promoter and the coding region of the gene.63-65 A C-
to-T change at position –1055 of the promoter region has
been found in 2 separate studies,62-64 and in one study63 it
has been associated with enhanced production of IL-13.
One of the polymorphisms (Arg130Gln) identified in the
coding region is thought to occur in a region critical for
receptor ligand interactions, leading to the speculation that
this polymorphism may account for enhanced IL-13 sig-
naling.63,64 However, this would not likely explain the
overproduction of IL-13 in asthma. As Graves et al64 have
reported, a significant level of linkage disequilibrium
between the polymorphic sites in the IL13 gene, the con-
tribution of surrounding genes on chromosome 5q, or
other as yet unidentified polymorphisms within the gene
encoding IL-13 cannot be ruled out.65

Multiple polymorphisms in the IL4R gene have also
been identified and associated with asthma and related
traits in several studies.65-67 In fact, the gene encoding IL-
4Rα is located on chromosome 16p12, a region that has
been linked to atopy and asthma in several populations.67

It was originally reported that a polymorphism at position
Q576R of the gene encoding IL-4Rα resulted in enhanced
activity of the receptor65; however, more recent studies
suggest that the altered receptor activity in cells from asth-
matic subjects might be due to either a different polymor-
phism or a combination of polymorphisms within the
gene.66,68 Alterations in this receptor that lead to enhanced
receptor activity could mediate both the IL-4–dependent
differentiation of TH2 cells and the IL-13–dependent
processes mediating the effector phase of the allergic air-
way response. Although much work remains to be done
before the exact relationships between polymorphisms in
either the IL-13 or IL-4Rα chain and asthma are known,
these studies underscore the possibility that polymor-
phisms in these genes or combinations thereof may con-
tribute to susceptibility to asthma in some individuals.

YIN-YANG: IL-12/IL-13

The studies discussed above suggest that an imbalance
in IL-12/IL-13 production may underlie the TH2-biased
immune response in asthma. Ample evidence exists to
support an overproduction of IL-13 and an impairment in
IL-12 production in atopic and asthmatic individuals. Fur-
thermore, treatments that shift this balance in the opposite
direction are associated with improvement in lung func-
tion. Thus IL-13 working in concert with IL-4 and other
TH2 cytokines (IL-5 and IL-9), proinflammatory
cytokines, and chemokines may explain many of the
symptoms and manifestations of allergic disease. Its over-
production could also influence the differentiation of T
cells toward a TH2 phenotype through its ability to modu-
late IL-12 production from antigen-presenting cells.
Whether as a result of exaggerated TH2 cytokine produc-
tion or as a primary defect, lack of IL-12 can clearly bias
immune responses toward a skewed TH2 response.
Although it is not entirely clear what tips the balance
between these 2 cytokines, genetic studies suggest that this
could indeed be a primary event. Interestingly, the genes
encoding both of these cytokines reside within the chro-
mosomal regions on 5q, which has been associated with
asthma in many populations. Although no evidence exists
to date to support an association between asthma and poly-
morphisms in the IL12 gene, evidence is accumulating that
supports an association between genetic alterations in the
IL13 gene and atopy and asthma. Although the jury is far
from in on the underlying reasons for the imbalance in
production of these 2 cytokines, these 2 double-digit
cytokines should hold our interest for some time to come.
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