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Reports of decreased sensitization to cat allergen (Fel d 1) among individuals living with a
cat or subjects exposed to high-dose cat allergen may be explained by the development of a
form of high-dose tolerance resulting from natural exposure to an inhalant allergen. Although
the epidemiological data regarding the relationship between exposure and sensitization to Fel
d 1 are conflicting, the ability for high-dose Fel d 1 to induce a characteristic nonallergic
immune response with a distinctive serum antibody profile has been established. Definition of
this modified T-helper (Th)2 response to cat allergen, coupled with the renewed interest in
regulatory T cells within the immunology field, has provided an avenue for exploring the
mechanism by which IgE antibody-mediated responses are controlled. There is mounting evi-
dence to suggest that the modified Th2 response is a variation of the allergic response and that
the modified Th2-allergic axis is influenced by allergen dose and genetics. This article dis-
cusses putative immune mechanisms of tolerance within the context of an allergen-specific
system. The relevance of high-dose allergen exposure and alternate factors such as endotoxin
to the development of tolerance is considered. Fel d 1 exhibits unique molecular and immuno-
logical characteristics that may contribute to its tolerogenic properties. Major T-cell epitopes
of Fel d 1 that preferentially induce regulatory factors have been defined. Furthermore, high-
titer IgE antibody responses associated with atopic dermatitis are characterized by a defect in
the T-cell repertoire that is specific to these epitopes. Identification of Fel d 1 epitopes that
induce interleukin-10 may provide new targets for treatment.
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Relationship Between Exposure to Cat
Allergen and Sensitization

In the late 1990s, several studies reported
a negative association between exposure to
cats and sensitization (1–4). Soon thereafter,
decreased sensitization among children exposed
to high-dose cat allergen (≥4.4 µg Fel d 1 per
gram floor dust) was reported (5,6). High-dose
exposure to Fel d 1 was associated with an
immune response characterized by high-titer
IgG and IgG4 antibodies (Abs) to Fel d 1 with-
out IgE and a lack of allergic symptoms. This
immune response was described as a modified
Th2 response based on the presence of the
interleukin (IL)-4-dependent antibody IgG4.
These studies have generated much debate
regarding the role of cats, as well as domestic
animals in general, in influencing the allergic
response. Because of studies that have reported
no effect of cat exposure on sensitization or an
increased risk for developing IgE, the conflict-
ing data on the exposure–sensitization rela-
tionship are difficult to reconcile (7–16). This is
in large part because of the different study
designs used and the patient populations exam-
ined. For example, in Sweden (where cat aller-
gen is the major source of indoor allergen),
reports of decreased asthma among subjects
with IgG4 Abs to cat compared to those with
IgE Abs are consistent with the view that expo-
sure to cat allergen induces clinical tolerance
(17). In another report from Sweden, living
with a cat was inversely related both to sensiti-
zation and incidence of physician-diagnosed
asthma (18). It could be argued that this effect
on asthma is the result of the dominant effects
of cat allergen in this environment. In the
United Kingdom, cat ownership has been asso-
ciated with a reduced prevalence of sensitiza-
tion to cat and dog, but not mite and pollen,
among adults (19). Adding to the complexity
of this issue, in a study performed in the United
States, children exposed to two or more dogs or
cats in the first year of life exhibited a reduced
risk of allergic sensitization to both indoor and

outdoor allergens (20). The implication is that
exposure to cat influences the immune response
to other allergens; however, the effects are not
consistent. A detailed review of these studies
is beyond the scope of this article; however, the
variable findings raise some important issues.
First, measurement of Fel d 1 in houses often
is not performed, making it difficult to evalu-
ate what actually constitutes high-dose expo-
sure among the populations studied. Second,
because the allergen environment is highly
dependent on the geographic region studied,
it is difficult to draw a comparison between
studies performed at disparate sites. Third, any
adjuvant effects resulting from co-exposure to
immunomodulatory factors within the envi-
ronment (e.g., chemical pollutants or endot-
oxin) often are not addressed.

Questions regarding the nature of the dose–
response relationship to cat allergen are valid
based on existing epidemiological data. Despite
this, there is substantial evidence that high-
dose exposure to cat allergen can induce a
characteristic immune response that is not
associated with allergic symptoms. For cat
allergen to induce high-dose respiratory toler-
ance by natural exposure, both the timing and
duration of exposure to allergen are likely to
be critical to immune outcome. Levels of Fel d
1 in house dust may be up to 10-fold higher
than the highest levels for allergens derived
from dust mite (6,21–24). Furthermore, cat
allergen is easily rendered airborne, and, in
contrast to mite allergen, it persists in the air
even in undisturbed conditions because of its
presence on small particles (<5 µm diameter)
(23,25,26). The aerodynamic properties coupled
with the high allergen load in houses may facil-
itate efficient delivery of high-dose allergen to
the respiratory tract and induction of tolerance.

What Constitutes Tolerance
to an Allergen?

Classical immunological tolerance is defined
as an active state of unresponsiveness by lym-
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phoid cells. In this context, tolerance is an
antigen-specific phenomenon that serves to
prevent damage to the host (i.e., self-tolerance)
while retaining immune responsiveness to
foreign antigens. Three primary mechanisms
of T-cell tolerance have been demonstrated,
including: (a) clonal deletion with elimination
of antigen-specific T cells within the thymus
during development of the T-cell repertoire;
(b) T-cell anergy, whereby engagement of the
T-cell receptor by specific antigen results in an
altered activation state that is characterized by
failure to both secrete IL-2 and proliferate; and
(c) induction of regulatory T (Tr) cells that act
to suppress effector T-cell subsets, resulting in
downregulation of the immune response. In
the field of allergy, tolerance has often been
used as a general term to describe a lack of
allergic symptoms in subjects exposed to aller-
gen (i.e., nonallergic subjects) or an improve-
ment of allergic symptoms after conventional
immunotherapy. The debate regarding whether
a nonallergic response constitutes tolerance is
ongoing. However, it seems likely that the
nonallergic state represents the outcome of at
least two different immune pathways. The het-
erogeneity of nonallergic responses observed
in humans based on allergen-specific serum
antibody profiles supports this statement. For
example, some individuals who are not sensi-
tized to the major cat allergen Fel d 1 exhibit no
evidence of a serological response to Fel d 1
(i.e., IgEneg IgGneg), whereas in others, IgG Abs
to Fel d 1 are readily detectable (6).

Defining the mechanisms of allergen-specific
tolerance is a considerable challenge because
multiple factors may contribute to the nonal-
lergic state. There is no doubt that during the
initiation phase of the immune response to
allergens, the antigen-presenting cell (APC)
fulfills a central role in determining the nature
of the T-cell response that is generated. In
murine systems, the ability for dendritic cells
(DCs) to prime distinct T-cell subsets (i.e., Th1
vs Th2) depends on the maturational stage of
the DC and secretion of DC-derived factors

stimulated by adjuvants such as bacterial lipo-
polysaccharide (LPS; ref. 27). Adding to the
complex picture, in a murine model, co-exposure
to aerosolized high-dose LPS and allergen
(ovalbumin) may favor induction of Th1 cells,
whereas low-dose LPS with allergen results in
Th2 responses (28).

Genetics is a major determinant of allergic
disease, as evidenced by the linkage between
asthma or elevated IgE and single nucleotide
polymorphisms (SNPs) in multiple genes  encod-
ing molecules implicated in the allergic inflam-
matory cascade (29). Furthermore, there is
no doubt that numerous factors encountered
within the environment (e.g., diesel particu-
lates, bacteria, viruses) can alter immune respon-
siveness to allergens. Given this information,
recent evidence has emerged to support
the view that the ability to mount a tolerant
response may be attributable to the dose of
allergen received and properties of the allergen
itself.

In 2001, the definition of the modified Th2
response to cat allergen became the first descrip-
tion of tolerance induced by natural exposure
to an inhalant allergen. This immune response,
which is characterized by the presence of IgG
and IgG4 Abs to Fel d 1 in the absence of IgE, is
not associated with allergic symptoms.
Because of the high titers of IgG and IgG4 Abs
that develop after systemic exposure to aller-
gen during conventional immunotherapy, the
modified Th2 response may reflect a naturally
occurring variant of high-dose tolerance. For
the modified Th2 response to fulfill the criteria
for immunological tolerance, we would expect
this phenomenon to be antigen-specific and to
be mediated by clonal deletion, by T-cell anergy,
or through the effects of Tr cells.

Tr Cells and the Allergic Response
Suppressed T-cell reactivity to allergens or

to T-cell epitopes derived from allergens has
been reported after exposure to systemic or
inhaled allergens (30–33). It seems unlikely that
this arises from clonal deletion. For example,
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in in vitro culture systems, altered T-cell respon-
siveness associated with injection of high-dose
allergen often can be restored or increased by
altering the cytokine micro-environment (34).
Suppression of T-cell reactivity to noninjected
peptides derived from cat allergen (Fel d 1)
after administration of a peptide vaccine also
supports an alternate mechanism (35). Because,
in this context, clonal deletion of T cells requires
ligation of the T-cell receptor by a specific
peptide–major histocompatibility complex
(MHC) complex, this process could not occur
for T cells that are specific for peptides not
included in the vaccine. We recently reported
the presence of a T-cell epitope-specific defect
in the immune response to cat allergen in
patients with high-titer IgE Abs to Fel d 1 (36).
This defect mapped to putative regulatory
epitopes of the Fel d 1 molecule—that is, epi-
topes that selectively induced IL-10 and inter-
feron (IFN)-γ. One interpretation of this is
that targeted deletion of T-cell clones  may
actually contribute to development of allergic
responses, rather than being relevant to toler-
ant responses. However, in this scenario, altered
responsiveness to the regulatory cytokine IL-10
is a more likely explanation for these observa-
tions, as discussed in the section entitled High-
Titer IgE Abs and Atopic Dermatitis: Evidence
of Failure to Control.

In patients who are allergic to the major bee
venom allergen, phospholipase A2 (PLA2),
administration of bee venom as part of an
immunotherapy regimen resulted in dimin-
ished T-cell proliferation and reduced produc-
tion of Th1 and Th2 cytokines to whole allergen
as well as to PLA2-derived peptides that con-
tained T-cell epitopes (31). This T-cell hypo-
responsiveness, or anergy, occurred rapidly
(within 28 d) and was reversed by neutraliza-
tion of IL-10 in vitro. The implication was that
injection of high-dose allergen induced IL-10-
dependent T-cell anergy. Similar observations
were made in subjects who were not allergic
who had received multiple bee stings. Subse-
quently, a mechanism for IL-10-mediated sup-

pression was proposed in which IL-10 binding
to its receptor inhibited CD28 tyrosine phos-
phorylation and phosphatidylinositol 3-kinase
binding (37). Thus IL-10 may inhibit T-cell
activation through effects on the CD28 CD-
stimulatory pathway.

Although there is no doubt that changes in
allergen-specific T-cell responses occur with
conventional immunotherapy, these changes
have not been well-characterized. Diminished
T-cell proliferation to allergen and/or a shift in
cytokine profile have been widely reported for
allergens derived from diverse sources (30–33,
38–42). However, the data are conflicting. For
example, we and others have reported little, if
any, change in T-cell proliferation to allergen
or allergen-derived peptides during immuno-
therapy (43–45). Furthermore, evidence of a
Th2 to Th1 “switch” is variable (31,46,47). In
contrast, consistent with studies of patients
receiving immunotherapy for bee venom allergy,
recent reports have documented increases in
IL-10 after injection of allergens or peptides
from other sources (44,48,49). In one study, cir-
culating T cells derived from allergic patients
produced elevated IL-10 after 1 yr of grass
pollen immunotherapy, compared to atopic
controls (44). In an extension of this study,
increased local production of IL-10 in the nasal
mucosa was reported after 2 yr of immuno-
therapy, but this occurred only during the pol-
len season (48).

Immunotherapy is associated with marked
increases in the production of allergen-specific
serum IgG and IgG4 Abs, with little or no
change in the production of IgE Abs (45,50–53).
This change in serum Ab profile during immu-
notherapy is consistent with a shift toward a
modified Th2 phenotype (i.e., IgGhi/IgG4hi,
IgEneg). In our studies, analysis of T-cell responses
to Fel d 1 peptides in five patients who were
sensitized to cats who started immunotherapy
for cat allergens revealed enhanced production
of IL-10 as well as IFN-γ production to a region
of the molecule that contained T-cell epitopes
implicated in development of the modified Th2
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response and control of the allergic response
(43). These observations raise two major ques-
tions:

1. What is the source of IL-10 associated
with high-dose exposure to systemic or
inhaled allergen?

2. How do these cells function to modify an
established allergic response and induce
tolerance?

There is strong evidence to support the
argument that high-dose exposure to allergen,
by either the systemic or inhaled route, can
lead to tolerance. The mechanism by which this
arises may be more elusive. In a murine model,
repeated respiratory exposure to ovalbumin
induced IL-10-producing DCs within the lung
and the production of CD4+ T cells that
secreted IL-10 (54). In an adoptive transfer
model, these IL-10-producing DCs or CD4+

T cells engineered to express IL-10 or trans-
forming growth factor (TGF)-β were shown to
inhibit allergen-induced airway hyper-
reactivity (55,56). These findings implicate a
specialized subset of CD4+ T cells (collectively
referred to as Tr cells) in the control of inflam-
matory responses in the lung. Tr cells were first
described based on their ability to inhibit the
development of autoimmune disease and
transplant rejection. In recent years,
a putative role for these cells in regulation of
IgE Ab-mediated responses has emerged. The
assumption is that these cells suppress the
immune response to both self-antigens (i.e.,
maintenance of self-tolerance) and foreign anti-
gens (which may include allergens) in the
periphery by exerting an effect on T cells that
have the potential to respond to these antigens.
Such pathogenic autoreactive or allergen-specific
T cells are an integral component of the T-cell
repertoire, and regulation of their reactivity is
pivotal to the maintenance of immune homeo-
stasis.

Several types of CD4+ Tr cells have been
described based on their cytokine profile and
functional properties. Th3 cells, which secrete

high amounts of TGF-β, can be induced in the
gut after oral administration of antigen (57).
These cells have been implicated in the sup-
pression of a spectrum of autoimmune diseases
(58). In contrast, Tr type 1 (Tr1) cells,  which
secrete high levels of IL-10, were shown to sup-
press pathogenic autoreactive T cells in a murine
model of colitis (59). Subsequent studies showed
that OVA-specific Tr1 cells inhibited priming
of Th2 cells, suggesting that they may modu-
late allergic responses (60).

CD4+ T cells that constitutively express the
IL-2 receptor α-chain (CD25) comprise another
type of Tr cell. These cells are produced by the
thymus as a functionally mature subpopulation,
and they act in the periphery to maintain tol-
erance to self-antigens. Similar to the Tr1
subset, these cells exhibit a low proliferative
capacity after antigenic stimulation; however,
in contrast to Tr1 cells, they exert their effect in
a manner that depends on both secretion of
TGF-β and cell contact (61). Because TGF-β is
also produced by Tr1 cells, the distinction
between Tr1 and CD25+CD4+ Tr cells was impre-
cise. However, recent observations suggest
that CD25+CD4+ T cells that produce TGF-β are
distinct from Tr1 cells because they do not
secrete IL-10 (62).

Although IL-10 induction during immuno-
therapy can be localized to CD4+ T cells, the
phenotype of these cells does not fit with the
distinct regulatory subsets described. For exam-
ple, in patients receiving immunotherapy for
bee venom allergy, IL-10-producing CD4+ T cells
expressed CD25 (34). More recently, cells with
a similar phenotype (i.e., IL-10+CD25+CD4+)
have been identified in patients receiving grass
pollen immunotherapy (44). In the latter study,
T-cell proliferation was correlated with the per-
centage of CD25+CD4+ cells in allergic subjects
but not in allergic patients undergoing immu-
notherapy. This observation was interpreted as
indirect evidence of a poorly proliferating sub-
set of cells, which is a characteristic of Tr cells.
It has been proposed that IL-10-producing
CD25+CD4+ T cells are distinct from naturally
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occurring non-IL-10-producing CD25+CD4+ T
cells and that CD25–CD4+ T cells differentiate
into CD25+ T cells after encountering antigen
in the periphery (63). Indeed, recent evidence
suggests that CD25–CD4+ T cells can convert to
TGF-β-producing CD25+ Tr cells in a TGF-
β-dependent manner (64,65). These TGF-β-
induced suppressor T cells were subsequently
shown to prevent HDM-induced inflammatory
cell infiltration in a murine asthma model (64).
In a human system, the ability for CD25+CD4+

T cells to modulate T-cell responses to grass
pollen extract has been examined (66). Addition
of CD25+ T cells to the CD25– subset suppressed
T-cell proliferation and IL-5 production to
allergen. Interestingly, the magnitude of this
effect was substantially reduced in cultures
from symptomatic atopic subjects compared to
cultures from asymptomatic atopics as well as
in cultures from asymptomatic atopics com-
pared to cultures from nonatopics. In this
system, the effects of CD25+ T cells were IL-10-
independent. However, in contrast to other in
vitro human-based allergen-specific systems,
these observations implicated naturally occur-
ring CD25+CD4+ Tr cells in downregulation of
the allergic response. Moreover, this effect was
evident in distinct immune responses to the
same allergen, but the magnitude of this effect
was the distinguishing feature between aller-
gic and nonallergic responders. Clearly, more
detailed analysis of Tr cells is warranted to
further characterize the nature of these cells
and the mechanism by which they function to
control allergic responses.

The Significance of IgG and IgG4 Abs
and the Modified Th2 Response

In grass pollen immunotherapy, inhibition
of allergen–IgE complex binding to B cells by
IgG Abs has been demonstrated using flow
cytometry, and this activity was observed to
co-elute with IgG4 (48,67,68). This suggests
that IgG Abs disrupt the IgE network by inhib-
iting facilitated allergen presentation mediated

through the low-affinity IgE receptor CD23,
which is expressed on B cells. Furthermore, this
“blocking” activity correlated with the patients’
perceived improvement of allergic symptoms.
The implication is that IgE Abs, but not IgG/
IgG4 Abs, are pivotal to the development of
allergic symptoms. This is consistent with the
numerous studies showing that IgE Abs are a
major risk factor for the development of aller-
gic disease. It is not known whether allergen-
specific IgG or IgG4 Abs associated with the
modified Th2 response exhibit functional activ-
ity. Furthermore, although IgE Abs are not
measurable in the serum of modified respond-
ers, the issue of whether IgE-switched memory
B cells are present in these patients remains
unanswered. In addition to observations at the
T-cell level outlined below, there is extensive
anecdotal evidence that the modified Th2
response is a variation of the allergic response.
Indeed, it is not uncommon for patients who
previously lived in a house with a cat and who
experienced no allergic symptoms to report the
onset of symptoms after removal of the cat
from their home environment. Therefore, a
change from high- to low-dose allergen expo-
sure may result in a paradoxical worsening of
symptoms. In our studies, we identified indi-
viduals who currently lived with a cat who
exhibited low-titer IgE (0.35–0.7 IU/mL) in the
presence of high IgG; these patients almost
invariably denied allergic symptoms. We theo-
rize that individuals with a modified Th2
response represent those with an allergic pre-
disposition who may otherwise become allergic
at low levels of exposure to cat allergen. There-
fore, the aforementioned group of individuals
living with a cat may represent a transitional
stage between the allergic and modified Th2
phenotype. It has not been examined whether
IgG Abs in these subjects exhibit inhibitory ac-
tivity.

In addition to its ability to modulate T-cell
responses, IL-10 has also been shown to differ-
entially regulate the production of IgE and
IgG4 Abs in both an antigen-specific and
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nonantigen-specific manner (31,69). In vitro
studies have shown that for IL-10 to inhibit IL-4-
stimulated IgE production and IgE messenger
RNA ε-transcript expression in peripheral blood
mononuclear cells (PBMCs), it must be present
during the first 2 d of culture after addition of
IL-4. This suggests that IL-10 inhibits IL-4-
induced IgE switching and may explain why
IgE Ab titers are refractory to the effects of
IL-10 during immunotherapy (i.e., after IgE
switching has occurred). Titers of serum IgG
Abs to Fel d 1 are strongly correlated with Fel
d 1 levels in house dust (43). Therefore, there
is no doubt that serum IgG Ab titers are an
index of exposure. We do not know whether
this IgG Ab production is driven by allergen
exposure alone or by an associated increase in
IL-10.

Definition of a T-Cell Regulatory
Mechanism Associated
With the Modified Th2 Response

Given the association between high-dose
allergen exposure via the systemic or respira-
tory route and induction of IL-10, we hypoth-
esized that natural exposure to high-dose Fel d
1 was associated with IL-10 production. Analy-
sis of T-cell responses to Fel d 1 identified a
novel immunodominant region mapping to the
amino-terminal portion of polypeptide chain 2
that preferentially induced IL-10 and IFN-γ.
Specifically, production of IL-10 and IFN-γ lo-
calized to two overlapping 17-mer peptides
that were designated peptide (P)2:1 and P2:2,
respectively (43). Surprisingly, induction of IL-
10 and IFN-γ was not restricted to T cells de-
rived from subjects with a modified Th2
response. Indeed, cultures derived from allergic
(IgEposIgGpos) as well as nonallergic controls
(IgEnegIgGneg) exhibited a similar pattern of
cytokine responsiveness. In contrast, a second
immunodominant region within chain 1 (P1:2)
induced strong proliferation in PBMC from
allergic and modified Th2 responders but not
control subjects. Moreover, P1:2 stimulated the

highest levels of IL-5, with a trend toward in-
creased production among allergic subjects.
Thus, induction of Th2 and Th1 or regulatory
cytokines localized to different regions of the
Fel d 1 molecule.

These findings suggest that the T-cell rep-
ertoire for cat allergen consists of distinct Th-
and Tr-cell subsets with defined T-cell recep-
tor specificities and that expansion of chain 1
epitope-specific Th2 cells is a feature of the
allergic response. Furthermore, CD4+ T cells
with potent IL-10- and IFN-γ-secreting prop-
erties are integral to the Fel d 1-specific T-cell
repertoire, irrespective of allergic phenotype.
Flow cytometry analysis confirmed that CD4+

T lymphocytes stimulated with chain 2 epi-
topes secreted IL-10; again, this was indepen-
dent of allergic status.

Induction of different cytokines by epitopes
mapping to separate polypeptide chains of Fel
d 1 suggests that activity of distinct T-cell
subsets is compartmentalized within the micro-
environment in vivo. It is possible that IFN-γ-
and IL-10-inducing epitopes from the same
region of Fel d 1 are generated within the same
endosomal compartment in the antigen pro-
cessing pathway. This may facilitate interac-
tions between Th1 and Tr cells at the surface of
the APC. There is evidence to suggest that Fel
d 1-induced IL-10 acts preferentially on Th1
responses. For example, in the presence of anti-
IL-10 monoclonal Ab, production of IFN-γ, but
not IL-5, was enhanced in cultures stimulated
with Fel d 1 or pooled chain 2 peptides. In fact,
chain 2 peptides stimulated unusually high
levels of IFN-γ secretion (up to 10 ng/mL)
when IL-10 was blocked; these levels were up
to eightfold higher than those induced by
whole allergen (43).

Selective activation of chain 2 epitope-
specific T cells after injection of cat extract in
allergic subjects implicated these cells in toler-
ance induction. This observation provided evi-
dence that chain 2 epitopes were generated
naturally from whole allergen by antigen pro-
cessing pathways in vivo. Furthermore, the
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ability for chain 2 epitope-specific cells to
respond rapidly after systemic administration
of allergen (i.e., within 1–2 mo of initiation of
immunotherapy) suggested that they are not
quiescent during an established allergic
response.

It is likely that irrespective of allergic phe-
notype, IL-10 fulfills a key regulatory function
during an established immune response.
Although regulation of the allergic state by T
cells may occur in early life, the function of
these cells may be altered in later life by a
change in environment—that is, allergen dose.
For example, there are numerous anecdotal
reports of individuals who have grown up
with a cat in the home who, after living in a
cat-free environment, experience the onset of
allergic symptoms in the presence of a cat.
These observations, coupled with altered T-cell
reactivity in patients receiving immunotherapy,
suggest that both the modified Th2 response
and the allergic response are plastic and that a
bidirectional immune pathway links each state.

Numerous studies have demonstrated that
genetic factors are a major determinant of aller-
gic disease. A striking observation in our study
was the high prevalence of expression of the
human leukocyte antigen (HLA)-DR allele
*0701 among subjects with a modified Th2
response (50%) compared to allergic subjects
(7%). Interestingly, the IL-10-inducing peptide
P2:1 and the IFN-γ-inducing peptide P2:2 were
identified as putative promiscuous HLA-DR
ligands capable of binding to multiple HLA-
DR molecules. The ability of these peptides to
induce strong T-cell proliferation in cultures
from patients with diverse HLA types, regard-
less of allergic status, was consistent with this
finding. Indeed, of the four DR7 peptide-binding
motifs identified within Fel d 1, two localized
to P2:1 and P2:2, whereas the remaining two
mapped to weakly stimulatory peptides, sug-
gesting that these were subdominant or not
relevant in vivo. Production of IL-10 was
enhanced in PBMCs from DR7-positive modified
responders compared to their DR7-negative

counterparts for cultures stimulated with P2:1
and other peptides within chain 1 and chain 2
of the molecule. Furthermore, mean levels of
peptide-induced IFN-γ and the ratio of peptide-
induced IL-10 to IFN-γ were enhanced in DR7-
positive modified responders compared to
the allergic group (43). One interpretation of
this is that development of the modified Th2
response in DR7-positive individuals repre-
sents optimal regulation mediated through
chain 2 epitopes.

Based on the premise that the modified Th2
response reflects a variation of the allergic
response, we speculate that exposure to high-
dose cat allergen among DR7-positive subjects
with an allergic predisposition favors IL-10
induction within the respiratory tract beyond
a critical threshold, resulting in tolerance. The
finding that increased production of IL-10 was
observed for all the Fel d 1-derived peptides
in cultures of T cells from DR7-positive modi-
fied responders may have resulted from intra-
molecular epitope spreading. Indeed, such a
mechanism has recently been implicated in the
induction of an immune response to epitopes
of Fel d 1 not included in a Fel d 1 peptide vac-
cine (35).

The issue of why HLA-DR7 expression in
modified Th2 responders should favor IL-10
production is complex. Increased affinity and/
or stability of chain 2 peptide binding to DR7,
coupled with increased density of DR7–pep-
tide complexes at the APC surface, could alter
T-cell signaling events to favor production or
activation of Tr cells. Studies using altered pep-
tide ligands have shown that the affinity of the
peptide–MHC interaction with the T-cell
receptor (TCR) can influence whether a CD4 T
cell produces Th1 or Th2 cytokines (70–72).
Furthermore, it has been proposed that TCR
structure is influenced by the cytokine milieu
and this may alter TCR triggering and subse-
quent development of different T-cell subsets
(70). It is tempting to speculate that DR7-chain
2 peptide complexes favor induction of Th1 or
Tr cells through similar mechanisms.
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Modified Th2 or Modified Th1?

Our findings point to a central role for IL-
10 in regulation of the immune response to cat
allergen. Because IL-10 acts preferentially on
Th1 (IFN-γ) cytokines, rather than Th2 (IL-5
and IL-13) cytokines, it could be argued that
tolerance to cat allergen represents a modified
Th1 response. Thus, an indirect effect of IL-10
on Th2 cells via its effects on Th1 cells cannot
be excluded. There is little evidence to suggest
that the nonallergic response represents a Th1
response. For example, common inhalant aller-
gens do not induce delayed-type hypersensi-
tivity (DTH) skin tests, which is the hallmark
of a classical Th1 response. Furthermore, where
DTH responses to allergens have been demon-
strated (i.e., fungal allergens), the titer of IgG
Abs is markedly lower in subjects with DTH
compared to those with immediate hypersen-
sitivity (73). This observation suggests that the
presence of high-titer allergen-specific IgG Abs
is more consistent with an allergic response. As
an adjunct to this, production of IFN-γ is a fre-
quent observation in allergen-stimulated lym-
phocyte cultures derived from patients with
allergy. Thus, it could be argued that IFN-γ is
not a Th1 marker per se but, under certain con-
ditions, is a feature of Th2 responses. Indeed,
IFN-γ has recently been reported to enhance
Th2 priming in vivo (74). Features of the modi-
fied Th2 response that suggest it is a variation
of the allergic response (as opposed to a Th1-
mediated nonallergic response) include: (a)
presence of the IL-4-dependent IgG4 Ab at
high titers; (b) elevated IL-5 levels in peptide-
stimulated cultures from modified Th2 sub-
jects, compared to nonallergic controls; (c)
enhancement of IL-10 and IFN-γ production to
chain 2 epitopes, which are targeted during
immunotherapy in allergic patients.

The fact that the regulatory effects of IL-10
do not appear to be confined to nonallergic
responses is not surprising because of the com-
plex homeostatic mechanisms that operate to
regulate immune responses to other antigens.

Expansion and contraction of effector T cells
specific for pathogen-derived antigens within
the T-cell compartment is tightly regulated
during acute episodes of infection. Because
exposure to cat allergen is chronic and airborne
levels are high relative to other allergens, con-
trol of T-cell activation within the Fel d 1-specific
T-cell repertoire may be important for prevent-
ing deleterious allergic inflammatory responses.
In contrast to reports of T-cell hyporesponsive-
ness in patients receiving immunotherapy, we
found no evidence for diminished T-cell acti-
vation associated with increased allergen expo-
sure via the respiratory route (i.e., a cat in the
house) (43). On the contrary, our results sug-
gest that activation of T cells targeting a
defined region of the Fel d 1 molecule is piv-
otal to control of distinct allergen-specific
responses.

We propose a model in which the dose of
allergen combined with the appropriate HLA-
DR type dictates the efficiency of activation of
chain 2 epitope-specific T cells. Expression of
HLA-DR7, coupled with high-dose exposure to
cat allergen, could favor optimal induction of
Tr cells in parallel with Th1 cells that are spe-
cific for chain 2 epitopes. When this occurs
during the initiation phase of the immune
response, it may result in “imprinting” of the
epitope-specific regulatory mechanisms neces-
sary to prevent expansion of Th2 cells. These
early immune events could be sufficient not
only to induce a modified Th2 response but
also to maintain it later in life under the appro-
priate environmental conditions (i.e., persis-
tent high-dose allergen; see Fig. 1). In contrast,
low-dose allergen exposure in the absence of
HLA-DR7 could result in preferential stimula-
tion of Th2 cells specific for chain 1 epitopes
(i.e., P1:2). In this scenario, diminished activa-
tion of Th1 and Tr cells could lead to expan-
sion of the Th2 subset and establishment of the
allergic phenotype (Fig. 1). The view that a small
Th2 compartment within the Fel d 1-specific
T-cell repertoire is sufficient to establish the
allergic response is inherent in this model.
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Therefore, optimal activation of chain 2 epitope-
specific T cells during early responses could be
a critical determinant of sensitization status to
cat allergen.

In cultures of lymphocytes from allergic
subjects who were DR7-negative, IFN-γ pro-
duction to chain 2 epitopes was enhanced in
the presence of anti-IL-10 monoclonal Ab (43).
This observation, which points to a role for IL-
10 in the control of Th1 responses during an
established allergic response, suggests that treat-

ment strategies that enhance the interactions be-
tween Tr cells and Th1 cells may be efficacious.
Administration of high-dose chain 2 peptides
in DR7-negative allergic subjects could selec-
tively target Fel d 1-specific Tr cells and Th1
subsets, thereby inhibiting expansion of the
Th2 subset. Therefore, coordinated regulation
by Th1 and Tr cells may not only be pivotal to
the development of distinct immune responses
but may also act to limit the magnitude or se-
verity of an established allergic response.

Fig. 1. Tr cells and Th1 cells coordinately regulate the development and modulation of distinct immune
responses to cat allergen. Exposure to high-dose allergen (magenta) coupled with expression of HLA-DR7
(turquoise) favors presentation of chain 2 epitopes (red) at the APC surface. This results in preferential induc-
tion of Tr cells in parallel with Th1 cells. The subsequent interplay between Tr cells and Th1 cells inhibits
expansion of Th2 cells within the T-cell repertoire. The differential effects of IL-10 on IgE and IgG4 manifest
as the modified Th2 response. Low-dose exposure in conjunction with expression of non-HLA-DR7 (black)
favors recognition of chain 1 epitopes (black) and preferential induction of Th2 cells. The associated dimin-
ished activation of Th1 and Tr cells results in development of the allergic phenotype. The immune pathway
between the modified Th2 and allergic state is bidirectional. Presentation of chain 2 peptides at high dose in
the context of non-HLA-DR7 molecules could favor induction of chain 2 epitope-specific T cells and devel-
opment of tolerance in allergic subjects (immunotherapy). DC, dendritic cell; Tn, naïve T cell; Tr, regulatory
T cell.
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High-Titer IgE Abs and Atopic
Dermatitis: Evidence of Failure
to Control

If Tr cells control the allergic response, then
an aberration of Tr-cell development or func-
tion may lead to allergic symptoms. This could
occur through decreased IL-10 or increased
Th2 cytokine production. Our findings
(reviewed earlier) point to induction of Tr cells
by respiratory exposure to allergen; however,
studies of patients with atopic dermatitis (AD)
suggest that altered responsiveness to IL-10
(rather than diminished IL-10 production)
could also be relevant to the development of
allergic responses.

In population-based studies, titers of IgE
Abs to cat allergen are significantly lower than
for mite allergen among school-age children
exposed to high levels of both mite and cat
allergen (75). Therefore, control of the allergic
response to cat is evident at the B-cell and the
T-cell level among sensitized subjects. Such
downregulation of IgE Abs was shown to be
deficient in cat-sensitized patients with AD
(36). Among these individuals, mean titers
of Fel d 1-specific IgE Abs were significantly
elevated compared to titers of cat-sensitized
patients without AD (11.2 vs 2.3 IU/mL; p =
0.001). This observation, coupled with the very
high titers of total IgE in many of these patients,
suggested that dysregulation of the allergic
response is a feature of this disease. Consistent
with this finding, development of the modified
Th2 response occurred infrequently in patients
with AD compared with a random population
of subjects without AD (4 of 55 vs. 14 of 57; p =
0.013). Based on the ability for IL-10 to sup-
press IgE Abs, high-titer IgE Abs to Fel d 1 in
patients with AD could reflect a deficiency in
chain 2 epitope-specific T-cell activation. Consis-
tent with this, PBMCs from sensitized patients
with AD showed markedly reduced T-cell
proliferation and IFN-γ production to chain 2
peptides as well as an altered pattern of IL-10
secretion (36). Furthermore, blocking IL-10 using

Abs against IL-10 or against the IL-10 receptor
(unpublished observations) failed to enhance
IFN-γ production to chain 2 epitopes. More-
over, decreased production of epitope-specific
IL-10 was accompanied by a paradoxical
decrease in peptide-induced IFN-γ in cultures
from cat-sensitized patients with AD who had
undergone an allergen avoidance regimen (36).
These findings suggest that decreased IFN-γ
production in cultures from patients with AD
was not explained by the effects of IL-10. Thus,
a deficiency in regulatory mechanisms gov-
erned by chain 2 epitopes could contribute to
the development of high-titer IgE Abs associ-
ated with AD.

A recent study examining CD25+CD4+ T
cells derived from patients with AD reported
an increased frequency of these cells, compared
with asthmatic subjects and normal controls
(76). These cells exhibited properties consistent
with Tr cells (i.e., anergy to anti-CD3 stimula-
tion and suppression of proliferation of CD25–

CD4+ T cells) after stimulation with anti-CD3.
In contrast, culture in the presence of Staphy-
lococcal enterotoxin B abrogated these effects.
The implication is that chronic exposure to
superantigens produced by skin-colonizing
bacteria subverts the activity of Tr cells. Because
the majority of patients with AD do not live
with cats, these observations raise the intrigu-
ing issue of whether chronic low-dose expo-
sure to inhaled allergen exerts a similar effect
on Tr cells specific for Fel d 1.

Relevance of the Hygiene Hypothesis
to Allergen-Specific Tolerance

It has been argued that the modified Th2
response to cat allergen arises not by virtue of
high-dose exposure to Fel d 1 per se, but from
increased exposure to endotoxin resulting from
the presence of animals in the home. This is
based on the premise that endotoxin exposure
favors induction of a Th1 response resulting in
inhibition of the allergic response. At the cellu-
lar level, there is no doubt that endotoxin can
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modulate the immune response through bind-
ing to toll-like receptors (TLRs) present on vari-
ous cell types. However, only a single study
has examined the relationship between envi-
ronmental endotoxin and T-cell responses in
humans. In that study, endotoxin levels in
house dust were correlated with IFN-γ produc-
tion by CD4+ T cells, and this was proposed to
protect against allergen sensitization in infants
(77). In a murine model of asthma, low-level
inhaled endotoxin was shown to be necessary
to induce Th2 responses to allergen, whereas
high levels of endotoxin favored a Th1 response
(28). This would provide a mechanism to explain
the epidemiological data showing decreased
sensitization associated with high endotoxin
exposure (78). In contrast, in a different model
in which mice were sensitized to Fel d 1 via the
subcutaneous route, simultaneous injection of
LPS was required to generate a strong specific
Ab response for both IgE and IgG1 (Th2 pro-
file) as well as for IgG2a (Th1 profile) (79).
Therefore, in that system, the adjuvant effects
of LPS did not appear to polarize the immune
response in either direction.

The decreased prevalence of atopy among
children raised on farms in Europe led to the
theory that exposure to high levels of endot-
oxin fulfilled a protective role against the devel-
opment of allergic disease (78). However, more
recent data from a birth cohort study in Ger-
many have refuted this assertion (80). Given
the current state of methodology for measur-
ing endotoxin exposure, it is difficult to evalu-
ate what constitutes low vs high endotoxin
levels. However, because endotoxin levels in
houses with and without cats in the United
States are comparable (81), it seems unlikely
that downregulation of the allergic response in
tolerant subjects living with cats is explained
by endotoxin exposure. Although we cannot
exclude an adjuvant effect of endotoxin on Fel
d 1-stimulated IL-10 resulting from natural
exposure, there is convincing evidence that
IL-10 induction in vitro arises from intrinsic
properties of the molecule and that this gives

rise to Tr cells. These data include: (a) localiza-
tion of IL-10 induction to chain 2 epitopes con-
taining promiscuous HLA class II ligands,
which stimulate strong T-cell proliferation; (b)
identification of IL-10+CD4+ T cells in cultures
stimulated with chain 2 peptides; and (c) absence
of endotoxin in Fel d 1 peptide preparations. It
seems likely that both the dose and route of
allergen exposure, coupled with intrinsic prop-
erties of the allergen, contribute to IL-10 secre-
tion.

We have established that Fel d 1 induces a
modified Th2 response independent of sensiti-
zation to other allergens—even among subjects
who express HLA-DR7 (unpublished observa-
tions, 2004). The implication is that the protec-
tive effect of high-dose exposure to cat allergen
does not influence the immune response to
other allergens—that is, tolerance to cat aller-
gen is an antigen-specific phenomenon. Con-
sistent with this finding, in studies carried out
in children living in New Zealand (where
exposure to both cat and mite allergens is
high), neither the prevalence nor the mean titer
of IgE Abs to dust mite was influenced by
exposure to cat. In contrast, the prevalence of
sensitization to cat was significantly dimin-
ished in houses with a cat (75). The observa-
tion that cat-specific IgE Ab is suppressed
relative to mite supports the view that Fel d 1
has unique immunological properties. The
reduced prevalence of sensitization to cat com-
pared with mite (approx 10 vs approx 30%) in
Australia and New Zealand is consistent with
this statement (4). The issue of whether the
effects of Fel d 1 on the immune response can
be explained solely by the epitope-specific
regulatory mechanism described earlier is open
to debate.

The Fel d 1 molecule is a member of the
secretoglobin family of proteins, and it has lim-
ited amino acid sequence identity (approx
20%) with Clara cell secretory protein (CCSP;
also termed uteroglobin). However, the crystal
structure of Fel d 1 exhibits striking similarity
to the three-dimensional structure of utero-
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globin (82). CCSP is secreted by Clara cells in
the epithelium of the lung, and it has been
reported to have anti-inflammatory and immu-
nomodulatory properties (83–85). If Fel d 1
exerted a similar biological role, then it would
be difficult to explain how the same molecule
could induce a proinflammatory allergic
response and an anti-inflammatory tolerant
response at different doses. From the immuno-
logical perspective, the structural similarity
between Fel d 1 and CCSP suggests that these
proteins are crossreactive. Thus, one would pre-
dict that elevated IgG Abs associated with the
modified Th2 response could block the biologi-
cal effects of CCSP, resulting in increased
inflammatory responses in the lung. Clearly,
this presents a paradox based on the fact that
the modified Th2 response appears to be asso-
ciated with decreased symptoms in the respi-
ratory tract. In summary, intrinsic properties
of Fel d 1 may contribute to the development
of the tolerant response. However, the possi-
bility that other environmental factors, such as
endotoxin, potentiate the effects of high-dose
airborne allergen cannot be excluded.

Implications for the Allergic Patient

Allergen avoidance is the primary treat-
ment for patients who are sensitized to indoor
allergens. However, the “cat paradox,” in which
increased exposure leads to decreased preva-
lence of sensitization, presents a dilemma for
the clinician. There is no doubt that an allergic
patient living in a house with a cat will benefit
from removal of the pet. This statement is sup-
ported by numerous clinical observations.
Once an allergic response is established, per-
sistent allergen exposure only serves to per-
petuate inflammatory responses within the
respiratory tract. However, in terms of primary
prevention, it is not clear at this point whether
children from families with an allergic history
would benefit from a cat-free environment
from birth. Epidemiological data support the
view that children born into a household with

animals are at decreased risk for sensitization
(20,86,87). It seems likely that to induce a modi-
fied Th2 response, high-dose allergen exposure
from early life is a prerequisite. Indeed, the
majority of subjects who have a modified Th2
response report the presence of a cat in the
house from early childhood.

So, what should we recommend for an
atopic individual who is determined to obtain
a cat? Development of the modified Th2 response
can occur in the presence of sensitization to
other allergens. Once an individual has become
sensitized to multiple allergens, it is not known
whether exposure to high-dose cat allergen
later in life could induce a modified Th2
response. Indeed, among subjects older than
age 23 yr, it has been shown that sensitization
to other allergens is a risk factor for the develop-
ment of IgE to cat (8). In an atopic individual,
the prediction is that exposure to high-dose cat
allergen favors a modified Th2 response in the
context of DR7, whereas lack of expression of
DR7 presents an increased risk for sensitization.
If the dose of allergen received during matura-
tion of the immune system is a critical determi-
nant of the immune pathway, then high-dose
respiratory exposure to cat allergen in later life
may not be sufficient to override an established
allergic response. Consistent with this finding,
exposure to cat allergen in early childhood, but
not in adulthood, was related to a decreased
prevalence of skin prick test positivity to cat, and
this was restricted to children exposed before
age 2 yr (88). As mentioned previously, there is
substantial anecdotal evidence that a modified
Th2 response can transition to an allergic
response after a change from high- to low-dose
allergen exposure. However, the converse (i.e.,
development of the modified Th2 response
after change in environment from low- to high-
dose allergen) cannot be said. Therefore, the
allergic response may represent a “default
pathway” that can be subverted by high-dose,
persistent exposure to cat allergen from early life.

Conventional immunotherapy with cat
extract induces an immune response with many
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features that are characteristic of the modified
Th2 response. The duration of such treatment
is a major drawback for many patients; how-
ever, few advances in vaccine development
for cat allergen are on the horizon. In the
mid-1990s, epitope-mapping studies identified
immunodominant epitopes of Fel d 1 chain 1
of the molecule (89,90). This led to develop-
ment of a vaccine that incorporated chain 1
peptides (ALLERVAX CAT); however, therapy
was associated with adverse reactions (91). In
subsequent studies, shorter peptides were
used that spanned chain 1 or both chains of the
Fel d 1 molecule (33,35,49). In those studies,
intradermal injection of peptides was associated
with late asthmatic reactions in a subset of
patients with cat allergies. However, these
reactions were diminished after a second injec-
tion, and peptide-specific T-cell hypore-
sponsiveness persisted for several months. It is
notable that peptides spanning the amino-ter-
minus of Fel d 1 chain 2 were not administered
as part of the peptide preparations. Identifica-
tion of tolerogenic epitopes of Fel d 1 chain 2
may provide an avenue for the design of a
more tailored peptide-based vaccine that pref-
erentially induces T-cell responses targeting a
defined region of the allergen molecule.

Summary

Definition of the modified Th2 response
has provided a framework for examining how
IgE Ab-mediated responses are controlled.
IL-10 is pivotal to regulation of the allergic
response; however, there is likely to be consid-
erable overlap in the role of different Tr cells in
modulation of the allergic response. Exposure
to high-dose allergen either by inhalation or by
injection appears to enhance control mecha-
nisms. Analysis of T-cell responses to Fel d 1
suggests that coordinated regulation mediated
by IL-10- and IFN-γ-producing CD4+ T cells is
relevant to tolerance induction. Properties of
the allergen molecule, coupled with genotype,
are pivotal to this regulatory process. Dissec-

tion of the immune pathways involved in down-
regulation of the allergic response associated
with exposure to high-dose allergen could pro-
vide new directions for the treatment of aller-
gic disease.
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