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Abstract

Background—Oral immunotherapy (OIT) successfully desensitizes patients with food allergies,
but the immune mechanisms mediating its efficacy remain obscure.

Objectives—We tested the hypothesis that allergen-specific regulatory T (Treg) cell function is
impaired in food allergy and is restored by anti-IgE antibody (omalizumab)-supplemented OIT.

Methods—Peanut-specific T effector (Teff) and Treg cell proliferative responses, activation
markers and cytokine expression were analyzed by flow cytometry in 13 peanut allergic subjects
before the start of omalizumab-supplemented OIT and periodically in some subjects thereafter for
up to two years. Peripheral blood Treg cells were analyzed for their peanut-specific suppressor
function before and at one year following OIT. This study was registered on ClinicalTrials.gov
(NCT01290913).

Results—Proliferation of allergen-specific Teff and Treg cells precipitously declined following
the initiation of omalizumab therapy prior to OIT, followed by partial recovery after the initiation
of OIT. At baseline, peanut-specific Treg cells exhibited a Th2 cell-like phenotype, characterized
by increased IL-4 expression, which progressively reversed upon OIT. Peanut-specific Treg cell
suppressor activity was absent at the start of omalizumab/OIT therapy but became robust
following OIT. Absent peanut-specific Treg cell function could also be recovered by the acute
blockade of IL-4/IL-4R receptor signaling in Treg cells, which inhibited their IL-4 production.
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Conclusions & Clinical Relevance—OIT supplemented by omalizumab promotes allergen
desensitization through an initial omalizumab-dependent step that acutely depletes allergen-
reactive T cells, followed by an increase in allergen-specific Treg cell activity due to the reversal
of their Th2 cell-like program. Improved Treg cell function may be a key mechanism by which
OIT ameliorates food allergy.
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INTRODUCTION

Food allergy is a major public health problem that is estimated to affect 6-8% of all children
and up to 3% of adults in developed countries[1, 2]. Moreover, the prevalence of peanut
allergy has markedly increased in the past decade for reasons that are unclear[3]. The current
standard of care for food allergy is to avoid the offending foods and to pharmacologically
treat food allergic reactions when they occur.

Oral immunotherapy (OIT) is currently being investigated as treatment modality to modify
disease outcome by inducing unresponsiveness to food allergens[4]. OIT has been proven
efficacious in desensitizing the majority of subjects with food allergy to their offending
allergen, achieving 50-80% response rates[5]. However, induction of sustained
unresponsiveness following cessation of OIT has remained problematic. For example, while
up to half the subjects with peanut allergy remain unresponsive to peanut challenge one
month following cessation of OIT [6], only 13% remained unresponsive 6 months following
cessation of therapy [7].

The mechanism(s) by which OIT mediates allergen desensitization remain to be fully
elucidated [8]. Of particular interest is the role in the process of FOXP3* regulatory T (Treg)
cells, given their cardinal function in actively maintaining oral tolerance in the gut [9, 10].
Jones and coworkers found that the number of FOXP3* T cells observed in cultures of
peripheral blood cells stimulated with peanut increased until 12 months of OIT and then
decreased afterward[11]. Earlier studies showed that the ratio of FOXP3M9" to
FOXpgintermediate Treq cells stimulated with peanut increased one year into peanut OIT[12].
More recently, Syed et alfound that patients who were “immune tolerant” to peanut, or were
able to pass an oral food challenge after interrupting OIT for 3—6 months, had higher
numbers of allergen induced-Treg cells with greater suppressive function, and with higher
levels of FOXP3hypomethylation, compared to non-tolerant subjects [7]. Increased
allergen-responsive Treg cells have also been noted upon naturally occurring tolerance
acquisition to food in allergic subjects, indicative of common mechanisms operative in both
natural and OIT-induced oral tolerance acquisition [13-15]. A critical observation explaining
the failure of food allergen-specific Treg cells to control disease is the acquisition by these
cells of Th2-cell like phenotype with increased IL-4 production, imparting a Th2-cell like
phenotype, which impairs their regulatory function [16, 17]. The capacity of OIT to reverse
this aberrant program is unknown.
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We have developed an OIT protocol combined with the anti-IgE monoclonal antibody
therapy omalizumab (Xolair, Genentech) that increased the rapidity of food allergy
desensitization [18-20]. In patients who were desensitized to milk after receiving
omalizumab, there was an acute and significant reduction of milk-specific T cell responses,
without increased FOXP3* Treg cell development, suggesting the induction of anergy or
deletion of T effector (Teff) cells [21]. The initially reduced Teff cell response was later
replaced by a CD4* T cell response characterized by reduced IL-4 production, accompanied
by decreased milk-specific IgE responses, attenuated milk-specific basophil degranulation,
and increased milk-specific serum 1gG4 concentrations [21].

Here we investigated the immunological mechanisms by which OIT supplemented by
omalizumab mediates clinical improvement. We describe the dynamic peanut-specific
immunological changes in a pilot cohort of children who received open label peanut OIT
with omalizumab[19]. We show that OIT supplemented with omalizumab suppressed the
Th2 cell-like phenotype of peanut-specific Treg cells and restored their function, an effect
that could be recapitulated /n vitro by the blockade of IL-4R signaling in Treg cells. Our
findings support a major role for the functional restoration of allergen-specific Treg cells in
mediating long-term beneficial effects of omalizumab-OIT therapy. They also provide
mechanistic insights into how such an effect is achieved, which can be harnessed to further
improve the efficacy of future OIT protocols.

METHODS
Study Population

We evaluated blood samples from 13 peanut allergic patients (8 boys and 5 girls) originally
reported by Schneider et al who underwent OIT supplemented by omalizumab[19]. All
patients had a history of significant IgE-mediated peanut allergy (defined as having a
significant immediate reaction with peanut ingestion, including generalized urticaria,
vomiting and/or anaphylaxis)[19]. These patients failed an initial double-blind placebo-
controlled food challenge (DBPCFC) at peanut protein doses of 50 mg or less. At enrollment
the median age was 10 years, the median peanut-specific IgE level was 229kU/L and the
median total serum IgE level was 621 kU/L. The peanut-specific allergic responses in the
course of the study are detailed in Table E1 in the Online Repository. An additional five
untreated children who met clinical and laboratory criteria for IgE-mediated peanut allergy
were recruited for studies on the impact of IL-4R neutralization on peanut-specific Treg cell
function (Table E2 in the Online Repository). The Institutional Review Board of Boston
Children’s Hospital approved the protocol and all participants and/or their parents provided
written informed consent. This study was registered on ClinicalTrials.gov (NCT01290913).

Proliferative labeling and cell culture

Frozen PBMC from different time-points were thawed and labeled with Cell Trace Violet
(CTV) dye by incubating PBMC (2 x 108 cells/ml) in RPMI with CTV at a final
concentration of 10 uM for 15 minutes at 37 °C with gentle shaking, then washing excess
dye away. CTV-labeled PBMC were then cultured in the presence of peanut protein (200 ug/
mL), anti-CD3 (0.5 pg/mL) or left unstimulated in RPMI-1640 containing gentamycin and
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supplemented with 10% fetal calf serum and glutamine. Cells were distributed in 48-well
flat-bottom plates, at a concentration of 1 x 108/400 pl medium per well. Some of the
cultures were also treated with rh1L2 (50 1U/mL) or with/without anti-1L10 (JES3-9D7, 5ug/
ml). After 7 days of culture, the cells were collected and stained with eFluor-450-conjugated
anti-CD4, APC-Cy7-conjugated anti-CD3, Alexa Fluor 488-conjugated anti-CD25, Alexa
Fluor 700-conjugated anti-FOXP3, PerCpCy5.5-conjugated CCR7, Alexa Fluor 488-
conjugated anti-CD45RA, Pe-Cy7-conjugated anti-CD45R0, and Pe-Cy7-conjugated
CD127 mAbs.

Detection of cytokine production by flow cytometry

After 7 days of culture with 200ug/mL peanut protein, PBMC were re-stimulated with
phorbol myristate acetate (PMA) (25 ng/ml), ionomycin (0.5 pg/ml) and monensin for 4%
hours, then fixed and permeabilized with BD Cytofix/Cytoperm Fixation/Permeabilization
Kit (BD Biosciences) and stained with PerCpCy5.5-conjugated anti-CD4, APC-Cy7-
conjugated anti-CD3, Alexa Fluor 488-conjugated anti-CD25, eFluor-450-conjugated anti-
FOXP3, APC-conjugated anti-IL-4 and Alexa Fluor 700-conjugated anti-IFN-y mAbs.
Some cultures were also stained with APC-conjugated anti-1L-13 mAb.

Peanut-specific Treg cells suppression assays

APCs, Treg cells, and CD4" Teff cells were purified by fluorescence activated cell sorting
(FACS) using a BD cell sorter (ARIA), from PBMC taken from the same patient at week 0
and week 52 of the study. CD4" Teff cells were labeled with CTV dye prior to co-culture
with unlabeled APCs and regulatory T cells at a ratio of 2:2:1 in a flat-bottom 96 well plate
with a total cell number of 2 x 10° cells per well and stimulated for 6 days with peanut
protein to gauge antigen-specific suppression. At Day 6, PBMC were restimulated with
phorbol myristate acetate (PMA) (25 ng/ml), ionomycin (0.5 pg/ml) and monensin for 4%
hours, then fixed and permeabilized with BD Cytofix/Cytoperm Fixation/Permeabilization
Kit (BD Biosciences) and stained with PerCpCy5.5-conjugated anti-CD4, APC-Cy7-
conjugated anti-CD3, Alexa Fluor 488-conjugated anti-CD25, Alexa Fluor-700-conjugated
anti-FOXP3, and PeCy7-conjugated anti-IFN-y mAbs. Neutralizing mouse 1gG2a mAb to
human IL4 receptor alpha chain (IL4Ra) or mouse 1gG2a isotype control mAb (R&D
Systems) were added to cell cultures at a final concentration of 50ng/ml.

Methylation of CNS2 CpG in the FOXP3 gene of sorted T cells

Genomic DNA of Teff and Treg cells isolated by FACS was prepared with the DNeasy
Blood & Tissue Kit (Qiagen) according to the manufacturer’s instructions. FOXP3 CNS2
methylation analysis by Bisulfite sequencing was done as previously described [22].
Following bisulfite treatment of DNA, the CNS2 sequence was amplified by nested PCR
using the following primer sets: Outer primer-1: 5’ -TGGTTTGGTTTATGTGGTTGG-3;
Outer primer 2: 5"-TCCTCTCCACAACCCAAAAA-3"; Inner primer 1: 5'-
GGTTGGTTTGTGGTTATTTTT GA-3’; Inner primer 2: 5"-TCACCTACC
ACATCCACCAA-3’. The PCR products were purified and subjected to Sanger sequencing.
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Statistics

Analysis was carried out using paired t-test, nonparametric Mann-Whitney test, 1 way or 2
way ANOVA for matched values, as indicated (GraphPad Prism Software 7.0; GraphPad
Software, La Jolla, Calif). A p-value less that 0.05 was considered statistically significant.

Other Methods

Additional information on the OIT supplemented with omalizumab clinical protocol and
patient outcome, the preparation of patient PBMC samples and the preparation of peanut
protein for in vitro T cell stimulation is provided in the Methods section in this article’s
Online Repository.

RESULTS

Patient OIT and clinical outcomes

Patient demographics, omalizumab-enabled OIT protocol and clinical outcomes at one-year
post initiation of OIT have been previously reported [19]. Details of clinical outcomes
between weeks 52 and 104 are described in Table El in the Online Repository. Of the 13
initially enrolled subjects, two dropped out of the study at weeks 16 (Patient 04) and 45
(patient 07), and a third subject dropped out at week 90 (patient 08), all due to OlT-related
side effects.

Peanut-specific CD4 T cell proliferation is reduced during rush desensitization

Peripheral blood mononuclear cells (PBMC) were isolated at multiple time points during the
desensitization protocol (Fig E1 in the Online Repository), and frozen in aliquots in liquid
nitrogen for later examination. Blood from patient 04 was collected and analyzed through
week 52, patient 07 through week 45 and patient 08 through week 90 of the study. To
characterize the response to peanut, PBMC from multiple time points for each patient were
thawed simultaneously, labeled with CTV proliferative dye and cultured in the presence of
peanut protein, (Fig. 1C, 1G) for 7 days. Cells were also cultured separately with anti-CD3
beads at every time-point to confirm that the functional integrity of the cells was unaffected
by the freeze-thaw process. Cell viability was assessed after thawing by Trypan Blue dye
staining and confirmed at over 90%. The gating strategy for identifying proliferating Treg
and Teff cells is shown in Fig 1, A. Proliferating CD4* T cells to peanut (and similarly to
anti-CD3 beads) were identified as Violet®"CD4™* T cells, representing cells that had
undergone multiple cell divisions and accordingly diluted their CTV dye. Within that
population, Treg cells were defined as CD4*CD25*CD127'%%, and were revealed to be
=>95% positive for high-level expression of FOXP3. Teff cells were defined as
CD4*CD25-CD127M9h and were <3% positive for low level expression of FOXP3 (Fig 1,
A).

In all patients examined, there was a vigorous proliferative response to peanut at week 0, as
demonstrated by flow cytometry, which showed a significant number of Violet®vCD4* T
cells (Fig 1, A; Fig 1, Band C). However, a sharp decrease in peanut-specific CD4™ T cell
proliferation was observed when the patients were tested just prior to the onset of peanut
OIT, which took place 12 weeks after the initiation of omalizumab therapy (Fig 1, C). This
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drop, which was seen in all 13 patients (Fig 1, C, Fig E2, A in the Online Repository) was
partially reversed upon the initiation of peanut OIT. As the daily dose of peanut increased, so
did the percentages of CD4* T cell proliferation (Fig 1, C), although for most patients they
did not reach their pre-treatment levels. These changes in peanut-stimulated proliferative
responses were specific in that they were not observed with the anti-CD3 mAb treatment or
upon stimulation with tetanus toxoid (Fig 1, Dand £, Fig E3, A and B in the Online
Repository). Furthermore, /n vitro addition of IL-2 or anti-1L-10 mAb failed to rescue the
decreased proliferation of peanut-specific CD4* Teff or Treg cells (Fig E4, A and Bin the
Online Repository). These results suggested that decreased IL-2 availability (anergy) or
increased 1L-10-mediated suppression may not account for the observed decline in peanut
reactivity.

We further examined the impact of OIT on peanut-specific CD4* Treg cell populations.
There was a decrease in the frequencies of peanut-specific Treg cells
(Violeto"CD4*CD127'°CD25*FOXP3*) in cultures stimulated with peanut protein during
the rush desensitization phase (Fig 1, Fand G). The same pattern was also observed when
the absolute numbers of Treg cells were analyzed, with decreased in parallel to those of Teff
cells (Fig E5, A and B). The frequencies and numbers of FOXP3* Treg cells eventually
increased over the ensuing 3—4 months while the subjects remained on daily oral peanut, but
remained lower than at baseline (Fig 1, /).

We also analyzed the peanut-specific T cell proliferative responses in the 3 patients who did
not respond to OIT treatment. Although there was an initial drop in the number of peanut-
specific CD4* Teff and Treg cells, the frequency of Treg cells did not decrease in the 2
patients that dropped out of the study at weeks 45 and 90, respectively (Fig E2, A).

OIT facilitated by omalizumab reduces disease-associated Th2 cell skewing

To determine the impact of OlT-omalizumab treatment on the peanut-specific Th2 cell
response, we analyzed Th2 and Th1 cell cytokine expression in Teff and Treg cells at
baseline and in the course of treatment. The gating strategy for these studies is shown in Fig
2, A. At baseline, a sizable fraction of peanut-specific Violet!®" CD4* Teff cells expressed
IL-4, consistent with Th2 cell bias characteristic of food allergy (Fig 2, Band C). However,
the percentage and number of IL-4* peanut-specific CD4" Teff cells progressively decreased
in the course of treatment (Fig 2, Cand E), as we have previously reported [21]. In contrast,
expression of IFN-y did not significantly change (Fig 2, Dand F).

Food allergy is associated with the acquisition of food-allergen specific Treg cells of a Th2
cell-like phenotype that contributes to disease pathogenesis [16, 17, 23]. In agreement with
our findings in the murine model and in human subjects with milk allergy [17], the peanut-
allergic patients in our study had a high frequency of peanut-specific proliferating Treg cells
(CD3*CD4*FOXP3*Violet!oW) that expressed IL-4 at baseline (Fig 2, G). Similar to the
peanut-specific CD4* Teff cells, IL-4 expression in the peanut-specific Treg cells also
substantially decreased over time on OIT (Fig 2, Hand J). By week 104 of the study, IL-4
production in Treg cells was reduced by over 60% as compared to week 0. Similar to their
CD4* Teff cell counterparts, peanut specific Treg cells exhibited no change in their IFNvy
expression on OIT (Fig 2, /and K).
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OIT therapy down-regulates the peanut-specific Treg cell effector memory response in
favor of a central memory like-phenotype

We next examined the impact of OIT on the peanut-specific Teff and Treg cell memory
responses. Naive T cells differentiate upon successive encounters with antigen into
functionally distinct effector and memory subpopulations. These include T effector memory
(TEM) cells and a related population of short-lived terminally differentiated T effector cells
(or TEMRA) that circulate through blood and peripheral tissues, and central memory T cells
(TCM) found in circulation and lymphoid tissues [24-28]. These subpopulations can be
segregated based on their expression of the marker CD45RA and the lymphoid tissue
homing receptor CCR?7 as follows: lymphoid-homing naive (CD45RA*CCR7*) and TCM
(CD45RA~CCRT7™) cells, and tissue-homing TEM (CD45RA™CCR77) and TEMRA
(CD45RA*CCR7") cells [24-28]. We cultured PBMC with peanut protein and analyzed the
peanut-specific Violet®CD4* Teff and Treg cells for their expression of CD45RA and
CCRY. The gating strategy is shown in Fig 3, A, and a scheme illustrating the CD45RA/
CCRT7marker combinations of the different memory subsets is shown in Fig 3, B. The
distribution of memory subsets among Violet'® CD4* Teff cells, dominated by CD45RA
~“CCR7* TCM cells, was mostly unaffected by OIT, except for increased frequency of the
otherwise minor population of CD45RA™CCR7~ TEM cells. (Fig 3, Cand D). In contrast,
there were major shifts in the memory subpopulations of Violet!®" CD4* Treg cells
following OIT, including a steep decline in the frequencies of CD45RA™CCR7~ TEM-like
Treg cells and a reciprocal increase in those of CD45RA™CCR7* TCM-like Treg cells (Fig
3, Eand F). These data suggest that OIT down-regulates the TEM cell-like phenotype of
peanut-specific Treg cells, congruent with its suppression of their Th2 cell-like phenotype.

OIT restores peanut-specific Treg cell suppression

To determine whether OIT promoted tolerance by augmenting Treg cell function, we
performed paired peanut-specific Treg cell suppression assays at baseline and at week 52
following OIT (Fig 4, A). CD4*CD25"CD127!%% Treg cells and CD4*CD25-CD127high
Teff cells were purified by FACS from PBMC collected at weeks 0 and 52 from four patients
who successfully completed therapy (Fig E6, A in the online repository). Due to limitations
with cell number availability for sorting Treg cells, we were unable to perform suppression
assays for the remaining patients. Purified Treg cells were co-cultured with matched Teff
and antigen-presenting cells (APCs) also isolated from the same week 0 and 52 PBMC
samples (Fig. 4, A). To confirm the lineage identity of the collected Treg cells, we analyzed
the demethylation of CpG motifs in the FOXP3 conserved noncoding sequence 2 (CNS2).
Whereas the CpG motifs of CNS2 in Tregs were highly demethylated, as reported previously
[29, 30], those of Teff cells were highly methylated (Fig. 4, B). In these experiments, Teff
cells were labeled with proliferation dye, and their proliferation was assessed when co-
cultured with unlabeled Treg cells. We gated out unlabeled Treg cells and assessed the
intracellular expression of FOXP3 in Teff cells to rule out promiscuous FOXP3 expression
as a confounding factor in the analysis (Fig E6 in the Online Repository).

In the absence of Treg cells, Teff cells from weeks 0 and 52 proliferated vigorously in
response to peanut, indicating that OIT supplemented with omalizumab did not extinguish
the peanut-specific Teff cell response (Fig 4, C). When Treg and Teff cells were co-cultured,
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the combination of week 0 Teff cells and week 0 Treg cells had the highest proliferative
response, while week 52 Teff cells combined with week 52 Treg cells had the lowest
proliferative response (Fig 4, C—F). When week 0 Treg cells were added to week 52 effector
T cells/APCs, the peanut-specific proliferative response of week 52 Teff was restored to as
high as week 0 Teff cells (Fig 4, Dand F). When week 52 Treg cells were combined with
week 0 Teff, suppression in the proliferation was also noted when compared to week 0 Treg
cells co-cultured with week 0 Teff. These results indicate that prior to OIT therapy the Treg
cells exhibited poor peanut-specific suppressor function. Following OIT therapy, peanut-
specific Treg cells are reprogrammed to gain in allergen-specific suppressor function, an
effect that may contribute to oral tolerance induction by OIT.

We further analyzed the impact of OIT on peanut-specific Treg cell suppression in the two
patients (007 and 008) that did receive OIT but did not respond to treatment. When analyzed
in vitro these patients maintained a low Treg cell percentage throughout the study after the
initial transient drop (Fig E2, A). Treg cells isolated from PBMC samples of those subjects
at week 52 did not lose their IL-4 expression and were unable to suppress peanut-induced
Teff cell proliferation, consistent with failure to promote adequate desensitization in those
two subjects (Fig E2, Band C).

Blockade of IL4R signaling promotes peanut-specific Treg cell suppressor function

Our previous studies on a genetically prone mouse model of food allergy have identified
excessive IL-4/IL-4R signaling in Treg cells as mediating their pathogenic Th2 cell-like
reprogramming, leading to failure of oral tolerance [17]. To determine whether suppression
of IL4/IL-4R signaling rescues the failure of peanut-specific Treg cell suppression of Teff
cells (Fig 4, F), we carried out suppression assays on froze-thawed cells in the absence or
presence of a neutralizing anti-IL-4Ra chain mAb. To that end, Treg and Teff cells were
isolated by FACS from PBMC of treatment-naive peanut allergic subjects who were not
involved in the omalizumab/OIT trial. Peanut-specific Treg cell suppressor activity was
found absent in peanut allergic subjects, as evidenced by the complete failure of Treg cells to
affect the highly proliferative response of Teff cells to peanut. In the absence of Treg cells,
addition of anti-human IL-4Ra mAb to had no effect on the proliferation of Teff cells to
peanut. In contrast, treatment of Treg cell-Teff cell co-cultures with anti-1L-4Ra mAb, but
not with an isotype control mAb, resulted in enhanced suppression by the Treg cells of
peanut-induced Teff cell proliferation (Fig 5, A and B). This effect was evidenced by
decreased frequencies of highly proliferating (violet!®") Teff cells in co-cultures treated with
anti-IL-4Ra. mADb, coupled with a pronounced increase in the frequencies of low-
proliferating (violetintermediate) Teff cells. These results indicated that treatment with a
neutralizing anti-1L-4Ra mAb augmented the suppressive function of peanut reactive Treg
cells by specifically inhibiting IL-4R signaling in the Treg cells.

To determine whether treatment with anti-IL-4Ra mAb impacted the Th2 cell skewing of
proliferating Teff cells and the Th2 cell-like phenotype of peanut-reactive Treg cells, we
examined the expression of IL-4 by the respective cell type in proliferating cultures. Anti-
IL-4Ra. mAb treatment markedly decreased the expression of IL-4 in proliferating Teff cells
in the absence or presence of Treg cells. It profoundly inhibited the expression of IL-4 in
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Treg cells, consistent with reversal of Th2 cell-like program of peanut reactive Treg cells
(Fig 5, C-F). These results established that treatment with a neutralizing anti-IL-4Ra mAb
acutely reversed the Th2 cell-like skewing of peanut-reactive Treg cells and augmented their
peanut specific suppressive function.

DISCUSSION

In this study, we investigated the immune mechanisms of OIT in a cohort of 13 high-risk
peanut allergic children who underwent a rapid high dose oral desensitization protocol
facilitated with omalizumab[19]. The cell suppressive function of allergen-specific Treg
cells, measured at 1 year after the initiation of therapy, was markedly augmented in patients
who were successfully desensitized to peanuts but not in those who failed desensitization. In
parallel, our data revealed that peanut-specific Teff cells exhibited decreased IL-4 production
following OIT, consistent with reversal of their Th2 skewing and in agreement with results
of other OIT studies [7, 21]. Peanut-specific Teff cells did not show evidence of anergy, as
revealed by their similar proliferation to peanut in the absence or presence of IL-2. Thus, the
persistence of a non-responsive state in peanut allergic subjects may reflect in part
augmented immunological suppression mediated by Treg cells.

We have previously shown that food allergy is associated with the acquisition of allergen-
specific Treg cells of a Th2 cell-like phenotype with IL-4 production that contributes to
disease pathogenesis [17]. In this study, we also found that peanut-reactive Treg cells of
peanut allergic subjects exhibited a Th2 cell-like phenotype with increased expression of
IL-4 and markers associated with TEM cells, indicative of their Th2-cell like skewing and
acquisition of a tissue-homing effector phenotype. In food allergic mice, the acquisition by
allergen-specific Treg cells of a Th2 cell-like phenotype is pathogenic, as evidenced by the
suppression of the food allergic response upon deletion of //4///13in Treg cells'8. Consistent
with these findings, OIT was associated with a reversal of the Th2 cell-like program in
peanut-specific Treg cells as evidenced by decreased IL-4 production.

Treg cell suppression assays revealed that prior to start of therapy, peanut-specific FOXP3*
Treg cells were unable to suppress Teff cells. In line with the reversion of the Th2 cell-like
phenotype of peanut-specific Treg cells following successful therapy, the suppressor
function of these cells was markedly increased at one year following the initiation of
therapy, consistent with a durable change in their regulatory capacity. A direct effect by OIT
on Teff cell responses to Treg cells may also contribute to enhanced suppression by week 52
Treg cells, but this would require further investigations with larger cohort numbers to discern
such an effect. Previous studies on peanut-allergic subjects treated with OIT alone absent
omalizumab have revealed that cessation of OIT was associated with the re-emergence of
food allergy [6, 7]. Further longer term follow-up studies will be required to determine
whether the salutary effects of omalizumab-facilitated OIT on Treg cell function and
tolerance to peanut intake persist following the cessation of OIT therapy.

The role of IL-4R signaling in the aberrant Th2 cell-like program and loss of suppressor
function of peanut-specific Treg cells was confirmed in separate studies employing Treg and
Teff cells of treatment-naive peanut allergic subjects. While treatment with a neutralizing
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anti-IL-4Ra mAb did not affect the proliferation of peanut-specific Teff cells in the absence
of Treg cells, it restored the capacity of Treg cells of peanut allergic subjects to suppress
peanut-specific Teff cell proliferation. Restoration of peanut-specific Treg cell function was
associated with suppression of the Th2 cell-like program with decreased IL-4 production.
These results are consistent with a critical role for increased IL-4R signaling in the Th2 cell-
like Treg cells, effected by IL-4 produced by both the Treg cells and possibly the Teff cells,
in the maintenance of their aberrant Th2 cell-like program and the abolition of their peanut-
specific suppressor function. Overall, the functional restoration of peanut-specific Treg cell
function effected by OIT supplemented by omalizumab in vivo or anti-IL-4Ra treatment in
vitro may reflect transcriptional and epigenetic changes at several genetic loci in Treg cells
relevant to regulatory and/or Th2 responses [7]. Although no clinical assessment of long-
term tolerance has been carried out in our patients, the functional Treg cell changes are
consistent with the promotion by omalizumab/OIT treatment of a state of long-term allergen
desensitization and possibly tolerance.

A limitation of our study is that there was no vehicle treatment control for omalizumab, nor
a placebo control for OIT. This limitation does not allow us to state with certainty how long
the effects of omalizumab on Treg and Teff cell function would last in the absence of OIT.
With that in mind, our studies revealed that by the end of the initial phase of the treatment
protocol, during which time omalizumab was being employed as a stand-alone therapy,
peanut-specific CD4* Teff and FOXP3* Treg cell proliferations were sharply reduced. These
results are consistent with our previous demonstration of a pivotal role for the IgE-mast cell
pathway in driving the Th2 cell response in food allergy [31]. They are also consistent with
the demonstration that mono-therapy with omalizumab can increase the threshold for peanut
reactivity [32]. Omalizumab prevents free IgE from interacting with its high- and low-
affinity receptors (FceRI and FceRII, respectively) on mast cells, basophils, macrophages,
dendritic cells and B lymphocytes [33]. Our previous published studies in mouse models of
food allergy have documented a critical role for mast cell activation via FceRI in sustaining
the Th2 response, in large measure by driving the Th2 cell-like reprogramming of allergen-
specific Treg cells, and that treatment with anti-IgE or blockade of FceRI inhibited the food
allergic response [17, 34]. We hypothesize that omalizumab treatment of human subjects
may similarly suppress the Th2 cell inflammatory response associated with food allergy.
Anti-1gE therapy was only partially effective at reversing the Th2 cell-like phenotype of
peanut-specific Treg cells absent additional allergen desensitization. Thus the two
approaches appear to be synergistic in inducing desensitization, although more rigorous
studies using peanut versus placebo controlled groups would be required to make this
distinction.

Both Treg-dependent and -independent mechanisms have been previously been invoked in
the induction of tolerance upon oral immunotherapy. In a recent study by Frischmeyer-
Guerrerio et al, the addition of omalizumab to OIT in milk allergy did not alter the
frequency of casein-specific Treg cells [35]. However, the functional responses of milk-
specific Treg and Teff cell responses were not reported in this study [35]. Other proposed
mechanisms include anergy and/or deletion of allergen-specific Treg cells[21, 36]. In our
study, the /n vitro addition of IL-2 failed to rescue the decreased proliferation of peanut-
specific CD4* Teff or Treg cells, suggesting that anergy was not a major mechanism for the
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observed decline in peanut reactivity. Also, neutralization of IL-10 failed to alter peanut-
specific T cell responses. We cannot, however, rule out deletion of peanut-specific T cells as
a mechanism by which suppression of peanut reactivity may be occurring in parallel with the
enhanced Treg cell-induced suppression[21, 37]. Future studies aiming to determine the
frequency of allergen-specific T cells by staining with peanut peptide-presenting
recombinant tetrameric complexes of HLA-DR molecules coupled with T cell receptor
sequencing approaches would enable determination of the role of T cell clonal deletion in
long-term oral tolerance induced by OIT[7].

Of the 13 individuals who underwent OIT with omalizumab, three had to withdraw from the
study due to side effects. Analysis of Treg cells of two of those individuals, who dropped out
later in their desensitization course (patient 007 and 008, dropped out at weeks 45 and 90,
respectively), revealed no improvement in their expression of IL-4 or peanut-induced Teff
cell proliferation as compared to the onset of the desensitization protocol (week 0). This data
suggests that the loss of peanut-reactive Treg cells expressing a Th2 cell-like phenotype and
the subsequent acquisition of increased suppressive capacity are attributes of successful
desensitization.

In addition to promoting allergen-specific Treg cell function, peanut-specific OIT in the
patients reported herein and in other studies has been demonstrated to generate blocking 1gG
antibodies that contribute to allergen desensitization by blocking IgE-dependent mast cell
responses [31, 38]. Whether the production of blocking antibodies is mechanistically related
to improved Treg cell suppression by promoting a switch to blocking antibody responses is
currently unknown.

In summary, our studies have elucidated a key relationship between the loss of Th2 cell-like
program of peanut specific Treg cells in the course of OIT-induced allergen desensitization
and the retrieval by these cells of suppressor function. This was reproduced /n vitro by
blockade of IL4R signaling directed at peanut-specific Treg cells. These results illuminate
immunological tolerogenic mechanisms operative in OIT that may be harnessed to improve
future protocols aiming to establish long term tolerance in food allergy.
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Fig 1. Peanut-specific CD4 T cell proliferation is reduced during rush desensitization
A, Gating strategy for identifying proliferating Violet'®YCD4*CD3* Treg cells in PBMC

cultures stimulated with anti-CD3+anti-CD28 mAb beads. Treg cells were first identified by
gating on CD25M9INCD12719W cells among Violet!®™CD4*CD3* T cells, followed by gating
on CD4*FOXP3* cells. The same gating strategy was used for peanut protein-stimulated
cultures. B-E, Flow cytometric analysis and enumeration of proliferating Violet!V total
CD3*CD4* cells loaded with CTV proliferation dye and cultured with peanut protein (Fig 1,
Band C) or with anti-CD3+anti-CD28 mAb beads (Fig 1, Dand E). Graph represents
average data for all patients normalized to day 0 +SEM over the course of the study.
****n<0.0001 versus baseline determined using paired t-test. F—I, Representative plots at 4
weeks 0, 12, 52, 104 of % peanut-specific Violet'® CD4* CD3* FOXP3* cells. G and I,
Graphs representing the average data for all patients normalized to day 0 £SEM over the
course of the study. *p<0.05, **p<0.01, ****p<0.0001 by one way ANOVA with post test
analysis with comparisons made to week 12 values.
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Figure 2. Reversal of Th2 Cytokine skewing during peanut desensitization
A, Gating strategy for analysis of Treg and Teff cells. Violet®¥CD3*CD4* T cells were

further gated on CD4*CD25*CD127!%W (Treg cells) and CD4*CD25-CD127"9h (Teff) then
analyzed for FOXP3 expression. B, Representative FACS plots of IL-4 and IFN-y
expression in Violet!®" (peanut-specific) CD4* Teff cells. C—F, percentages (Fig 2, C and D)
and absolute numbers (Fig 2, E and F) of IL-4 and IFN-y expression in peanut-responsive
(Violet!o") CD4* Teff cells in all 10 patients responding to OIT treatment measured at weeks
0, 12, 24, 52 and 104. G, Representative FACS plots of IL-4 and IFN-y expression in
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Violet!o" CD3*CD4*FOXP3* Treg cells. H-K, percentages (Fig 2, H and 1) and absolute
numbers (Fig 2, J and K) of IL-4 and IFN-y expression in peanut-responsive (Violet!o)
CD4*FOXP3* Treg cells in the same subjects as panels C-F at weeks 0, 12, 24, 52, and 104.
Results represent means +SEM. *p<0.05, **p<0.01, ***<0.001, ****<0.0001 by one way
ANOVA with post test analysis with comparisons made to week 0 values.
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Figure 3. OIT therapy results in the contraction of the peanut-specific Treg cell TEM response
A, Representative FACS plots showing the gating strategy for identifying

CD3*CDA4*Violet!oW Teff and Treg cells as shown by FOXP3 expression. B, Schematic
representation of the strategy for the identification of T cell memory subsets by flow
cytometry based on CD45RA and CCR7 expression. D—F, Flow cytometric analysis of
CD45RA and CCR?7 expression on peanut-responsive CD3*CD4*Violet!oW Teff (Fig 3, C
and D) and Treg cells (Fig 3, £and F) at weeks 0 and 104. Results represent means +SEM.
*p<0.05, **p<0.01 by Student’s two tailed paired #test analysis.
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Figure 4. Peanut desensitization restores peanut-specific Treg cell suppression
A, Schematic diagram of the suppression assay set-up. CD3*CD4*CD25~ Teff cells, and

CD3*CD4*CD25*CD127!° Treg cells were purified by FACS and cultured with peanut
protein and CD3™ antigen-presenting cells in four different combinations: 1- Week 0 Teff
with Week 0 Treg cells. 2- Week 0 Teff with Week 52 Treg cells. 3- Week 52 Teff with Week
0 Treg cells. 4- Week 52 Teff with Week 52 Treg cells. As controls, Week 0 and Week 52
Teff cells were cultured absent Treg cells. Teff cells were labeled with CTV proliferative dye
at the start of the cultures B, FOXP3 CNS2 methylation analysis in FACS purified Teff and
Treg isolated from Weeks 0 and Week 52 samples C-E, Representative histograms showing
CTV dye dilution in CD3*CD4" T cells of the indicate cultured cell combinations. F,
Percentages of proliferating CD3*CD4*Violet!oW Teff cells for all 4 patients. Results
represent means SEM of studies on weeks 0 and week 52 samples, as indicated, derived
from 4 subjects. *p<0.05, ***<0.001 by two way ANOVA with post-test analysis.
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Figure 5. IL4R blockade rescues peanut-specific Treg suppressor function
A. In vitromodulation of peanut-specific Treg suppression assays by anti-1L-4Ra mAb

treatment. Representative flow cytometric analysis of CTV-loaded Teff cells derived from
treatment-naive peanut-allergic subjects and co-cultured for 5 days with APCs in the
absence or presence of peanut protein. Cell cultures were treated with an isotype control or
an anti-1L-4Ra mADb, and Treg cells were added at a Teff:Treg cell ratios of 1:0, 2:1 and 4:1,
as indicated. Teff cells were then analyzed for CTV dye dilution. B, Percentages of
CD3*CD4*Violet!W cells in the respective cultures. C and D, Representative histograms
showing Teff and Treg cell production of IL4 respectively. E and F, Percentages of Teff and
Treg cell IL4 production. Results shown in panels B, E and F represent means +SEM of data
derived from cultures of 5 peanut allergic subjects. *p<0.05, **<0.01, ***<0.001 by paired
one way ANOVA with post-test analysis.
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