1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Allergy Clin Immunol. 2015 December ; 15(6): 581-587. doi:10.1097/ACI.
0000000000000216.

Effect of allergen-specific immunotherapy on CD4+ T cells

Erik Wambre
Benaroya Research Institute at Virginia Mason, 1201 Ninth Avenue, Seattle, WA 98101 USA

Erik Wambre: ewambre@benaroyaresearch.org

Abstract

Purpose of review—The aims of this review are to 1) discuss the impact of chronic high dose
allergen exposure on allergen-specific CD4(+) T cell subset during Allergen-Specific
Immunotherapy (AIT) and 2) discuss recent advances supporting novel mechanisms for
desensitization and tolerance induction during AIT.

Recent findings—New technologies for direct molecular and cellular analysis have now
provided an unprecedented opportunity to compare the functions and phenotypes of allergen-
specific T cells at a single cell level, both in the context of disease and clinical intervention.
Recent studies have demonstrated that AIT may restore tolerance by transiently inducing IL-10
producing T cells followed by selective deletion of allergen-specific T2 cell subset.

Summary—With antigen-specific TH2 cells at the core of the allergic process in atopic
individuals, the duration and dose of antigen exposure can be the driving force behind current AIT
protocol. Mechanisms modulating allergen-specific CD4(+) T cell responses may include 1)
autocrine 1L-10 production to limit excessive TH2 cell effector responses, 2) T cell exhaustion and
3) preferential pro-allergic TH2 cell deletion allowing concurrent down-regulating T cell
responses to emerge. Administration of AIT in the context of immune modulating strategies able
to induce counter-regulatory immune response may lead to improved AIT with durable clinical
benefit.
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Introduction

For more than 100 years, allergen-specific immunotherapy (AIT) has been used to treat
allergic individuals and continues to be the only clinical therapy available for IgE-mediated
allergy. The goal of AIT is to reduce symptoms caused by allergy (desensitization) and
ultimately restore a durable harmless response to natural allergen exposure (tolerance). To
date, long term clinical benefit following AIT can typically be achieved by the
administration (subcutaneous, sublingual, oral, or epicutaneous) of escalating doses of the
sensitizing allergen, until a high enough dose is reached and maintained. While clinical
benefits associated with AIT are well documented, it faces several problems related to side
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effects, high costs of lengthy protocols and efficacy that has not yet been proven to be
permanent. Part of the reason is that the underlying mechanisms leading to natural tolerance
to allergen are not yet understood. It also remains unclear whether restoration of harmless
response to allergen is a function of the dose or duration of AIT and can be achieved in any
allergic individuals. Whether the immunologic response to allergens absorbed through the
oral mucosa is different from that to allergens administrated subcutaneously is also an area
of ongoing investigation, although similar immunologic mechanisms appear to be involved
(1). In contrast to symptomatic treatment, accumulating evidence now suggests that current
allergy vaccine intervenes in the disease at the level of T helper (TH) cells, redirecting
inappropriate allergen-specific T cell responses that trigger downstream pro-inflammatory
responses (2-5). Therefore, a good knowledge of the targeted CD4(+) T cell population is
likely to be key to the design of better immunotherapy. In the case of type 1 allergic disease,
current dogma holds that TH2 cells cause pathology, and induction of concurrent immuno-
regulating T cells responses is considered a highly desirable therapeutic goal(6). AIT can
alter the responses of allergen-specific T cells via various non-exclusive mechanisms
involving either i) a switch from a TH2 to a TH1 cell-dominated immune reaction (immune-
deviation), ii) the induction of regulatory T cells (immune-regulation) or iii) deletion/anergy
of pathogenic allergen-reactive T cells (immune disease induction model). For many years,
mechanistic studies investigating the effect of AIT on CD4(+) T cells have shown
contradictory results about the mechanism involved, both during desensitization phase and
tolerance induction. This discrepancy between studies may arise from the absence of
adequately sensitive approaches to directly assess immunological changes within rare
allergen-specific CD4(+) T cells. Although still technically challenging, it is now possible to
interrogate ex vivo antigen-specific CD4(+) T cell responses in the peripheral blood of
patients during the course of immunotherapies, revealing new insights into disease
pathogenesis(7, 8). This review will detail the changes in peripheral CD4(+) T cell responses
during current immunotherapy and discuss a new paradigm for how allergen-specific
CDA4(+) T responses may be regulated during AIT.

Allergen-specific regulatory T cells and immunotherapy

Understanding the nature of CD4(+) T cells responses in healthy individuals is critical to
improving current allergy vaccines. This is with the assumption that these cells are
protective and that allergen-specific immunotherapy should restore and maintain such
immuno-regulating T cells responses. Regulatory T (Treg) cells are important mediators of
immune tolerance, preventing inappropriate or overwhelming immune response.
Interestingly, the high-dose models of beekeepers and cat allergen-exposed individuals
suggest that Treg cells can be induced by chronic high dose allergen challenges(9).

Among the known subpopulation of Treg cells, both forkhead box P3(+) (Foxp3) Treg cells
(10-12) and inducible Type 1 regulatory T (Tr1) cells (2, 6, 13) have been linked to clinical
benefit induced by AIT. However, for many years there has been heated debate about the
definition of such Treg cells (14) and their precise monitoring in humans (Table 1).
Nevertheless, induction of CD4(+) T cells able to produce the anti-inflammatory
Interleukin-10 (IL-10), has emerged as a consistent finding, either in the context of natural
responses in non-allergic individuals or as a consequence of successful AIT
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protocols(15-17). As previously reviewed(18), IL-10 is a pleiotropic cytokine that plays a
key role both in suppressing allergic inflammatory pathways and in promoting the induction
of 1L-10-secreting regulatory T cells. However, under chronic stimulation, 1L-10 can be
produced by many cell-types of the immune system, including effector TH1 and TH2 cells,
increasing uncertainty over the mechanism of AIT. As recently highlighted, AIT appears to
be dependent on the interplay between 1L-10 and regulatory T cells (16). Yet, recent studies
suggest that mainly I1L-10-producing Tr1 cells, but not Foxp3(+) Treg cells, are involved in
the effectiveness of AIT(2, 15). This is consistent with studies showing that AIT-mediated
suppression could be abrogated by the use of neutralizing antibodies against 1L-10 signaling
(16), whereas depletion of naturally occurring Foxp3(+) Treg cells only partly abrogates the
suppressive effects induced by AIT(19).

It remains unclear whether AIT directly enhances Treg cell activity or simply increases their
absolute number to correct the imbalance between allergen-specific T cell subsets. For
instance, the number of Tr1 cells has been found to be reduced in peripheral blood from
atopic subjects(20), whereas it was elevated in AlT-treated patients (2, 15). Conversely,
CDA4(+)CD25(+) Treg suppressive activity has been shown to be defective in birch allergic
individuals (21), while recent works by Nadeau et al showed restoration of the suppressive
capacity of Foxp3(+) Treg cells following therapy.(22, 23) In this context, regulatory T cells
have been regarded for many years as an obvious therapeutic target during AIT to improve
its safety and long-term benefit.

Allergen-specific TH2 cells and immunotherapy

While numerous studies support the central role of allergen-specific TH2 cells in
pathophysiological responses, there is now compelling evidence that they may also act to re-
enforce their own induction. As an example, TH2 functional activities have been shown to
antagonize both the induction of 1L-10-secreting Tr1 cells (24, 25) and the post-thymic
development of Foxp3(+) Treg cells in response to antigen stimulation (26). In parallel,
production of IL-4 may amplify immunogenic allergen presentation to other T cells (27) and
cause TH2 cells to become resistant to regulatory T cell-mediated suppression (28). Thus,
one could argue that inhibition of pro-allergic TH2 cell responses may represent a first
critical step to restore tolerance during AIT. To illustrate this concept, we recently showed
that pro-allergic TH2 cells, compared to other sub-dominant allergen-specific T cell subsets,
were terminally differentiated (CD27-) memory T cells with low expression of Bcl-2, a key
inhibitor of apoptosis (29, 30). This shared phenotype expressed among all pro-allergic TH2
cells is consistent with cells highly sensitive to activation-induced cell death (31).
Interestingly, while all groups tested (i.e. non-allergic individuals, patient post-AlT and
allergic subject) had low frequencies of the TH1/Tr1-like CD27(+) counterpart, pro-allergic
TH2 cells (CD27-) were confined to allergic individuals (29, 30), suggesting that their
presence might be sufficient for the pathogenesis of allergic diseases, regardless of the
balance of TH subset. Likewise, a recent work by Ciepiela et al, revealed that allergen-
specific TH1 cells have a survival benefit during SLIT compared to TH2 cells (32)
Together, these results indicate that high cumulative dose of allergen during AIT may
induce selective functional deletion of pathogenic TH2 response, allowing other T cell
responses to emerge.
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Chronic high dose allergen stimulation may have other direct consequences on pro-allergic
TH2 cell function. Under this stimulation, a negative feedback mechanism to limit effector T
cell responses is commonly observed and characterized by autocrine IL-10 production of the
responding T cells (33). Remarkably, it has also been shown that antigen-specific TH2
memory cells can be converted into Foxp3(+) regulatory T cells, suppressing TH2-mediated
allergic asthma (34). As recently underlined, chronic high dose allergen stimulation of TH2
cells during AIT may also directly enhance epigenetic mechanisms on TH2-related genes
such as GATA-3, IL-5 and IL-4 (35). For instance, using milk epicutaneous immunotherapy
(EPIT) treated mice, Mondoulet et al. demonstrated that EPIT increased the methylation of
the GATA-3 promoter in correlation with decreased TH2 cell activity (36). In this context,
pro-allergic TH2 cells can also be regarded as an obvious therapeutic target during AIT.

Sequential effect of AIT on CD4(+) T cell subset

1) Desensitization phase—Desensitization is the first change noted with the initiation of
AIT and generally occurs early in the protocol when the threshold of clinical reactivity to
natural allergen exposure is temporary increased. In a recent study using pMHCII-tetramer,
Bonvalet et al, demonstrated that initial clinical improvement during sublingual AIT was not
associated with dramatic alterations in T lymphocyte responses (37). Nevertheless, growing
evidence suggests a direct, but transient, role for IL-10 in this process (15-17), which in turn
induces production of allergen-specific 1gG4 antibody that attenuates IgE mediating allergic
symptoms (38). There is still debate as to what extent the dose and duration of AIT enhances
activity of IL-10-secreting T cells. Since differentiation and induction of Tr1 cells required a
previously established tolerogenic (IL-10) environment, in absence of IL-4 (18), it is also
unclear whether these IL-10 producing CD4(+) T cells are a regulatory or an effector T cell
subset. In this regard, early induction of allergen-specific Trl cells is commonly observed
during AIT (2, 15). However, with TH2 cell subset at the core of the allergic process,
initiation phase of AIT may likely create an inhibitory milieu that hampers establishment of
such regulatory Tr1 cells. Hence, one can argue that administration of escalating doses of
allergen may rapidly establish a negative auto-regulatory feedback loop to prevent excessive
pro-allergic TH2 responses. Accordingly, these cells may directly represent the initial and
principal source of IL-10 during early desensitization phase. Such an activation-induced
feedback inhibition mechanism is powerfully evidenced by the work of Altin et al (39). In
their study of discrete subsets of TH2 cells during chronic inflammation, they established
that IL-10-producing TH2 cells, fulfilling the criteria of inducible type 1 regulatory T (Tr1)
cells, can arise directly from non-suppressive TH2 cells once a specific threshold of
activation is achieved. In further proof of this mechanism, our group recently observed,
during initiation phase of AIT, selective increased mRNA expression of IL-10 and FOXP-3
within the pathogenic CD27(-) allergen-specific TH2 (IL5+, L4+, IL9+) cell subset, but not
in the TH1/Tr1-like CD27(+) counterpart. Consistent with a study showing that 1L-10
increases IL-4-dependant 1gG4 class switching(40), we further highlighted the direct role of
TH2 cells in early reinforcement of 1gG4 production during chronic cat-allergen exposure,
which in turn drives desensitization without induction of T cell tolerance (41). Consistent
with transient clinical benefits observed during desensitization phase, induction of such
“regulatory” TH2 cells may persist as long as the allergen is administrated. Thereafter, if
treatment is not continued long enough to further trigger selective TH2 cell exhaustion, the
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initial pathogenic feature of these TH2 cells may gradually recover after discontinuation
(Figure 1).

Altogether, these data suggest a model in which chronic stimulation of allergen-specific
TH2 cells, during initial phase of AIT, culminates in a counter-regulatory immune response
consisting of pathogenic TH2 cells driven to an anergic, regulatory-like phenotype
transiently preventing allergic symptoms through the production of 1L-10. Lastly, they also
explain the discrepancy between studies that showed decreased TH2-cytokine production in
response to allergen stimulation during the early phase of AIT (42) versus others that failed
to document significant decrease in the absolute number of allergen-specific TH2 cells
during the first 3 to 12 months of treatment (15, 37).

2) Tolerance induction phase—Tolerance refers to the induction of permanent clinical
non-responsiveness to allergen, even after discontinuation of treatment. In contrast to
desensitization phase, skewing of allergen-specific effector T cells away from the pro-
allergic TH2 response appears to be a key event in the development of long-lasting
peripheral tolerance to allergen. Given that regulatory T cells are crucial for maintaining T-
cell tolerance, they are thought to be the *holy grail’ in successful AIT. However, solid
evidence for induction of allergen-specific Tregs mediating T cell-tolerance during current
AIT protocols remains elusive.

Emerging results substantiate the notion that selective deletion of pro-allergic TH2 cells can
be a causative mechanism for the pronounced clinical benefit that is seen in many patients
receiving more than 2 years of treatment (29, 30, 32, 43). Indeed, given that IL-10 is an
important mediator of T cell exhaustion [47] and functional deletion of highly mature
antigen-specific CD4(+) T cells can occur when the antigen dose is both extremely high and
persistent, it is possible that induction of peripheral tolerance to allergen acts through this
mechanism. Accordingly if AIT protocol is continued long enough following the
desensitization phase, T cell exhaustion may become established on terminally differentiated
(CD27-) TH2 cells, and in this state, the initial pathogenic feature could not recover after
discontinuation. (44). Thereafter, this selective deletion of pro-allergic TH2 cells may allow
previously sub-dominant response with survival benefit (Bcl2+, CD27+) to emerge (Figure
2). Change in the ratio CD27(-)/CD27(+) within allergen-specific memory T cells may thus
represent a serious biomarker of good prognosis in patients receiving AIT. As a result of a
change in the cytokine environment (decrease IL-4, increase 1L-10), antigen-triggered de
novo generation of IL-10-secreting Trl and of Foxp3(+) Tregs in the periphery may also
induce a more permanent state of tolerance to allergen along with IL-10-producing dendritic
cells favoring further suppressive mechanisms (45). However, the extremely low frequency
of the CD27(+) allergen-specific T cells subset, observed both in the development of healthy
immune response to allergens and in successful outcome in AIT, suggests that long-term
allergen tolerance might not be attributed to active T cell contribution, but rather to
diminished pro-allergic TH2 cells in general.

Selective apoptosis of pathogenic Th2 cell population represents an alternative model of the
classical pathogenic/protective T cell response balance model used to explain allergic
disease and the effect of current AIT on CD4(+) T cells. In this model recently reviewed by
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Endo et al (46), allergic diseases are considered to be the result of the induction of a distinct
TH2 cell subset, unique to allergic individuals and regardless of the balance of other TH
subsets. Selective apoptosis of such a pathogenic TH population would therefore restore a
hypo-responsive state without counter immuno-regulating T cell responses. In support of
this concept, our group recently discovered a subset of human memory TH2 cells that
includes all allergen-specific TH2 cells and confined to atopic individuals (47) (and
manuscript submitted). Interestingly, this pro-allergic TH2 cell subset (denoted TH2A cell
subset) exhibits numerous phenotypic and functional attributes distinctive of conventional
TH2 cells and was preferentially deleted during AIT.

In this review, we have summarized the mechanisms by which current AIT protocol can
modulate allergen-specific CD4(+) T cell responses in allergic individuals. It is likely that
the dose and duration of allergen exposure during current AIT protocol sequentially target
dominant pro-allergic TH2 cells including T cell exhaustion followed by T cell deletion.
Determining whether development of new therapeutic approaches that selectively target pro-
allergic TH2 cells without concurrent down-regulating T cell responses will be sufficient for
long-term tolerance induction to allergen, is an important but unresolved question.
Administration of AIT in the context of immune modulating strategies able to either induce
counter-regulatory immune response or to block de novo generation of pro-allergic TH2
cells may lead to improved AIT with durable clinical benefit.
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Key Points

- Direct assessment of allergen-specific T cells is essential to determine critical node
in both disease pathogenesis and tolerance induction.

- Administration of escalating doses of allergen rapidly establish a negative auto-
regulatory feedback loop to prevent excessive pro-allergic TH2 responses and induce
transient desensitization state.

- Preferential allergen-specific TH2 cell deletion during AIT can be another
independent mechanism to restore tolerance during immunotherapy, allowing other
sub-dominant responses to emerge.
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Figure 1. Schematic representation of sequential immune mechanismsleading to desensitization
stateduring AIT

At baseline (A), CD27 expression distinguishes pro-allergic TH2 (TH2A) cell subset from
non-pathogenic (CD27+) allergen-specific T cell subset in allergic subjects. While low
frequency of CD27(+) allergen-specific TH1/Tr1 cell subset can be observed both in allergic
and non-allergic individuals, allergen-specific TH2A cells (CD27-) are confined to allergic
individuals and dominate the allergen-specific T cell response. Some CD27(+) allergen-
specific TH2 cells (IL-4+) may differentiate from the naive T cell pool to serve as reservoir
to replenished TH2A cells (IL-4+, IL-5+, IL-9+) following chronic allergen challenge.
Similar to natural allergen exposure, first low dose exposure to the allergen during
escalation phase (B) leads to an increase of allergen-specific TH2A cell response and
production of related specific-IgE. This dominant pro-allergic TH2 functional activity
antagonizes the induction of regulatory T cells. Early maintenance phase (C) rapidly
establishes a negative auto-regulatory feedback loop to prevent excessive pro-allergic TH2
responses.;these in turn drive a desensitization state (D) via decreased TH2 cell activity,
IL-10 production and change in the IgE/IgG4 ratio. At this stage, if treatment is not
continued long enough, the initial pathogenic feature of CD27(-) allergen-specific T cells
may gradually recover after treatment discontinuation.
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Figure 2. Schematic representation of sequential immune mechanismsrestoring peripheral
tolerance stateduring AIT

Following the desensitization state, persistent high dose allergen stimulation of CD27(-)
allergen-specific T cells triggers selective T cells exhaustion followed by T cells deletion of
them; this allows survival sub-dominant CD27(+) allergen-specific T cells to emerge (A).
AIT restores a state of natural tolerance to allergen similar to non-allergic individuals.
Further chronic stimulation in this tolerogenic environment can trigger de novo generation
of regulatory T cells and induce IL-10 production in remaining CD27(+) TH1 cells (B).
Following treatment discontinuation, hypo-responsive state is maintained during natural
allergen challenge (C). With time, the effector memory pro-allergic TH2 cell pool may be
replenished by allergen-specific cells differentiated from the naive T cell pool.
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Table 1
Current known type of regulatory CD4+ T cellsand their characteristics
Subset Specific marker Distinctive cytokine  Origin
. CD25+ CD127- Helios+ CD39+ CD73+ CTLA4+
Thymus-derived Treg (tTreg) Foxp3+ Nrpl+ CD45RA+ IL-10, TGF-b, IL-35  Thymus
. Ao CD25+ CD127- CD39+ CD73+ CTLA4+ Foxp3+ Eos } . ) Periphery (CD25-
Peripherally-derived Treg (pTreg) + CD45RO+ IL-10, TGF-b, IL-35 Foxp3- T cells)
IL-10 producing Trl cells (Trl) ~ CD25+ LAG3+ CDA49b+ CDA5RO+ IL-10 Eglrlis‘;hery (T helper
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