@

doi: 10.1111/cea. 12537

OLRNCIN\ VYRR RN MM MR Clinical Mechanism in Allergic Disease

Clinical & Experimental Allergy, 45, 1201-1213
© 2015 John Wiley & Sons Ltd

Analysis of cytokine production by peanut-reactive T cells identifies
residual Th2 effectors in highly allergic children who received peanut oral
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Summary

Background Only limited evidence is available regarding the cytokine repertoire of effec-
tor T cells associated with peanut allergy, and how these responses relate to IgE antibodies
to peanut components.

Objective To interrogate T cell effector cytokine populations induced by Ara h 1 and Ara
h 2 among peanut allergic (PA) children in the context of IgE and to evaluate their modu-
lation during oral immunotherapy (OIT).

Methods Peanut-reactive effector T cells were analysed in conjunction with specific IgE
profiles in PA children using intracellular staining and multiplex assay. Cytokine-express-
ing T cell subpopulations were visualized using SPICE.

Results Ara h 2 dominated the antibody response to peanut as judged by prevalence and
quantity among a cohort of children with IgE to peanut. High IgE (> 15 kU, /L) was
almost exclusively associated with dual sensitization to Ara h 1 and Ara h 2 and was age
independent. Among PA children, IL-4-biased responses to both major allergens were
induced, regardless of whether IgE antibodies to Ara h 1 were present. Among subjects
receiving OIT in whom high IgE was maintained, Th2 reactivity to peanut components
persisted despite clinical desensitization and modulation of allergen-specific immune
parameters including augmented specific I[gG4 antibodies, Th1 skewing and enhanced IL-
10. The complexity of cytokine-positive subpopulations within peanut-reactive IL-4* and
IFN-y* T cells was similar to that observed in those who received no OIT, but was modi-
fied with extended therapy. Nonetheless, high Foxp3 expression was a distinguishing fea-
ture of peanut-reactive IL-4" T cells irrespective of OIT, and a correlate of their ability to
secrete type 2 cytokines.

Conclusion Although total numbers of peanut-reactive IL-4" and IFN-y* T cells are modu-
lated by OIT in highly allergic children, complex T cell populations with pathogenic
potential persist in the presence of recognized immune markers of successful immunother-
apy.
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Introduction

Peanut allergy remains a major public health problem for
school-age children in industrialized countries [1-3]. Cur-
rently, there is no cure, and conventional recommenda-
tions of strict avoidance place affected children at risk for
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anaphylaxis with accidental exposure [1, 3]. Detection of
IgE antibodies to the major peanut allergen, Ara h 2, is the
most important predictor of clinical reactivity upon pea-
nut ingestion [4, 5]. Despite this, most T cell studies have
focused on the response to Ara h 1. There is evidence from
a variety of experimental systems that peanut induces
Th2-skewed responses among peanut allergic subjects [6—
11]. A variety of mechanisms that implicate a pivotal role
for dendritic cells (DCs) in driving Th2 responses to peanut
have been identified. In the case of Ara h 1, this involves
priming DCs via binding of glycan moieties to C-type lec-
tin receptors [8, 9]. Similarly, in mice that are epicutane-
ously sensitized, Ara h 2 arms DCs for Th2 priming
through the IL-33 pathway [12].

Since the first reports of successful desensitization for
peanut allergy by oral immunotherapy (OIT) [13, 14],
several peanut OIT trials from multiple centres using dif-
ferent study designs have produced variable results [15].
It has been suggested that desensitization following OIT
protects against the risk for IgE-mediated reactivity by
virtue of Th2 suppression mediated by T regulatory cells
[16]. However, definitive proof of T regulatory cell-medi-
ated protection induced by OIT has been elusive, in part
because identifying these cells in vitro is problematic
owing to the lack of a reliable surface marker in humans
[17]. On the other hand, the variable level of clinical pro-
tection observed in children who complete OIT trials
raises the question of whether peanut-reactive patho-
genic T cells are incompletely suppressed.

It was previously recognized that Th2 cells associated
with peanut allergy are heterogeneous [11]. However,
there is scant evidence of the T cell cytokine repertoire
induced by each of the major peanut allergens and its rela-
tionship to IgE antibodies to peanut components. With
these aspects in mind, we sought to interrogate the T cell
cytokine repertoire induced by Ara h 1 and Ara h 2. Spe-
cifically, we aimed to explore T cell characteristics in the
context of high IgE to first understand how T cell
responses to Ara h 1 and Ara h 2 compare, and second, to
assess the T cell modulatory effects of OIT on complex T
cell populations induced by these allergens. Among chil-
dren with high IgE who are nonetheless clinically desensi-
tized, we identify multiple-cytokine-producing subtypes
that are peanut-responsive and relatively stable. Further,
we provide evidence that residual IL-4" effectors that per-
sist during OIT, while low in numbers, have the potential
to readily re-activate in response to peanut. The clinical
implications for treating peanut allergy are discussed.

Methods

Human subjects

Ninety-three children (ages 6 months to 19 years) were
recruited through the University of Virginia Asthma

and Allergic Diseases Clinic for IgE studies to peanut
(see Table S1 for clinical characteristics). T cell studies
were performed in 29 children in whom blood volume
was attainable (at least 5 mL), including 21 peanut
allergic (PA) and 8 non-peanut allergic subjects. Inclu-
sion criteria for peanut allergy were as follows: (1) IgE
antibody (ab) titre to peanut > 0.35 kUA/L with a
recent convincing history of clinical reactivity to pea-
nut that occurred within 60 min of peanut ingestion
or (2) IgE ab to peanut > 0.35 kU,/L with a positive
physician-supervised oral food challenge to peanut
[18]. Non-peanut allergic children had no history of
peanut allergy and maintained peanut in their regular
diet. Incidence of peanut-induced anaphylaxis was
determined by questionnaire. A history of atopic der-
matitis, allergic rhinitis, asthma, eosinophilic esophagi-
tis and other food allergies was also documented
(Table S1). Work was performed under protocols
#15662 and #15098 approved by the University of
Virginia Human Investigations Committee.

Oral immunotherapy regimen

Twenty children ages 4-18 years who met the above
criteria for peanut allergy and had IgE ab titres to
peanut > 15 kU,/L were enrolled in a pilot study of
OIT (ClinicalTrials.gov ID: NCT02350660). Subjects
were excluded if they had a history of severe peanut
anaphylaxis (hypoxia, hypotension or neurological
compromise), moderate to severe persistent asthma,
poorly controlled atopic dermatitis, an inability to
discontinue antihistamines for skin testing and food
challenges, or a contraindication to epinephrine. Fol-
lowing a dose escalation phase, 17 subjects attained
low-dose maintenance (306 mg of peanut flour)
within 8 months (Fig. S1). Clinical desensitization to
peanut was confirmed by open food challenge using
a cumulative dose of 5 grams of peanut flour after
4 months on daily maintenance therapy. Assays for
serum antibodies and T cell responses were performed
on a subset of subjects using available blood obtained
at baseline, and at 12-24 and 30 months after initiat-
ing treatment (Fig. S1). See Data S1 for further
details.

Serum antibody assays

Specific IgE and IgG4 ab to whole peanut (f13) as
well as Ara h 1 (f422) and Ara h 2 (f423) were
measured by ImmunoCAP assay (Phadia US, Portage,
MI, USA) using the ImmunoCAP 250 system. Limits
of detection for specific IgE and specific IgG4
assays were 0.35 kU,/L and 0.07 micrograms of anti-
gen-specific antibody per millilitre (uga/mL), respec-
tively.

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1201-1213
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Flow cytometry antibodies and other reagents

See Methods in Data S1 for details.

Flow cytometry analysis of CD4" T cells

Freshly isolated PBMCs were cultured by established
methods [19]. Briefly, PBMCs were plated in 24-well
plates (1 x 10° cells/mL) and stimulated with Ara h 1
or Ara h 2 (20 pg/mL) or Fel d 1 (10 ug/mL). 20 pug/mL
was selected for stimulation with Ara h 1 and Ara h 2
and 10 pg/mL for Fel d 1 based on equivalent maximal
responses in dose-response experiments using 10—
50 pg/mL. For some assays, PBMCs were labelled with
CFSE (Life Technologies, Carlsbad, CA, USA) prior to
culture. On day 7, cells were restimulated with phorbol
12-myristate 13-acetate (PMA) (50 ng/mL; Life Tech-
nologies) and 2 pg/mL ionomycin (Invitrogen) in the
presence of Brefeldin A (BD Biosciences, San Jose, CA,
USA) for 4 h [19]. Cells were then stained for surface
and intracellular markers and analysed using an LSRII
flow cytometer (BD Biosciences). Data were acquired
using FACSDiva software (version 6.0; BD Biosciences)
and analysed using Flow Jo 9.6 (Tree Star, Ashland, OR,
USA). Dead cells were excluded by Aqua staining. As
CD4 is downregulated on T cells after activation with
PMA and ionomycin [20, 21], live CD37CD8" cells were
analysed to capture total CD4" T cell events, after
excluding monocytes and B cells. For all multicolour
analyses, compensation controls (single stains, 1 for
each fluorochrome) and gating controls (cells stained
with all reagents minus 1) were included [22, 23].

Cytokine assays

Culture supernatants were assayed for cytokines by cy-
tometric bead assay (Millipore, Billerica, MA, USA)
using a Bioplex System (BioRad, Hercules, CA, USA).

Statistical analysis

Correlations between IgE ab levels to peanut and age or
specific IgE ab were analysed by Spearman’s test. T cell
percentages were analysed within or between groups
using linear mixed models after log transformation of
data. Linear mixed models were also used to analyse
expression of specific markers (MFI) among different T
cell subsets for each allergen and to compare secreted
cytokine levels pre- vs. post-OIT. Secreted cytokines
were analysed within-group by the nonparametric Wil-
coxon rank sign test for paired data and between
groups by the 2 sample Wilcoxon rank sum test. A
Bonferroni type I error rate of 0.05 was considered sig-
nificant. Analysis of complex cytokine populations was
performed using SPICE version 5.3, downloaded from

http://exon.niaid.nih.gov. Comparison of T cell popula-
tion distributions was performed using a Student’s f-test
and a partial permutation test as previously described
[24].

Results

Ara h 2 dominates the peanut IgE profile in children
with clinical allergy

Among children with measurable IgE ab to peanut
(n = 85), sixty four percent (54/85) were dual sensitized
to both Ara h 1 and Ara h 2. This profile was associated
with high IgE to peanut (> 30 kU,/L) and was age inde-
pendent (Fig. 1a). Within the dual sensitized group, IgE
ab levels to Ara h 2 exceeded those for Ara h 1 (geo-
metric mean = 41.1 kU,/L [95% CI: 26.2-64.6 kU,/L]
vs. 16.0 kUA/L [9.5-26.8 kUA/L] (P < 0.001))(Fig. 1b).
Single positivity to Ara h 2 was less common and
restricted to those children with peanut IgE < 20 IU/mL,
whereas single positivity to Ara h 1 was scarce
(Fig. 1a). Among those subjects who met inclusion cri-
teria for clinical peanut allergy (49/85, peanut
IgE = 61.1 kUA/L [36-104 kU,/L]), the majority were
either dual sensitized or monosensitized to Ara h 2
(82% and 16%, respectively) (Table S1). IgE ab to Ara h
1 and Ara h 2 accounted for the majority of the IgE
response to peanut (r= 0.95, P < 0.0001) (Fig. 1c).
These findings confirm segregation of discrete sensitiza-
tion profiles according to IgE levels to peanut and sup-
port an association between clinical allergy, high
peanut IgE and dominant sensitization to Ara h 2.

High IgE to peanut is linked to IL-4-biased responses to
major peanut allergens

Next, we tested whether different IgE antibody profiles
would reflect in the magnitude of T cell activation
induced by Ara h 1 and Ara h 2 in PBMC cultures from
19 children with clinical peanut allergy (14 dual sensi-
tized and 5 mono-sensitized to Ara h 2) (Table 1)[25].
Ara h 1 induced T cell activation in all cultures, as
judged by induction of proliferating CD257CD4" T cells,
including in those from subjects who had no IgE ab to
Ara h 1 (Figs 2a and b). Moreover, T cell activation
induced by Ara h 1 was similar to that induced by Ara
h 2, irrespective of serum antibody profile (Fig. 2a). By
contrast, no T cell activation was observed in non-aller-
gic children. Thus, the presence of IgE ab to Ara h 2,
and not Ara h 1, determines responsiveness to both
major peanut allergens among PA children. When PA
children were stratified into high IgE (> 15 kU,/L) and
low IgE (< 15 kUA/L) groups [18], increased Th2 skew-
ing was evident among those with high IgE based on
the ratio of activated IL-4" T cells relative to IFN-y* T

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1201-1213
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Fig. 1. Relationship between IgE antibodies to peanut and its major allergens. (a) Relationship between IgE to peanut and positivity for IgE ab to
Ara h 1 and Ara h 2 according to age, among 93 atopic children. (b) Relationship between Ara h 2:Ara h 1 IgE ratio and IgE to peanut among 54
dual sensitized subjects. (c) Correlation between IgE to peanut and the sum of IgE ab to Ara h 1 and Ara h 2 among 69 children with IgE to pea-
nut who had IgE ab to one or both of the major peanut allergens.

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1201-1213
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Table 1. Characteristics of children included in T cell studies

IgE ab (KUa/L)

Clinical history

Peanut reaction/

Subject # Age and gender* Total IgE (IU/mL) Peanut Arah1 Arah2 Cat severity” Other FA¥ ADY  Asthma/ART

Non-PA
3 18.6 (F) 203 <035 ND ND <0.35 NR TN + -
7 8.6 (F) 140 <035 ND ND <0.35 NR CM + +
61 9.3 (F) 9.3 <035 ND ND <035 NR - + -
64 4.9 (M) 19.2 <035 ND ND <0.35 NR - — +
69 12.3 (F) 5.2 <035 ND ND <0.35 NR - — -
83 14 (F) 240 <0.35 <0.35 < 0.35 <035 NR - - +
70 5 (F) 55.1 <035 <0.35 < 0.35 <0.35 NR - — -
2 5.3 (M) 260 0.55 < 0.35 < 0.35 1.61 NR EW + -

PA
78 1.4 (F) 39.3 1.4 < 0.35 3.2 <0.35 Urt/GI-2 EW, CM + -
8 1.8 (F) 418 222 <035 1.1 133 AE/Urt-1 - - -
67 2.1 (F) 62.1 4.19 0.74 322 <035 AE/Urt-1 EW + -
71 13.3 (M) 620 5.78 0.98 0.81 186.2 Urt/GI-2 EW, TN, SF + +
15 6.4 (M) 825 7.14 <035 5.64 7.33  Urt/GI-2 N + +
74 11.8 (F) 1492 8.15 <035 5.77 86.1  AE/Urt-1 EW, TN + +
5 4.0 (F) 347 13.5 < 0.35 1.36 3.97 Urt-1 EW, CM + +
76 5.3 (F) 321 15.0 7.99 12.2 4.26  AE/Urt/GI-2 EW + —

*Age in years.

History of allergic symptoms within 1 hour of peanut ingestion, graded in accordance with severity classification of Brown [25];
*History of other food allergies (TN, tree nuts; EW, egg white; CM, cow’s milk; SF, shellfish; Se, sesame; So, soy).

SHistory of atopic dermatitis.
History of asthma and/or allergic rhinitis.

**Children who received peanut OIT — values are those obtained before starting OIT.

Shaded rows denote PA children with high IgE.

NR, no reaction; AE, angioedema; CV, cardiovascular; Urt, urticaria; GI, gastrointestinal; Resp, respiratory; M, male; F, female; ND, not determined.

cells induced by Ara h 2 (ratio of geometric
means = 7.42 vs. 1.09 for IgE high vs. IgE low group,
P = 0.034) (Figs 2c and d). A similar IL-4-biased trend
was observed in Ara h 1-stimulated cultures for PA
children with high IgE; however, this effect was dimin-
ished (ratio of geometric means = 2.77 vs. 0.90 for IgE
high vs. IgE low group, P = 0.33) owing to increased
IFN-y" T cells compared with Ara h 2 (P = 0.014)
(Fig. 2c). Both Ara h 1 and Ara h 2 induced secretion
of high levels of the type 2 cytokines, IL-4, IL-5 and IL-
13, in cultures from PA children, with IL-13 being the
most abundant (Fig. 3). In accordance with T cell stain-
ing for intracellular cytokines, the highest levels of

secreted Th2 cytokines were observed for those cultures
from children with high IgE. Further, Ara h 1 induced
higher levels of IFN-y vs. Ara h 2, although this did not
reach significance (Fig. 3). Together, these findings
demonstrate augmented IL-4 responses to both major
allergens in PA children sensitized to Ara h 2 in the
context of high peanut IgE.

Peanut-reactive T cells are present following oral
immunotherapy

Participation of 20 PA children with high IgE to peanut
in a pilot study of OIT (Fig. S1) allowed us to test for

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1201-1213
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Fig. 2. High IgE to peanut is linked to IL-4-biased T cell responses. (a) Percentage of CD25"CD4" T cells in Ara h 1- and Ara h 2-stimulated PBMC
cultures in PA children and non-peanut-allergic (non-PA) controls. Coloured circles denote subjects monosensitized to Ara h 2, and dashed lines

denote cut-off for T cell activation. *P < 0.001 for stimulated vs. non-

stimulated conditions. NA, no antigen. (b) Representative scatter plots.

Large gate denotes total CD25" cells, and small gates denote CFSEY™ (dividing) and CFSE™ (non-dividing) cells. Values represent cell percentages.

(c) Percentage of IL-4" and IFN-y* T cells induced by peanut allergens

in cultures from ‘IgE high’ (> 15 kU,/L) and ‘IgE low’ (< 15 kU,/L) PA

children. *P < 0.034. IgE values are geometric means [95% CI] for each component. (d) Representative scatter plots showing intracellular staining
for IL-4 and IFN-y within CD25* T cells. Horizontal bars in (a) and (c) denote geometric means. NS, not significant.

the presence of residual effector T cells that might
undermine the beneficial effects of immunotherapy.
Thirteen of 17 participants maintained high IgE to pea-
nut (> 15 kUA/L) after 12-24 months (median
17 months) of treatment (Fig. S2). T cell responses were
analysed among 7 of these children, all of whom
remained on maintenance therapy (300-600 mg). All
children were desensitized to peanut based on open
food challenge after 4 months of maintenance therapy.
Peanut IgG4 ab were higher at 12-24 months as com-

pared with baseline, and levels were higher for Ara h 2
as compared with Ara h 1 (P <0.05) (Fig. 4a). Both
peanut allergens induced T cell activation among OIT
children at similar levels to those observed for PA chil-
dren who did not receive OIT (compare Fig. 4b with
Fig. 2a, P > 0.05). However, the IL-4-dominated profile
was reversed following OIT. Specifically, the ratio of
total numbers of peanut-reactive IL-4" to IFN-y* cells
was markedly reduced (ratio of geometric means = 15.4
vs. 0.53), as well as the ratio of IL-4" to IFN-y* cells

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1201-1213
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Fig. 3. Secreted cytokines induced by Ara h 1 and Ara h 2. Secreted cytokines in cultures from PA children (Ara h 1: n = 17; Ara h 2: n = 13)
and non-PA controls (n = 6). Data are also shown for Fel d 1-stimulated cultures from peanut/cat allergic children. Horizontal bars denote geo-
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limit of sensitivity of the assay (1 pg/mL). NA, no antigen.

within the activated subset (ratio of geometric
means = 15.6 vs. 0.53) after OIT (P < 0.01) (Figs 4c and
d, respectively). Although secretion of IL-4 in response
to both Ara h 1 and Ara h 2 was decreased during OIT
(P = 0.04), levels of IL-4 and IL-13 remained elevated,
despite increased secretion of IL-10 (P = 0.05) (compare
Fig. 4e with basal secretion levels in Fig. 3). Low num-
bers of IL-10" T cells were identified in cultures from
PA children with high IgE, regardless of OIT, suggesting
that non-T cells were the primary source of IL-10 fol-
lowing OIT (Fig. S3). Further analysis of peanut-reactive
T cells by intracellular staining confirmed the presence
of IL-5%, IL-13"* and IL-17" T cells following OIT at fre-
quencies corresponding to the profile of secreted cyto-
kines (Figs 4e and f). Taken together, these findings
provide evidence of residual effector T cell activation
following peanut OIT.

Multiple-cytokine-producing effector T cells persist
following oral immunotherapy

Sustained high IgE to peanut among children undergo-
ing OIT, coupled with residual secretion of effector T
cell cytokines suggested the persistence of complex T
cell types, despite a decrease in the absolute number of
IL-4% cells. Using conventional biaxial analyses, we
confirmed the presence of peanut-reactive T cells
within IL-4" and IFN-y* subsets that secreted multiple
cytokines following OIT (Fig. 5a). To further interrogate
the quality of the T cell cytokine repertoire following

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1201-1213

OIT, we generated a visual representation of all combi-
nations of cytokine-producing cells within peanut-reac-
tive IL-4" and IFN-y" subsets. Notably, the profile of
IL-4" and IFN-y" T cell subpopulations induced by Ara
h 1 and Ara h 2 was not significantly different between
PA children who received OIT and those with high pea-
nut IgE who did not (Figs 5b and S4a). Within the IL-
4* subset, cells predominantly expressed IL-13, with or
without IL-5, with few cells expressing IL-4 alone, or
else all 6 cytokines (IL-4, IL-5, IL-10, IL-13, IFN-y and
IL-17A). By contrast, IFN-y" cells predominantly
expressed IFN-y alone, although co-expression of IL-
17A was also prominent (Fig. 5b). The proportion of
IFN-v" cells that co-expressed Th2 cytokines comprised
a minor subset, regardless of treatment status. Whereas
the repertoire of cytokine-positive T cells within the IL-
4" subset was almost identical for Ara h 1 and Ara h 2
following 12—-24 months OIT, this was distinct from
that induced by Fel d 1 among 4 children who were
sensitized to both peanut and cat (P = 0.03) (Fig. 5c).
Specifically, whereas IL-4" T cells induced by Fel d 1
co-expressed IFN-y, IL-17A and IL-10, those induced
by peanut allergens displayed a predominant Th2-like
signature. Sustained low-dose maintenance therapy for
30 months was associated with reduced complexity of
the IL-4" population, and loss of subpopulations
expressing all 6 cytokines (Figs 5d and S4b). Collec-
tively, these findings show persistence of complex T
cell subpopulations within peanut-reactive IL-4% and
IFN-y* subsets during OIT.
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Fig. 4. Peanut-reactive T cells are present following OIT. (a) Serum IgG4 antibody levels to peanut before and after reaching maintenance dose on
OIT (n = 17). *P < 0.05 and **P < 0.01 vs. before OIT. Red symbols denote 7 children with persistent high IgE (> 15 kU,/L) who were selected
for T cell studies. Horizontal bars are geometric means. (b) Percentage of CD25"CD4" T cells induced by peanut allergens in cultures from 7 chil-
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set, and (d) percentage of IL-4" and IFN-y" T cells within the CD25" subset induced by major peanut allergens among 5 children with high IgE
who received 12-24 months OIT. Combined data are shown for Ara h 1 and Ara h 2 (black and red symbols, respectively). **P < 0.01. (¢) Change
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Fig. 5. Multiple-cytokine-producing effector T cells persist following OIT. (a) Representative scatter plots from a child who received 17 months
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Residual IL-4*Foxp3" T cells secrete Th2 cytokines
Sfollowing oral immunotherapy

In addition to expressing CD25, activated effector T
cells in humans express the transcription factor, Foxp3
[26-28]. To further assess the functional properties of
residual peanut-reactive IL-4" T cells following OIT, we
compared Foxp3 expression levels across cytokine-posi-
tive T cell subsets. After culture with peanut allergens,
IL-4* T cells expressed higher Foxp3 as compared
with IL-13", IFN-y" and IL-17A" T cell types, irrespec-
tive of the allergen (P < 0.01). In addition, levels were
higher than for cells with a T regulatory phenotype
(CD25hiFoxp3hi) (P =0.05) (Fig. 6a). Notably, Foxp3
profiles were the same as those for PA children who did
not receive OIT (Fig. S5). Among OIT children, analysis

of those IL-4" T cells expressing the highest levels of
Foxp3 revealed higher expression of IL-4, IL-5 and IL-
13 as compared with their Foxp3'® counterparts
(P < 0.008) (Figs 6b and c). Thus, high Foxp3 expres-
sion is a distinguishing feature of peanut-reactive IL-4"
T cells irrespective of OIT, and a correlate of their abil-
ity to secrete Th2 cytokines.

Discussion

In the present study, characterization of IgE responses
to major peanut allergens among a cohort of atopic
children provided context for the evaluation of peanut-
reactive effector T cells among PA children, including
those with persistent high IgE while on maintenance
OIT. Ara h 2 dominated the IgE response based on both
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Fig. 6. Residual IL-4*Foxp3™ T cells secrete Th2 cytokines following OIT. Foxp3 expression profiles were analysed in cultures from 7 children
who received 12-24 months OIT. (a) Mean fluorescence intensity (MFI) of Foxp3 expression within T cell subtypes induced by peanut allergens.
#P < 0.05 for IL-4* T cells vs. all other subsets. (b) Representative data showing Th2 cytokine expression in Foxp3™ and Foxp3' IL-4* T cells
induced by Ara h 1. (c) Th2 cytokine expression in IL-4*Foxp3" and IL-4*Foxp3'° T cells (mean + SD). *P < 0.008.
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prevalence and quantitative measures. In addition,
whereas low IgE to peanut was associated with mono-
sensitization to Ara h 2, high IgE was almost exclu-
sively associated with dual sensitization; however, these
features were age independent. Marked IL-4-biased
responses to both major allergens segregated with high
IgE to peanut. Although Th2 skewing as judged by the
‘balance’ between peanut-reactive IL-4" and IFN-y*
cells was most pronounced for Ara h 2, the overall
make-up of the T cell cytokine repertoire induced by
both major peanut allergens was similar, irrespective of
whether IgE to Ara h 1 was present. Each allergen
induced secretion of high levels of Th2 cytokines,
including IL-4, particularly in cultures from children
with high IgE. This feature was allergen specific, based
on discrepant results for Fel d 1 among those who were
dual sensitized to peanut and cat. Detection of such
high levels of secreted IL-4 has not, to our knowledge,
been reported previously using short-term PBMC cul-
tures stimulated with either food or inhalant allergens
[29, 30]. Thus, both major peanut allergens promote a
uniquely robust Th2 response. Together, these findings
support the view that Ara h 2 is a more potent allergen
than Ara h 1 and that T cell reactivity to Ara h 1 likely
occurs through intermolecular epitope spreading [31].
All subjects participating in our pilot OIT programme
had IgE to peanut > 15 kU,/L prior to initiating treat-
ment. Four subjects experienced a decrease in peanut
IgE to levels < 15 kUA/L and had evidence of sustained
unresponsiveness as judged by their ability to consume
peanut without allergic symptoms after treatment was
ceased. We chose to explore T cell cytokines in more
detail among those in whom high IgE levels were main-
tained, despite a rise in IgG4 to peanut, in order to bet-
ter understand whether this reflected a transitional
immune state. All of these subjects were clinically
desensitized based on increased threshold of clinical
reactivity to peanut in the face of continued OIT [32].
Analysis of peanut-reactive T cells among these sub-
jects revealed a ‘shift’ from an IL-4- to an IFN-y-domi-
nated response to both Ara h 1 and Ara h 2. However,
several features of the immune response indicated that
residual pathogenic Th2 cells persisted following 12—
24 months of OIT. These included (1) no significant
reduction in serum IgE levels to peanut despite
increased production of IgG4 antibodies and evidence
of clinical desensitization; (2) sustained peanut T cell
reactivity as judged by induction of CD25 and secretion
of Th2 cytokines; (3) detection of residual IL-4" T cells
displaying the same order of Th2 cytokine complexity
as those present among PA children who did not
receive OIT; (4) lack of co-expression of IL-10 and seg-
regation of high Foxp3 expression with augmented Th2
cytokine production within residual IL-4" T cells. This
latter observation is particularly important given that

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1201-1213

Foxp3 expression is known to be increased upon acti-
vation of effector T cells in humans [26-28]. Thus, we
speculate that residual IL-4" T cells that persist despite
clinical desensitization are poised to re-activate upon
exposure to peanut. Such cells, while low in numbers,
could serve to undermine the durability of non-respon-
siveness to peanut. From a clinical perspective, both the
dosage of allergen administered and the duration of
treatment are likely to be key factors in determining
whether pathogenic T cells are eliminated, or else com-
pletely suppressed, in vivo. Using intracellular cytokine
staining, we report for the first time a reversal of aller-
gen-specific Th2 skewing during peanut OIT. This could
be explained by a variety of mechanisms including
selective apoptosis of Th2 cells, suppression of Th2 cells
and conversion of Th2 to Th1 effectors or T regulatory
cells, as well as induction or expansion of Th1l cells
[33-35]. By dissecting the T cell cytokine repertoire
induced by both major allergens, we observed similar
profiles of cytokine-expressing subpopulations within
both IL-4" and IFN-y" subsets, regardless of treatment.
Notably, the proportion of T cells co-expressing Thl
and Th2 cytokines was similar for OIT and non-OIT
groups, thereby arguing against Th2 to Th1 conversion
during treatment. Instead, our findings favour the
notion of a selective reduction in Th2 cells coupled
with expansion of Th1 cells. Among those who received
OIT, the profile of IL-4" T cells was more Th2-like for
peanut- vs. cat-reactive T cells in subjects sensitized to
both allergen sources. Thus, the peanut-reactive Th2-
like repertoire of cells that persists following OIT
appears to be allergen specific. Interestingly, with
increased duration of treatment, the complexity of pea-
nut-reactive IL-4" T cells diminished based on disap-
pearance of populations expressing all 5 cytokines
tested. Thus, T cells continue to be modulated with
extended therapy. These studies, which were performed
in a small sample size, highlight the need for further
studies in larger numbers of peanut allergic children to
better understand T cell mechanisms of OIT.

Our pilot OIT study used a maintenance dose of 300—
600 mg that falls within the range of that previously
shown to attain clinical desensitization [13]. This dose,
which was lower than that used in other clinical trials
[16, 36, 37], was selected to improve compliance and
tolerability of daily peanut dosing for long-term adher-
ence. Consistent with previous OIT studies, we observed
marked increases in serum IgG4 antibodies to peanut
that were most pronounced for Ara h 2 [13, 38, 39]. To
date, elevated IgG4 is arguably the most reliable
immune marker of desensitization. However, it is not
known what levels are necessary to confer protection,
or indeed whether peanut-specific [gG4 exerts func-
tional ‘blocking’ activity analogous to that associated
with conventional immunotherapy [40, 41]. Recent
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work suggests that IgG induced during OIT can suppress
peanut-induced basophil activation via FcyRIIb [42].
Whether this phenomenon impacts T cell responses
remains to be elucidated.

Future studies aimed at examining the evolution of
complex effector T cell populations are warranted in a
larger group of children to identify the appropriate win-
dow for intervention. Our work supports the view that
preventive strategies would need to be implemented
very early in life, given that high IgE to peanut coupled
with dual sensitization to major allergens is evident
soon after birth. The failure for OIT to completely sup-
press T cell responses to peanut allergens among PA
children with high IgE who achieve maintenance dose
raises questions about the durability of clinical desensi-
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