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Decreased allergen-specific T cell proliferation and
dysregulated cytokine synthesis accompany allergen
immunotherapy, consistent with mechanisms of anergy and
immune deviation. Recent studies emphasise the pivotal role of
decreased T cell IL-4:IFN-γ ratios. A landmark clinical trial of
T cell epitope peptides for venom-immunotherapy shows
efficacy and safety; murine models suggest intramolecular
epitope-suppression inhibits responses to the whole allergen.
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Abbreviations
APC antigen-presenting cell
HDM house dust mite
IFN-g interferon γ
PLA2 phospholipase A2
SIT specific immunotherapy

Introduction
Conventional specific immunotherapy (SIT) with aller-
gens involves the subcutaneous injection of incremental
doses of native allergen-extract into sensitised subjects in
order to achieve a state of clinical tolerance to subsequent
natural allergen exposure. Although introduced in 1911,
SIT still has variable efficacy — depending on the aller-
gen — and carries significant risk of side effects. Current
national guidelines (e.g. [1]) are based empirically on accu-
mulated clinical evidence and risk/benefit analysis without
consideration of the underlying immunological mecha-
nisms. With identification of the pivotal role of T cells in
the control of the allergic immune response, mechanistic
questions are being re-examined. 

Activated CD4+ T cells that drive an allergic response are
polarised towards a Th2 phenotype; key cytokines made by
such cells are IL-4, a major IgE switch factor, and IL-5 which
regulates differentiation and activation of eosinophils [2].
Importantly, the T cell repertoires of both allergic and nonal-
lergic subjects include cells that recognize allergen (e.g. see
reference [3]) but it is the IL-4:IFN-γ ratio that determines
the functional clinical phenotype (IFN-γ being a Th1-type
cytokine) [4]. Increasing data suggest that repolarisation of
the allergic response towards a Th1-type response accompa-
nies successful SIT. Are allergen-specific Th2 cells being
rendered anergic by SIT, exhibiting failure to proliferate and
dysregulated cytokine production on specific immunogenic

rechallenge? Are they deleted, or are the observed changes
all explained by immune deviation? 

This review addresses these questions by examining both
analyses of T cell function during current immunotherapy
regimens and human or animal studies that have used
defined T-cell-epitope peptides to modulate allergic
immune responses. 

Changes in allergen-specific T cell function
with current immunotherapy
Despite different experimental designs, evaluation of suc-
cessful SIT consistently demonstrates altered cytokine
production by allergen-stimulated T cells, with a
decreased IL-4:IFN-γ ratio [5–10,11•,12–14] (Table 1).
Antigen specificity is indicated by the lack of similar
changes following stimulation with control antigens such
as tetanus toxoid. Venom-SIT consistently leads to
decreased IL-4 levels, as protein or as mRNA, regardless of
whether polyclonal or oligoclonal populations are analysed.
Changes are detectable by seven days during ‘rush’
immunotherapy [5] and persist at three years with conven-
tional SIT [9]. In contrast, allergen-induced production of
IFN-γ is generally enhanced. Aeroallergen-SIT similarly
decreases allergen-induced T cell IL-4 synthesis but
IFN-γ production is more variable. Possible reasons for this
different IFN-γ result compared with studies of venom-
SIT may include the complexity both of allergen
sensitivities (venom-allergic patients are often nonatopic)
and of the allergens themselves. 

Decreased IL-4 and, where studied, IL-5 production seen
early during SIT could explain both the rapid downregula-
tion of mast cell and basophil reactivity demonstrated by
allergen challenge after rush immunotherapy [5] and the
decreased inflammatory cell infiltrate [15]. Changes in cir-
culating levels of specific IgE and IgG antibody occur later,
consistent with progressive stimulation of naive B cells in an
altered T-cell-cytokine milieu rather than modulation of the
function of either memory B cells or fully differentiated
IgE-producing B cells. Further interruption of allergen-spe-
cific B cell activation may be mediated by IFN-γ-induced
failure of the seasonal upregulation of B cell CD23, CD40
and HLA-DR expression in SIT patients [16].

Results of analyses of mucosal tissue parallel changes
observed in peripheral blood T cells. After effective
SIT — with inhibition of early- and late-phase responses
to allergen challenge — analyses of target tissues indicate
Th1-cell dominance [15]. 

Thus current SIT is associated with decreased Th2-type
T cell reactivity and a shift in the net cytokine balance
towards Th1 predominance. But is the observed repolar-
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isation due to deletion or anergy of allergen-specific Th2
cells, or to immune deviation?

Deletion or anergy?
Studies consistently demonstrate a decrease in allergen-
stimulated lymphoproliferative responses following SIT,
regardless of whether or not Th1 cytokine production is
enhanced (Table 1). Deletion of allergen-specific T cells
and/or induction of anergy by allergen treatment may be
the mechanism. In experimental models of mucosal toler-
ance that do not use allergens, high-dose antigen treatment
induces clonal deletion via apoptosis [17] but to date T cell
apoptosis due to allergen SIT has not been reported. The
precursor frequency of allergen-reactive T cells is compa-
rable between atopic and nonatopic donors [4] but any
decreases following SIT — which would support the pro-
posal regarding deletion — have not been described.

Anergy as the mechanism of SIT is supported by the
observed diminution of antigen-specific proliferative
response and decreased cloning efficiency [11•], together
with modified cytokine production. These changes mirror
anergy induction by high-dose antigen under defined in
vitro conditions [18–20]; moreover, anergy reversal by IL-2
[19] has been demonstrated in one clinical study of allergen-
SIT [8]. High-dose IL-2 restored oligoclonal T cell
proliferation to specific allergen (bee-venom phospholipase
A2 [PLA2]) and production of IL-2 and IFN-γ (but not IL-
4) to pre-SIT levels; however, due to the non-monoclonal
nature of these cultures, distinction between re-activation of
anergised T cells and activation of naive T cells is difficult.
The increased production of IL-10 following SIT [6] would
favour the induction of T cell anergy [21•]. Further elucida-
tion of regulatory factors and of SIT-induced differences in
biochemical activation-pathways of allergen-stimulated
T cells is required to define the cellular defects.

Immune deviation?
An alternative explanation for the observed T cell changes
is immune deviation — a shift from predominantly Th2-like

to a more Th1-like functional phenotype. Carballido et al.
[22•] demonstrated that PLA2-specific T cell clones shift
from IL-4 to IFN-γ production with increasing antigen dose;
furthermore receptivity to B7 co-stimulatory signals
depends on the strength of the TCR signal, with naive
CD4+ T cells being receptive to CD28-dependent IL-4 pro-
duction only in response to weak TCR signals [23]. These
observations suggest that the higher allergen concentrations
achieved with SIT, compared with natural exposure, could
induce a shift from IL-4 to IFN-γ production by allergen-
reactive T cells. Additionally, the route of allergen
administration may affect cytokine profiles by influencing
the predominant antigen-presenting cell (APC) type. Using
allergen-specific T cell lines from donors who are sensitive
to grass pollen and house dust mite (HDM), IL-4 produc-
tion was maximal at low doses of antigen, especially with
B cells as APCs, but minimal with high concentrations of
allergen presented by monocytes [24]. Differential expres-
sion of co-stimulatory molecules on different APCs may
mediate these effects. Engagement of CD28 on T cells with
B7.1/CD80 on APCs has been shown to favour Th1-cell dif-
ferentiation while interaction with B7.2/CD86 favoured
Th2-cell differentiation [25]; however, while B7.2/CD86 is
constitutively expressed on monocytes and dendritic cells,
B cells show early rapid induction of B7.2/CD86 expression
following activation but later show expression of B7.1/CD80
[26]. Thus the kinetics of expression of co-stimulatory mol-
ecules may confound these studies on APC regulation of
Th-cell differentiation; moreover, the activation state of
interacting T cells also influences outcome, since engage-
ment with the alternative T cell ligand CTLA-4 (cytotoxic
T lymphocyte  antigen 4; expressed on activated T cells)
delivers a tolerogenic signal [27].

More convincing is the role of the cytokine milieu in influ-
encing Th-cell differentiation. The balance between local
IL-4 and IFN-γ is a key determinant of CD4+ T cell
response to antigen. Importantly, IL-12 is the major
immunomodulatory cytokine associated with Th1-polarised
immune responses and indeed increased expression of

Table 1

Changes in allergen-specific T cell function following immunotherapy.

Allergen Immunotherapy Cultured Cytokine change Proliferation Reference
regimen cells response

Assay IL-4 IFN-γ

Bee venom Rush PBMCs ELISA ↓ ↑ ↓ [5]
Wasp and bee venom Rush PBMCs ELISA ↓ ↑ ↓ [6]
Bee venom Rush Enriched T cells ISH ↓ ↑ ↓ [7]
Bee venom Rush T cell lines ELISA ↓ ↓ ↓ [8]
Bee venom Standard T cell lines ELISA NS ↓ ↑ ↓ [9]
Bee venom Standard PBMCs ELISA ↓ ↑ ↓ [10]
Timothy grass Standard T cell clones ELISA ↓ No change ↓ [11•]
Grass Standard PBMCs ELISA ↓ NS ↓ ↓ [12]
HDM and grass Standard T cell lines ELISA ↓ No change ↓ [13]
HDM Standard PBMCs RT-PCR ↓ ↓ Not tested [14]

ELISA, enzyme-linked immunosorbent assay; ISH, in situ hybridisation; NS, nonsignificant; PBMCs, peripheral blood mononuclear cells; RT-PCR,
reverse-transcriptase polymerase chain reaction.



IL-12 mRNA in macrophages has been detected at sites of
allergen challenge post-SIT [28]. The observed local
increase in IFN-γ may be driving the enhanced IL-12 pro-
duction (reviewed in [29]) or alternatively the IL-12 may be
induced by direct interaction between the T cell and the
APC [30]. Naive Th0 cell populations can readily be
induced to differentiate along Th1 or Th2 pathways,
depending on the relative mix of IL-4 and IL-12/IFN-γ [31].
The greater efficacy of bee-venom-SIT compared with
aeroallergen SIT and the more pronounced effects on T cell
cytokine responses (Table 1) may reflect the more Th0-like
profile of the circulating allergen-specific T cells. This may
be due to the small, infrequent doses of venom naturally
encountered by patients compared with chronic high-dose
exposure to aeroallergens. Manipulation of cytokine profiles
of committed Th2-cell subsets is more difficult; however, a
combination of IL-12 and IFN-γ has switched Th2 cells to
IFN-γ production [32]. Thus T cells with enhanced IFN-γ
production after SIT might mediate immune deviation by
acting as regulatory cells for other allergen-reactive T cells
and for subsequent naive T cells encountering allergen.

The possible role of CD8+ antigen-specific suppressor
cells in effective SIT was suggested by Rocklin et al. [33].
Certainly CD8+ T cells can produce large amounts of
IFN-γ and thus both potentially inhibit CD4+ Th2-cell
expansion and antagonise the effects of IL-4 on B cell
switching to IgE production; however, increased CD8+

T cell numbers and/or activity following SIT have been
difficult to substantiate. An observed increase in the pro-
portion of IFN-γ+ peripheral blood CD3+ T cells
measured by flow cytometry after bee-venom-SIT lay
with the CD4+ T cell population [34•]. Thus current evi-
dence favours the induction of an IFN-γ+ regulatory CD4+

T cell population by SIT.

Epitope mapping of T cells further explores the possible
SIT-induced expansion of new populations of regulatory
T cells with different antigen specificities; however,
studies of conventional grass-pollen-SIT found no evi-
dence of determinant spreading and so the observed
switching of the predominant Th2/Th0 cytokine profile
to Th1/Th0 instead suggested modulation of existing
T cell populations [11•]. Interestingly, the allergen’s
T cell epitope specificities are similar for allergic and
nonallergic subjects [35].

It therefore remains unclear whether SIT effects are due
predominantly to induction of T cell anergy or to immune
deviation. Both possibilities seem likely, since the
decreased ratio of IL-4:IFN-γ produced by anergised
T cells would create the milieu favourable for differentia-
tion of allergen-stimulated naive T cells into Th1 cells.
Likewise, the particular circumstances for stimulation of
T cells by allergens during SIT — including high antigen
dose, different route of antigen administration and differ-
ent APC types — may directly switch T cell responses
from Th2- to Th1-type.

Current conventional SIT involves administration of
intact native allergen extracts or, at best, purified whole
allergens; these are recognised by different T cell popu-
lations with particular specificities and affinities. Further
insight into mechanisms of SIT can be obtained from ani-
mal and human studies using peptides, identified as
dominant T cell epitopes of allergens, to target particular
T cell populations.

Peptide immunotherapy
Modulation of human T cell effector function by pep-
tides that are epitopes for T cells was first reported for
influenza-virus-specific cloned human CD4+ T cells [18]
and later applied to modulation of allergen-specific T cell
reactivity. Dominant T cell epitope peptides are the most
potent tolerogens [36]. Treatment of cloned HDM-spe-
cific CD4+ T cells with supraoptimal concentrations of
their specific ligand resulted in decreased proliferation to
subsequent immunogenic challenge, decreased IL-4 and
IL-5 synthesis but persistent IFN-γ production [20].
Characteristic surface phenotypic changes of anergy were
seen, including blunting of the upregulation of CD28
expression normally observed after immunogenic chal-
lenge [37]. In addition, altered signalling pathways are
utilised by anergic T cells [38]. Studies of peptide-aner-
gised, PLA2-specific, cloned CD4+ T cells identified
abrogation of the activity of p56lck and ZAP-70 tyro-
sine kinases [39•].

Murine experimental models 
Inhalation of a dominant peptide of Der p 1, a major
HDM allergen, decreased T cell responses in both naive
and sensitised mice [36]. Initial cytokine upregulation was
followed by abrogation of both antigen-specific prolifera-
tion and cytokine synthesis [40]. These findings suggest
transient activation prior to anergy induction and may
explain apparent differences in cytokine profiles following
SIT (Table 1). There is evidence that these effects are
mediated by regulatory cells. Firstly, mixing lymph-node
cells from mice tolerised to the Der p 1 peptide with
immune spleen cells completely inhibited specific anti-
body production. Secondly, and importantly, treatment
with the immunodominant peptide abrogated T cell
response to the whole, multideterminant Der p 1 mole-
cule; however, CD8+ T cells did not play a role in this
tolerance model. Evidence against deletion of epitope-
specific T cells was provided since the tolerance could be
‘uncoupled’ by subsequent immunisation with a minor
epitope and adjuvant. The downregulation was most effi-
cient for epitopes on the same molecule, suggesting the
mechanism of intramolecular suppression rather than
bystander suppression [41••]. Together these data support
a regulatory role for the anergised CD4+ T cells. This
mechanism appears to be favoured by higher antigen
doses [42]. Similar inhibition of responses to whole aller-
gens by dominant peptides was reported for other models
(e.g. see references [43,44]), stimulating recent human tri-
als of epitope peptide vaccines. 
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Human clinical trials
Five bee-venom-allergic patients were effectively desensi-
tised by subcutaneous administration of three peptide
epitopes of PLA2 [45••]. Analysis of T cell responses
revealed both reduced PLA2-induced proliferation and
decreased IL-2, IL-4, IL-5, IL-13 and IFN-γ production.
Intramolecular suppression is again suggested, as vaccina-
tion with these three dominant epitopes induced tolerance
to the whole PLA2 molecule.

Clinical trials of SIT using peptides of a cat allergen
(Fel d 1) have shown variable efficacy, but large protein
determinants were administered rather than minimal epi-
topes. Immunological analysis showed decreased IL-4
production but no significant change in IFN-γ production
or proliferative response to Fel d 1 [46]. Possible expla-
nations for the disparity between the studies with PLA2
and Fel d 1 peptides would include the different total
peptide doses and the use of smaller epitope peptides for
PLA2 (i.e. 11, 12 and 18 amino acids) compared with
Fel d 1 (i.e. 27 amino acids). Again, bee-venom sensitivi-
ty may be easier to downregulate. 

An alternative strategy for enhancing peptide efficacy,
that is suggested from in vitro studies, is to use peptide
analogues in which secondary TCR contact residues are
substituted. Such altered peptide ligands may act as par-
tial agonists or antagonists, but importantly they can cause
increased IFN-γ production or decreased IL-4 production
by allergen-specific human T cell clones [30,47,48•]. 

Conclusions
Clinical efficacy of SIT is associated with altered allergen-
specific T cell function. T cells show decreased
proliferative response to subsequent allergen challenge,
together with dysregulated cytokine production. T cell
anergy and immune deviation as potential underlying
mechanisms of successful SIT are not mutually exclusive.
With ongoing SIT, the redirection to Th1 cytokine pro-
duction by allergen-stimulated T cells would be
perpetuated since naive T cells will now be maturing in an
environment with a decreased IL-4: IFN-γ ratio. To date,
T cell deletion accompanying SIT for allergy has not been
examined but remains a theoretical possibility.

Enhancement of the shift to Th1 cytokines to increase
efficacy, especially for more complex allergens, may be
achieved by recombinant allergen approaches. These
include either mutated recombinant proteins — that
retain dominant T cell epitopes but have abrogated IgE
reactivity — for use as hypoallergenic vaccines [49] or
recombinant major allergens coupled to bacterial crys-
talline surface proteins [50]. The expression of a Der p 1
epitope in mycobacterial vaccine strains induced pep-
tide-specific IFN-γ responses in mice [51•]. An
alternative approach utilises expression vectors contain-
ing allergen genes linked to cytokine genes [52]. DNA
vaccines may themselves promote Th1 cytokine

responses [53]. Each of these strategies favours Th1
cytokine synthesis in the local environment of allergen-
responsive T cells. 

Clarification of the precise underlying mechanisms of clin-
ically effective SIT will permit the rational design of new
immunotherapeutics for allergic disease.
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