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Peanut-specific Tr1 cellsinduced in vitro from allergic individuals ar e functionally
impaired.
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ABBREVIATIONS USED

Ara h: Arachis hypogaea

Bas: baseline

DC-10: tolerogenic dendritic cells

HC: healthy control

LT-OIT: long-term oral immunotherapy

mDC: mature dendritic cells

OIT: oral immunotherapy

PA: peanut allergic

pea-: peanut

ST-OIT: short-term oral immunotherapy

pea-T10: CDAT cells co-incubated with tolerogenic dendrititispulsed with the main peanut
allergens

pea-Tm: CDAT cells co-incubated with mature dendritic celldsed with the main peanut
allergens

Trl: T regulatory type 1 cells

TT: tetanus toxoid

ABSTRACT (250 words or less)

Background: Peanut allergy is a life threateningditton which lacks regulatory-approved
treatment. T regulatory type 1 (Trl) cells are pogippressors of immune responses and can be
inducedin vivo upon repeated antigen exposurerovitro using tolerogenic dendritic cells (DC-
10). Whether or not oral immunotherapy (OIT) ledmsntigen-specific Trl cell induction has
not been established.

Objectives: To determine whether peanut-specifit Tells can be generated vitro from
peripheral blood of peanut allergic (PA) individsialt baseline or during Ol'and whether they

are functional as compared to peanut-specific €tk cnduced from healthy controls (HC).
Methods: DC-10 were differentiated in the presesfck-10 from peripheral blood mononuclear
cells of PA individuals and HC pulsed with the mpeanut allergens Arachis hypogaea (Ara h)
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1 and 2, and used as antigen presenting cellsutotogous CDAT cells (pea-T10). Pea-T10
cells were characterized by the presence of CO49B3" Trl cells, antigen-specific
proliferative responses, and cytokine production.

Results: CD491.AG3" Trl cells were induced in pea-T10 cells at comiplarpercentages from
HC and PA individuals. Despite their antigen sgettif, pea-T10 cells of PA individuals with or
without OIT, as compared to those of HC, were margic and had high Th2 cytokine
production upon peanut-specific restimulation.

Conclusions: Peanut-specific Trl cells can be iedifcom HC and PA individuals, but those
from PA individuals are functionally defective inmndently of the OIT. The unfavorable
Trl/Th2 ratio is discussed as possible cause oT PAcell impairment.

KEY MESSAGES

» Peanut-specific Trl cells can be indugeditro from healthy controls and peanut
allergic individuals.

» Trl cell cultures inducenh vitro from peanut allergic individuals, unlike thoserfro
healthy controls, are not anergic and have highrésonses.
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INTRODUCTION

Food allergies are an important health issue weld@ed countries, with a prevalence of
8% amongst children (1). Peanut allergy is onénefrhost common food allergies, affecting 1 to
2% of children and 0.6% of adults in developed ¢oes (2). As of today, there is no regulatory-
approved treatment for peanut allergy, and exposutece amounts of the allergen can lead to
a potentially fatal anaphylactic reaction (3). Mgeaent of the disease consists of avoidance of
the allergen that is difficult to achieve, and pats are at risk of accidental exposure to the
allergen.

Oral immunotherapy (OIT) is a promising experiménterapy for food allergies. It
consists of the ingestion of small and increasioges of the allergen during a buildup phase that
is immediately followed by the daily ingestion oftarget amount of the allergen during a
maintenance phase that can last for several ydas3. Even though OIT shows encouraging
results and may improve patient quality of lifecérries important risks of adverse reactions.
Taken together, these results illustrate a ne@dpoove the safety and efficacy of OIT (7, 8).

‘Immunological tolerance’, defined as a state ofigen-specific unresponsiveness, is
established through different mechanisms that delanergy, exhaustion and active suppression
prompted by T regulatory cells (9, 10). In partasylT cell anergy corresponds to the lack of a
functional response following exposure to the satbbgnate antigen (11-13). Antigen specific T
cell anergy can be induced in the presence of Ilddiing primary antigen stimulatian vitro
(14). IL-10 anergized T cells have impaired secopdasponses to the same antigen and T-cell
cloning of these anergic cells allows the isolatadriL-10 producing T regulatory type 1 (Trl)
cells (15). T regulatory cells are essential cbuotiors to the maintenance of peripheral
immunological tolerance (16-19). FOXPgymic derived T regulatory cells are well studied
CD4" T regulatory cells involved in regulation of imneumesponses towards self-antigens,
although the demonstration of their antigen spatyfiin vivo and their generatiom vitro
towards specific antigens have been challenginy @Q cells are a subset of CD# regulatory
cells distinct from FOXP3T regulatory cells. They are generated towardfemint antigens
encountered in the periphery, including allo-amigen tolerant transplanted patients (21),
gliadin in celiac disease patients (22), and besonein beekeepers (23). Trl cells can be
generatedn vitro towards different antigens, in the presence ofl0Lindependently of the
expression of FOXP3 (24). Trl cells are identifisdthe co-expression of the surface markers
LAG3 and CD49b (25). IL-10 anergized or polarizeddll cultures, and peripheral blood of
tolerant transplanted patients are enriched in ®048G3" Trl cells. Trl cells produce high
levels of IL-10, low IL-2, no IL-4, no IL-17, andaviable amounts of IFN-(15, 25-27). The
suppressive properties of Trl cells are primariledmted by IL-10, and prior to the
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identification of the specific Trl surface markeAG3 and CD49b in 2013, Trl cells were often
referred to as hyporesponsive (i.e. anergic) cells-10 producing CDAT cells.

Trl cells regulate both innate and adaptive regonmderlying allergic reactions by
acting on eosinophils, basophils, mast cells and @élls (28, 29). Allergic subjects present
disproportionate Th2 responses to innocuous ardi¢gd, 31) and defects in IL-10 producing T
regulatory cells that result in am vivo imbalance between T regulatory cells and Th2
populations (23, 29, 32, 33). The intestinal mucizssghe initial site of interaction between
immune cells and dietary antigens, and therefoegspl crucial role in the maintenance of
immunological tolerance to foods (34). Gliadin-gfiecTrl cells that possess high suppressive
properties have been isolated from the intestinatosa of celiac disease patients in remission
(22). In addition, repeated ingestion of a speafitigen is responsible for the expansion of IL-
10 secreting cells in the gut in mice (35), butrdtnains to be determined whether similar
mechanisms occur in humans. Reinforcing this cancepr group published preliminary
findings in a limited patient population which igdie that peripheral CD49bAG3" Trl cells
are present at higher frequencies in peripheraidbd patients under OIT compared to untreated
patients, but no functional data were obtainethatt time (33).

Based on the established role of Trl cells in imomodulation and regulation of
allergic responses vivo, we hypothesize that peanut specific Trl cellddte generated from
healthy controls (HC) but not from untreated peailgrgic (PA) individuals. As a corollary, we
further hypothesized that OIT could favor Trl adifferentiation via chronic exposure to low
doses of the allergen in the gut, and that pegmedtic Trl cells could be generated at higher
frequencies from PA individuals under OIT compati@dntreated individuals.

Our group has previously published that antigerci§ipelrl cells can be induced vitro
using tolerogenic dendritic cells (DC-10) (36).particular, functional Der p 2-specific Trl cells
that present antigen-specific anergy and suppressotivitiesin vitro can be induced from
individuals allergic to house dust mite (37).

In this study, we tested whether Trl cells cowdirmucedn vitro using DC-10 pulsed
with the main peanut allergens Arachis hypogaea (Arl and 2 (pea-T10 cells) in (1) HC, (2)
PA individuals untreated (baseline), (3) PA indivéds undergoing OIT for a short period of
time (short term/ST-OIT), and (4) PA individuals dengoing OIT for several years (long
term/LT-OIT). Our data demonstrate that CD4A9%G3" Trl cells can be induced from all 4
groups. Despite their peanut-antigen specificitga-pd10 cells from PA individuals of all 3
groups were not anergic upon secondary peanut lstilmrr and produced high levels of Th2
cytokines whereas all pea-T10 cells from HC showadrgy and significantly reduced Th2
cytokine production.



168
169

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185

METHODS

Study subjects

This study included 21 PA individuals (median ad®&=1+9.8years) confirmed by double-blind
placebo-controlled oral food challenge, and 7 H@dian age= 16+3.3years) from the IRB-
approved protocol 5136 at Stanford University S¢toddledicine. Seven PA individuals had
not undergone OIT (baseline), 7 had been undergdliigor more than 3 months and less than
1 year (short-term OIT/ST-OIT), and 7 had been ui@& for more than 3 years (long-term
OIT/LT-OIT). No withdrawal of maintenance daily ped therapy had occurred in any of the
OIT groups. Clinical reactivity was defined as amyn of allergic reaction .., score >1 on the
Book criteria (38)) upon ingestion of the allerg&he clinical symptoms as well as the
demographics of the PA individuals are presentéethinle 1. Written informed consent was
obtained for all participants before entering thelg.

For more information on dendritic cell differentat, T cell differentiation, Ara h 1/2 antigen
specificity assay and cytokine detection, flow eyeary and statistical analyses, see the Online
Repository Supplementary Materials & Methods.
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RESULTS
Peanut-specific Tr1 cells can beinduced from HC and PA individuals using pea-DC-10

Tolerogenic DC-10 and mature DC (mDC) were difféisgad from peripheral blood of
HC and PA individuals using previously publishedmoels and pulsed with Arah 1 and 2 (36,
37). Experimental scheme is shown in Fig. E1A e @nline Repository. Both pea-DC-10 and
pea-mDC from HC and PA individuals expressed higiels of CD11c and CD86 (Fig. 1),
showing that the cells displayed a mature myelbiehptype. DC-10 remained CD'Mhereas
mDC were CD14(Fig. 1). CD11c, CD86 and CD14 expression in p€xID or pea-mDC were
comparable between HC and all 3 cohorts of PA iddiais (Fig E2A-C).

Pea-T10 cells were generated using pea-DC-10 iprésence of IL-10 to induce anergy
and Tr1 cells from autologous CbZ% cells obtained from HC and PA individuals asvjasly
described (37) (Fig. E1A in the Online Reposito§gntrol pea-Tm cells were generated with
pea-mDC in the absence of IL-10. At the end of lmotltures, we checked the expression of
CD25 within the CDACD45RA memory population as an indicator of the activastate of the
cells. Overall, CDACD45RA T cells from HC showed lower percentages of CD&8ls as
compared to CDLD45RA T cells from PA individuals (31.2% vs. 38.1%, resfively;
p=0.0454; Table E1); pea-Tm from PA individualswhd higher percentages of CD2%lls as
compared to pea-Tm from HC (28.2+6.7% vs. 38.11%2 ieéspectively; p>0.05; Fig. E3A and
B in the Online Repository) indicating that peaspécific activation was overall higher in PA
individuals than in HC. The percentage of CD26lls was comparable between all 3 cohorts of
PA individuals (Fig. E3C).

Pea-T10 cells of both HC and PA individuals corgdia higher frequency of
CD49B5LAG3" Trl cells as compared to pea-Tm cells (CO4963" for pea-T10 cells of HC=
7.41£3.7% vs. 2.6x3% for pea-Tm (Fig. 2A and B; EaBll); p=0.0156; pea-T10 cells of PA
individuals= 9.0+4.3%, vs. 2.9+1.0% for pea-Tm; BD1; Fig. 2A-C; Table E1). There was no
statistical difference in the percentage of CO4%G3" Trl cells between pea-T10 cells of HC
and of PA individuals (p>0.05; Fig. 2D; Table Elh)addition, there was no statistical difference
in the percentage of CD49bAG3" Trl cells present in the pea-T10 cells of the Bocts of PA
individuals (CD49BLAG3" Tr1 cells for pea-T10 cells of baseline PA indivats= 8.6+2.7%;
for ST-OIT PA individuals= 9.4+6.2%; for LT-OIT Pixdividuals= 8.8+3.9%, p>0.05; Fig. 2E).
Altogether, the frequency of CD43AG3" Tr1 cells induced by pea-DC-10 was similar in HC
and in PA individuals irrespective of the preseand duration of OIT.

Peanut-specific hypor esponsiveness can be achieved in pea-T 10 cells of HC but not of PA
individuals
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To test whether pea-T10 cells were hyporesponsieesecondary stimulation with the
same antigen (i.e. anergic) as compared to pea€lls) we measured proliferative responses by
means of CFSE dilution after 4 or 5 days of seconsgtimulation with pea-mDC (Fig. 3A-B,

Fig. E1B and E4A in the Online Repository). We d¢dased pea-T10 cells to be anergic when
their proliferative response to the antigen wasdotlian the proliferative response of pea-Tm.
Pea-T10 cells from all HC were anergic. Pea-T1& «#l6 out of 7 HC presented anergy above
67%, and one HC presented anergy of 32% (mean kg 69%, range 32-87%; Fig. 3A-B
and E4A), with an overall proliferation to peanatigens significantly higher in pea-Tm than in
pea-T10 cells (p=0.0156). In contrast, pea-T10sadllonly 9 out of 21 PA individuals were
anergic (mean anergy PA individuals= 34.3%, rang@%; Fig. 3A-B and E4A), and only 2 out
of 21 PA individuals presented anergy above 67%yeal of anergy that we previously
established acceptable for clinical purposes (89, Bhe ratio of proliferation of pea-Tm/pea-
T10 cells was higher in HC vs. PA individuals (i3@7; Fig. 3C and E4B).

Among the baseline PA individuals, pea-T10 celld olut of 7 tested presented with low
anergy (mean anergy baseline PA individuals= 20ra¥%ge 5-32%; Fig. 3A-B and E4A) and
peanut-specific anergy was not detected in peaef Blout of 7 baseline PA individuals. We
next asked if OIT would modify the level of aneiigypea-T10 cells. Anergy was observed at a
level of 80% in pea-T10 cells in 1 out of 7 ST-AAA individuals, and low anergy was observed
in 2 out of 7 ST-OIT PA individuals (mean anergy-STT PA individuals= 43%, range 15-80%;
Fig. 3A-B and E4C), but was absent for the othgrddviduals. Similarly, anergy was observed
at a level of 70% for pea-T10 cells in 1 out of 7-QIT PA individuals, and was observed but
below 67% for 5 out of 7 LT-OIT PA individuals (meanergy LT-OIT PA individuals= 39.1%,
range 9-70%; Fig. 3A-B and E4A), but was absentlfout of 7 individuals. There was no
significant difference in proliferation of pea-Tmadpea-T10 cells of baseline PA individuals
(p>0.05), of ST-OIT PA individuals (p>0.05) or oT tOIT PA individuals re-stimulated by pea-
mDC. Overall, there was no statistically signifitdifference in the pea-Tm/pea-T10 cell
proliferation ratio between any of the 3 PA cohpalthough we observed a trend towards higher
pea-Tm/pea-T10 cell proliferation ratio in LT-OI'RRndividuals (p>0.05; Fig. 3D and Fig.
E4C). Pea-Tm/pea-T10 cell proliferation ratio wamgicantly lower in the LT-OIT cohort
compared to HC (p=0.0262). Of note, there was meetadion between the age of the subjects in
the study, the severity of the peanut allergy,diation of OIT and the induction of anergy.

We next tested whether anergy of pea-T10 was pesgragific by measuring
proliferation elicited by a different antigen, rpyesent during the primary stimulation such as
tetanus toxoid (TT). We found that proliferatiomuapre-stimulation with TT-mDC was
comparable in pea-Tm and pea-T10 cells of both RCRA individuals (p>0.05; Fig. E4D-E),
confirming that when present, hyporesponsivenessondy towards the peanut antigens used in
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the primary stimulation. Altogether, these resirticate that anergy towards the peanut
antigens could be induced by pea-DC-10 from HCnistifrom PA cohorts irrespective of OIT.
Since Trl cells from PA individuals were not aldeahergize the pea-T10 cells, we
analyzed their cytokine secretion profile upon peapecific re-stimulation (Fig. E1B in the
Online Repository). Pea-T10 cells of HC re-stimediatvith pea-mDC secreted significantly less
IL-4 (23.4£19.3 pg/mL, p=0.03; Fig. 4A, left pan@kable E1) and less IL-5 (123.1+67.6 pg/mL,
p=0.034; Fig. 4B, left panel; Table E1) than cohprea-Tm cells (49.9+£32.7 pg/mL and
408.5+118.2 pg/mL, respectively). Conversely, p&@-and pea-Tm cells of PA individuals
secreted comparable amounts of IL-4 (343.5+358/hp@nd 447+449.6 pg/mL, respectively,
p>0.05; Fig. 4A, middle panel; Table E1) and IL784.2+534.8 pg/mL and 1024+556.4 pg/mL,
respectively, p>0.05; Fig. 4B, middle panel; TablB, and both cytokines were higher than
those produced by HC cells (Fig. 4A and B, rightqla). Pea-Tm and pea-T10 of HC secreted
comparable amounts of IL-10 (p>0.05; Fig. E5A ia ®nline Repository; Table E1) whereas
pea-Tm of PA individuals secreted more IL-10 coregao pea-T10 (p=0.06; Fig. E5A in the
Online Repository; Table E1). Pea-Tm and pea-T1fioth HC and PA individuals secreted
comparable amounts of IFN{p>0.05; Fig. E5B in the Online Repository; TaBlk), whereas
pea-T10 of PA individuals secreted more IL-10 coradao pea-T10 of HC (p=0.0365; Fig.
E5A in the Online Repository). Interestingly, wesebved a negative correlation between the
levels of IL-4 and IL-5 produced by the pea-T1dsahd the percentage of anergy (p=0.0145,
r=-0.5509, and p=0.0181, r=-0.5498, respectively; E5C-D), but no correlation between the
levels of IL-10 produced by the pea-T10 cells drgercentage of anergy (r=-0.2917, p=0.212;
Fig. E5E). Severity of peanut allergy and durattd®IT did not influence cytokine production
by pea-Tm and pea-T10. Taken together, these sadeithonstrate that activation of CDB
cells with autologous pea-DC-10 promotes the indaaf anergic, peanut-specific T cells that
secrete low amounts of Th2 cytokines in HC butind®®A individuals. In pea-T10 of PA
individuals, responsiveness to the peanut-antigemsins higher than in HC and it could not be
impacted by the addition of IL-10. These data ssgtet pea-Trl from PA individuals either
lack antigen-specificity or are functionally defeet

Peanut-specific cellsare enriched in CD49b"LAG3" Tr1 cells

We next tested whether the general lack of angrgga-T10 cells from PA individuals
was due to lack of antigen specificity in the Tdpplation. Pea-T10 cells were re-stimulated
with pea-mDC, and the expression of the activathamkers CD69 and CD137 (41) was
quantified in the CD45RAmemory and CD49hAG3" Trl populations (Fig. 5A-B and Fig.
E1B in the Online Repository). Background exprasseibCD69 and CD137 from unstimulated
pea-T10 cells was subtracted to account for thigemispecific response. The CDgells were
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more abundant within the Tr1 cell subset than withe total memory population (mean
percentage of CD6%ells in Tr1= 28.3+15.9%; in memory= 16.4+12.1%00044; Fig. 5C;
Table E1). Similarly, the percentage of CD18&lls was higher within the Tr1 cell subset than
in the total memory population (26.0+20.8% and 8.3%, respectively, p=0.0044; Fig. 5D;
Table E1). However, when the pea-T10 cells wergtiraulated with TT-mDC, there was no
difference in the percentages of CD@&®d of CD137 cells in the Trl cell subset compared to
the memory population (Fig. E6). These data sughestdespite the lack of anergy, peanut-
specific Trl cells are present in pea-T10 cellBAfindividuals, and more abundant than in the
total memory population.

As homing cues are essential for the migratiom oélls to the tissues, we tested whether
pea-Trl cells specifically express molecules toater gut-homing properties. The expression
of the gut-homing receptor GPR15 (42, 43) was fiinitly higher in the CD49hAG3™ Trl
cell subset compared to that of the total memopugation of pea-T10 from both HC and PA
individuals (mean percentage of GPR8lls in Trl= 9.7+7.7%; in memory= 5.3+4.0%,
p<0.0001; Fig. 6A; Table E1). The expression of @C&chemokine receptor that supports the
migration of T lymphocytes to the small intestimelaolon (44), was also higher in the
CD49b'LAG3" Tr1 cell subset as compared to that of the totahory population of pea-T10
from HC and PA individuals (mean percentage of CC&ds in Trl= 33.1+18.3%; in memory=
19.7+15.6%; p<0.0001; Fig. 6B; Table E1). Altogethkese data indicate that peanut-specific
Trl cells inducedn vitro express gut homing receptors, suggesting thatdbeld have the
capacity to migrate to the gut mucosa in both HE RA individuals.
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DISCUSSION

In the current study, we show that CBD45RACD496LAG3” Trl cells specific for
the main peanut allergens Ara h 1 and 2 can becadin vitro from CD4" T cells of both HC
and PA individuals using tolerogenic DC-10 as atigresenting cells. Pea-T10 cells from HC
(containing 7.4+3.7% pea-Trl cells) are anergicrugatigen-specific rechallenge, whereas pea-
T10 cells from PA individuals (containing 9.2+4.§%a-Tr1 cells) are not anergic and they
present high peanut-specific proliferative respsnseaddition, we found that the lack of anergy
of pea-T10 cells in PA individuals was not sigrafitly modified by the presence or duration of
OIT. Indeed, we only observed a trend towards itido®f anergy in pea-T10 cells of LT-OIT
PA. Pea-T10 cells of HC produce significantly l#sgl and IL-5 vs. control pea-Tm cells, but
pea-T10 cells of PA individuals secrete similareisvof these Th2 cytokines compared to pea-
Tm cells. The absence of anergy observed for péaeélls of PA individuals, was not due to
lack of antigen specificity in the Trl populatidn.addition, Trl cells induceie vitro express
higher levels of the gut-homing receptors GPR15@8&R9 compared to the total memory
population, suggesting preserved gut-homing capacit

Our study is the first to show that peanut-spec@i®495 LAG3" Tr1l cells can be
inducedin vitro from CD4 T cells of both HC and PA individuals. Downregubatiof peanut-
specific allergic responses have been achi@veoo in an allergic mouse model using peanut-
coated nanoparticles, which are known to favordifferentiation of Trl cells (45, 46). In
addition, gliadin-specific Trl cells have been adetl from the gut of celiac individuals in
remission (22). These studies support the rolerdfcElls in maintenance of tolerance to food
antigens and the rationale for inducing pea-Tris¢ehvitro and test their inhibitory function.

The ability to induce allergen-specific anergy aagvnregulate Th2 cytokines has
previously been demonstrated in PBMC isolated froahividuals allergic to house dust mites
(37). The authors showed that DC-10 are potentdexduof anergic cells that are specific for the
aeroallergen Der pid vitro. The level of anergy described towards Der p 2 veasparable to
the level we observe in cultures of HC cells tovgatda h 1/2, which is also comparable to the
minimum percentage of anergy of 67% that is requioe the clinical use of IL-10 anergized T
cells (39, 40). However, in the Der p 2 study, pihesence of CD49hAG3" Trl cells in the
anergic cultures was not quantified since thesmarters of Trl cells have been reported later
(25). Using CD49b and LAG3 &ena fide markers of Trl cells, we clearly demonstrate That
cells can differentiaten vitro in an antigen-specific manner but, unlike in H@it presence is
not associated with anergy in T cells of PA induatk. Indeed, anergy above 67% was observed
for only 2 patients in our cohort. As the percestagAra h 1/2-specific cells in peripheral blood
is low for both HC and PA individuals (<1% of CDBcells (13, 47)), we were not able to test
the suppression of primary proliferation or suppi@s of cytokine production by pea-Ti®
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vitro. However, acquisition of anergy and induction df Tells have been consistently described
as a consequence of antigen-specific priming irpteeence of I1L-10. Our results suggest that
there is an underlying defect in PA individualsttpeevents the induction of functional peanut-
specific Trl cells in IL-10 dependent tolerogeronditions.

Typically, CD4 T cells from allergic individuals present an abamidallergen-specific
Th2 population that likely results in an imbalameéhe Tr1/Th2 ratio skewed towards a Th2
response (30, 32, 48). We cannot exclude that ifumadtpeanut-specific Trl cells were induced
in our culture system, but their numbers were nfficgent to dampen the proliferation and
cytokine production of the pre-existing memory Tatbulation. Indeed, one ST-OIT individual
with severe peanut allergy for whom a very highcpatage (21.6%) of Trl cells was induced in
pea-T10 cells also presented very high anergy (80%icating that the Trl cells were
functional, and that high numbers of Trl cells niilgl required to downregulate the response of
a pre-existing peanut-specific Th2 memory poputat@ur data show that high IL-10
production does not correlate with induction oraaergic phenotype induceéavitro by
allergen stimulation in tolerogenic conditions (I0-and DC-10), but is associated with high
amounts of IL-4 and IL-5 Th2 cytokines in PA indluials, suggesting that IL-10 is produced by
Th2 cells.

Whether chronic antigen exposure via peanut-OlBmates the function of Trl cells
remains to be clarified. Although not statisticalgnificant, we observed a trend towards
induction of anergy for the pea-T10 cells of PAiuduals who had been under OIT for several
years. Once confirmed in a larger number of indiaid, these data would be suggestive of the
effect of LT-OlTas we previously observed (33).df&ent antigen exposure favors Trl
induction and antigen-specific hyporesponsivensds@adly demonstrated vitro andin vivo
in both mouse and human studies (21). Repetitiraperitoneal injection of anti-CD3
antibodies induces IL-10 producing Trl-like cetisdlized in the small intestine (49). Similarly,
non-allergic beekeepers and cat owners who areatigtexposed to continued antigenic
stimulation develop high numbers of antigen-spedlfi10 secreting Trl cells which control
undesired Th2 immune responses (23, 50, 51). Tireliags suggest the importance of OIT to
control food allergen responses by induction of dells in the intestine.

The development of food allergies is significantiffuenced by the genetic background.
Sicherer et al. estimated the heritability of paaliergy at 81.6% studying a cohort of
monozygotic twins (52). In addition, genetic degeaffecting different components of the
immune response and resulting in gain of functibthe IL-4, IL-9, IL-13 and TGH pathways
have been linked to atopic diseases (53-56). Murtatof the HLA-DQ/DR (57) and filaggrin
(58) genes have been specifically associated veimpt allergy. A novel line of evidence
suggests that epigenetic defects play a role id &lergies as a differential CpG methylation
profile has been observed in children allergicdg,eeanut, milk and shrimp (59, 60). We
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cannot exclude that the PA individuals in our stadgry genetic or epigenetic defects in genes
crucial for Trl cell generation and function

Determining why anergy could be induced for pe@®fi.only few PA individuals in our
cohort is a crucial step in understanding peanetgés and the mechanism of OIT. It should be
considered that our experiments were performetirsgarith peripheral blood cells which may
not represent what is occurring in the gut wheeedironic antigen exposure is taking place and
where Trl cells have preferential homing. Howewer, data indicate that pea-Trl cells induced
in our system might possess gut-homing abilitieassessed by the expression of GPR15 and
CCRO9. Studies are ongoing to test whether the paage and numbers of Trl cells increase over
the course of OIT in the gut.

To conclude, our data show that peanut-specificCEfls can be induced towards the
main peanut allergens Ara h 1 and 2, and thatgepce of functional Trl cells is associated
with the inhibition of Th2 responses in HC but moPA individuals. We can therefore
hypothesize that providing functional peanut spedifl cells to PA individuals could facilitate
the regulation of allergic responses. For this@atinent, autologous pea-Trl cells could be
generated by enforced lentiviral-mediated expressfdL-10, which should overcome
limitations dictated by genetic or epigenetic pspdisition in allergic individuals (61).
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Table 1: Demographic and clinical description of the study cohorts
Fig. 1: Pea-mDC and pea-DC-10 from HC and PA individuals present a mature phenotype.

Expression levels of CD11c, CD14 and CD86 in mature (mDC) and tolerogenic (DC-10) DC of
healthy controls (HC) and peanut-allergic (PA) individuas. Representative data from one HC out
of n=7 (upper panel) and one PA individua out of n=21 (lower panel) are shown. Red: mDC,
unstained; blue: mDC; green: DC-10, unstained; orange: DC-10.

Fig2: Trlcdlsareinduced at similar frequenciesfrom HC and PA individuals.

Frequency of CD4"CD45RA CD49b"LAG3" Trl cellsin pea-Tm and pea-T 10 of healthy
controls (HC; A, B and D) and peanut allergic (PA) individuals (A and C-E). A. Dot plotsfor a
representative HC out of 7 (upper panel) and PA individuals out of 21 (lower panel). Cumulative
data of LAG3 and CD49b expression is represented for HC (B) and PA individuals (C). D.
Comparison of the percentages of CD49b'LAG3" cellsin pea-T10 of HC and PA individuasE.
Comparison of the percentages of CD49b'LAG3" cellsin pea-T10 of all 3 cohorts of PA
individuals (Bas: basdline; ST-OIT: short-term oral immunotherapy; LT-OIT: long-term OIT).
Mean values and standard deviation are shown.

Fig. 3: Pea-DC-10 induce antigen-specific CD4" T cell anergy in all HC but only in a
minority of PA individuals.

Proliferation of pea-Tm and pea-T10 cell lines stimulated with autologous Ara h 1/2 (pea)-mDC
for 5 days for healthy controls (HC) and peanut allergic (PA) individuals (Bas: baseline; ST-OIT:
short-term oral immunotherapy; LT-OIT: long-term OIT) A. Dot plot for a representative HC
(left panel), and 2 representative PA individuals (PA-1 presenting anergy and PA-2 not
presenting anergy; middle and right panels, respectively) are shown. B. Proliferative responses of
pea-Tm (black) and pea-T10 (grey) are shown. Percentage of anergy (calculated as percentage of
proliferating (pea-Tm - pea-T10)/pea-Tm) isindicated for each experiment. ni: Anergy not
induced. C. Cumulative datafor HC (n=7) and PA individuas (n=21) and D. Comparison of PA
cohorts, each dot represents a single experiment.

Fig. 4: Pea-T10 of HC but not PA individuals produce less Th2 cytokines than pea-Tm.

Detection of cytokines by ELISA (in pg/mL) in supernatants of pea-Tm and pea-T10 of hedlthy
control (HC) and peanut-allergic (PA) individuals restimul ated with pea-mDC for 48h. Results
areshown for A. IL-4 and B. IL-5in HC (left panels) and PA individuals (middle panels), each



dot representing a single experiment. Right panels represent a comparison of all HC and PA
individuals, mean cytokine detection levels are shown.

Fig. 5: Peanut-specific T cellsare more abundant in the Tr1 cells compared to total memory
CD4" population of pea-T10in PA individuals.

Expression of CD69 and CD137 after restimulation with pea-mDC was assessed for pea-T10 of
peanut alergic individuals (PA). Dot plot for a representative donor shows expression of CD69
(A) and CD137 (B) in the CD45RA™ and CD49b'LAG3" populations for cells unstimulated
(upper panels) or stimulated with pea-mDC (lower panels). The percentage of CD4" T cells
specifically upregulating CD69 (C, n=14) and CD137 (D, n=12) upon activation (subtracting the
background from the unstimul ated cells) is represented for each donor within the CD45RA™ and
CD49b'LAG3" populations.

Fig. 6: Expression of gut-homing moleculesishigher in Tr1 cdlsthan in total memory
CD4" population of pea-T10.

Expression of the gut-homing molecules GPR15 (A) and CCR9 (B) in CD49b"LAG3" Trl and
total memory populations of pea-T10 cells of healthy controls (HC) and peanut allergic (PA)
individuals. Cumulative data are represented for A. n=5 HC and 19 PA individuals and B. n=2
HC and 13 PA. Green: HC; red: PA individuals.

Fig. E1: Scheme of theinduction of mDC, DC-10, peanut-specific T cell linesand readouts.

A.DCand T cel lineinduction and B. Readouts for the T cell lines. DC-10: tolerogenic
dendritic cells; mDC: mature dendritic cells; pea-: peanut; pea-T10: CD4" T cells co-incubated
with tolerogenic dendritic cells pulsed with the main peanut allergens; pea-Tm: CD4" T cells co-
incubated with mature dendritic cells pulsed with the main peanut allergens; TT: tetanus toxoid.

Fig. E2: mDC and DC-10 from HC and PA individuals present a mature phenotype.

Expression levels of A. CD11c, B. CD14 and C. CD86 in mature (mDC) and tolerogenic (DC-
10) DC of healthy controls (HC, n=7) and peanut-allergic (PA, n=21) individuas. Comparison of
the percentages of CD11c, CD14 and CD86 cellsin mDC and DC-10 of al 3 cohorts of PA
individuals (Bas: baseline; ST-OIT, n=7: short-term oral immunotherapy; LT-OIT, n=7: long-
term OIT, n=7).



Fig. E3: Pea-Tm and pea-T 10 of HC and PA individuals present a partially activated
phenotype.

Frequency of CD4"CD45RACD25" cellsin pea-Tm and pea-T10 of healthy controls (HC) and
peanut allergic (PA) individuals. A. Dot plot for a representative HC (out of 7 tested; upper
panel) and PA individual (out of 21 tested; lower panel) donors show expression of CD25 in pea-
Tm (left panel) and pea-T10 (right panel). B. Histogram representing the cumulative data of
CD25 expression for HC and PA individuals and C. Comparison of PA cohorts (Bas. baseling;
ST-OIT, n=7: short-term oral immunotherapy; LT-OIT, n=7: long-term OIT, n=7).. Mean and
standard deviation are shown.

Fig. E4: Pea-DC-10 induce antigen-specific CD4" T cell anergy in all HC but only in a
minority of PA individuals.

Proliferation of pea-Tm and pea-T10 cell lines stimulated with autologous Arah 1/2 (pea)-mDC
for 4 days or tetanus (TT)-mDC for 5 days for healthy controls (HC) and peanut alergic (PA)
individuals (Bas: basdline; ST-OIT: short-term oral immunotherapy; LT-OIT: long-term OIT) A.
Proliferative responses of pea-Tm (black) and pea-T10 (grey) in responseto Arah 1/2. B.
Cumulative datafor HC and PA individuals and C. comparison of PA cohorts, each dot
represents a single experiment. D. Dot plots of proliferation in responseto TT restimulation are
shown for representative HC (left panel), and PA individuals. E. Proliferative responses of pea-
Tm (black) and pea-T10 (grey) to TT are shown. Percentage of anergy (cal culated as percentage
of proliferating (pea-Tm - pea-T10)/pea-Tm) isindicated for each experiment. ni: Anergy not
induced.

Figure E5: Levelsof IL-10 and | FN-y are compar able in pea-Tm and pea-T10 of HC and
PA individuals, and levelsof IL-4 and IL-5in pea-T 10 are negatively correlated with the
per centage of anergy.

Detection of cytokines by ELISA (in pg/mL) in supernatants of pea-Tm and pea-T10 of hedthy
controls (HC) and peanut-allergic individuals (PA) restimulated with pea-mDC for 48h. Results
areshown for A. IL-10 and B. IFN-y of HC (left panels) and PA individuals (middle panels),
each dot representing a single experiment. Right panels represent a comparison of all HC and PA
individuals, mean cytokine detection levels are shown. Scatter plots comparing the levels of C.
IL-4 (in pg/mL), D. IL-5 (in pg/mL) and E. IL-10 (in pg/mL) detected in pea-T10 cultures
restimulated with pea-mDC for 48h and the percentage of anergy (calculated as percentage of
proliferating (pea-Tm - pea-T10)/pea-Tm) after restimulation with pea-mDC for 5 days).
Trendline is shown, correlation coefficient and statistical significance are indicated.



Fig. E6: TT-specific T cellsare present in the same frequenciesin the Tr1 cells compared to
total memory CD4" population of pea-T10in PA individuals.

Expression of CD69 and CD137 after restimulation with TT-mDC was assessed for pea-T10 of
peanut alergic individuals (PA). Dot plot for a representative donor shows expression of CD69
(A) and CD137 (B) in the CD45RA™ and CD49b'LAG3" populations for cells unstimulated
(upper panels) or stimulated with TT-mDC (lower panels). The percentage of CD4" T cells
specifically upregulating CD69 (C, n=13) and CD137 (D, n=9) upon activation (subtracting the
background from the unstimul ated cells) is represented for each donor within the CD45RA™ and
CD49b'LAG3" popul ations.

Table S1: Summary table of the data obtained on pea-Tm and pea-T10 cells

For each experiment, the number of samplestested isindicated. Anergy isindicated only when
present.



ACCEPTED MANUSCRIPT

Characteristics Baseline Short-term OIT  Long-term OIT
(3to 12months)  (>3years)

Sex (F/M) 4/3 2/5 4/3
Range 8-15 8-51 10-30
Concurrent symptoms of alergic rhinitis 6/7 6/7 a7

Family history of atopic diseases 37 6/7 a7
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% CD25+ % LAG3+CD49b+ % anergy (mean, IL-4 concentration IL-5 concentration IL-10 concentration IFN-y concentration
(meanzSD) (meanzSD) [range]) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
He Pea-Tm | 782167 n=7| 2.6+3 n=1 49.9+32.7 n=6| 408.5+118.2 nd5  208.5+50.77 =B87+438.1 n=6
Pea-T10 | 343499 n=7| 7.433.7 n={ 69 [32-87] n47 23.4#193  n=6| 123.1:67.6 n=§ 175#131.9 ni6 4884225 =6
PA. fotal Pea-Tm | 3814127  n=21| 2.941 n=21 447+449.6 n=15 1024.2¢566.4 n=14 | 873.3+602.8  n=1§ 461.3+458.1 n={5
Pea-T10 | 38,133  pn=21| 9443 n=01| 343[5-80] n=6 34353587 n=15 784245348 =1| 450.3+2689  n=1§ 488.24+4253  n=15
0, 0,
(/lfngrg(??r % CD69+ (Tr1, ?’Mi%fr‘” % CD137+ (Trl, | % GPR15+ (Memory,| % GPR15+ (Trl, 9%CCR9+ (Memory, 9%CCRO+ (Trl,
Y, meantSD) Y mean+SD) mean+SD) mean+SD) meantSD) meanSD)
meanSD) mean+SD)
Pea-Tm
HC
Pea-T10 424138 n=5| 8.14.9 n=% 11.7+3.3 n$2  24.9+10.1 21
Pea-Tm
PA, total
Pea-T10 | 1551108  n=12| 26.7+15.1 n=1p 9.2451 n=3 26.916. n=13| 5634.4 n=19 10.1:8.4 n=19 20.93+16.4 n$134.4819.2 n=13




OR FIGURE LEGENDS
Fig. E1: Scheme of theinduction of mDC, DC-10, peanut-specific T cell linesand readouts.

A.DCand T cel lineinduction and B. Readouts for the T cell lines. DC-10: tolerogenic
dendritic cells; mDC: mature dendritic cells; pea-: peanut; pea-T10: CD4" T cells co-incubated
with tolerogenic dendritic cells pulsed with the main peanut allergens; pea-Tm: CD4" T cells co-
incubated with mature dendritic cells pulsed with the main peanut allergens; TT: tetanus toxoid.

Fig. E2: mDC and DC-10 from HC and PA individuals present a mature phenotype.

Expression levels of A. CD11c, B. CD14 and C. CD86 in mature (mDC) and tolerogenic (DC-
10) DC of healthy controls (HC, n=7) and peanut-allergic (PA, n=21) individuas. Comparison of
the percentages of CD11c, CD14 and CD86 cellsin mDC and DC-10 of al 3 cohorts of PA
individuals (Bas: baseline; ST-OIT, n=7: short-term oral immunotherapy; LT-OIT, n=7: long-
term OIT, n=7).

Fig. E3: Pea-Tm and pea-T10 of HC and PA individuals present a partially activated
phenotype.

Frequency of CD4"CD45RACD25" cellsin pea-Tm and pea-T10 of healthy controls (HC) and
peanut allergic (PA) individuals. A. Dot plot for arepresentative HC (out of 7 tested; upper
panel) and PA individual (out of 21 tested; lower panel) donors show expression of CD25 in pea-
Tm (left panel) and pea-T10 (right panel). B. Histogram representing the cumulative data of
CD25 expression for HC and PA individuals and C. Comparison of PA cohorts (Bas: baseling;
ST-OIT, n=7: short-term oral immunotherapy; LT-OIT, n=7: long-term OIT, n=7).. Mean and
standard deviation are shown.

Fig. E4: Pea-DC-10 induce antigen-specific CD4" T cell anergy in all HC but only in a
minority of PA individuals.

Proliferation of pea-Tm and pea-T10 cell lines stimulated with autologous Arah 1/2 (pea)-mDC
for 4 days or tetanus (TT)-mDC for 5 days for healthy controls (HC) and peanut alergic (PA)
individuals (Bas: basdline; ST-OIT: short-term oral immunotherapy; LT-OIT: long-term OIT) A.
Proliferative responses of pea-Tm (black) and pea-T10 (grey) in responseto Arah 1/2. B.
Cumulative datafor HC and PA individuals and C. comparison of PA cohorts, each dot
represents a single experiment. D. Dot plots of proliferation in responseto TT restimulation are
shown for representative HC (left panel), and PA individuals. E. Proliferative responses of pea-



Tm (black) and pea-T10 (grey) to TT are shown. Percentage of anergy (cal culated as percentage
of proliferating (pea-Tm - pea-T10)/pea-Tm) isindicated for each experiment. ni: Anergy not
induced.

Figure E5: Levelsof IL-10 and IFN-y are compar able in pea-Tm and pea-T10 of HC and
PA individuals, and levelsof I1L-4 and IL-5in pea-T 10 are negatively correlated with the
per centage of anergy.

Detection of cytokines by ELISA (in pg/mL) in supernatants of pea-Tm and pea-T10 of healthy
controls (HC) and peanut-alergic individuals (PA) restimulated with pea-mDC for 48h. Results
areshown for A. IL-10 and B. IFN-y of HC (left panels) and PA individuals (middle panels),
each dot representing a single experiment. Right panels represent a comparison of all HC and PA
individuals, mean cytokine detection levels are shown. Scatter plots comparing the levels of C.
IL-4 (in pg/mL), D. IL-5 (in pg/mL) and E. IL-10 (in pg/mL) detected in pea-T10 cultures
restimulated with pea-mDC for 48h and the percentage of anergy (calculated as percentage of
proliferating (pea-Tm - pea-T10)/pea-Tm) after restimulation with pea-mDC for 5 days).
Trendline is shown, correlation coefficient and statistical significance are indicated.

Fig. E6: TT-specific T cellsare present in the same frequenciesin the Tr1 cells compared to
total memory CD4" population of pea-T10 in PA individuals.

Expression of CD69 and CD137 after restimulation with TT-mDC was assessed for pea-T10 of
peanut allergic individuals (PA). Dot plot for a representative donor shows expression of CD69
(A) and CD137 (B) in the CD45RA™ and CD49b'LAG3" populations for cells unstimulated
(upper panels) or stimulated with TT-mDC (lower panels). The percentage of CD4" T cells
specifically upregulating CD69 (C, n=13) and CD137 (D, n=9) upon activation (subtracting the
background from the unstimul ated cells) is represented for each donor within the CD45RA™ and
CD49b*LAG3" populations.

Table S1: Summary table of the data obtained on pea-Tm and pea-T10 cells

For each experiment, the number of samplestested isindicated. Anergy isindicated only when
present.
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SUPPLEMENTAL DATA

DC differentiation

CD14 monocytes were isolated from peripheral blood maostear cells (PBMC) using a
positive selection kit (Miltenyi Biotec, Germanyarding to the manufacturer’s instructions.
CD14 cells were differentiated into mature dendrititscénDCs) and tolerogenic DCs (DC-10)
as previously described (37). Briefly, CDOMere incubated for 7 days in RPMI 1640 (Life
Technologies, Carlsbad, CA) supplemented with 5@gEbAB human serum (Sigma-Aldrich,
Saint Louis, MO) and 100 U/mL penicillin/streptonty¢Life Technologies, Carlsbad, CA) in
the presence of 10ng/mL of recombinant human () (R&D Systems, Minneapolis, MN)
and of 100ng/mL of rhGM-CSF, with the addition @nt/mL of IL-10 (BD Biosciences,San
Jose, CA) to differentiate DC-10. After 5 days,ifsed endotoxin-free Ara h 1 and 2 (Indoor
Biotechnologies, Charlottesville, VA) or inactivdt&éetanus Toxoid (TT; EMD Millipore,
Billerica, MA) proteins were added for 2 days te bCs (pea-mDC, pea-DC-10 and TT-mDC,
respectively). The optimal concentration of thetfukys was determined from a dose-response
curve (0.1 to 20g/mL) testing the proliferation of autologous C4ells. The optimal
concentration of TT wasuy/mL, and 1Qug/mL for Ara h 1 and 2. For each experiment, the
maturation of the DCs was confirmed by flow cytomeb determine the expression of CD11c,
CD86 (BioLegend Inc., San Diego, CA), and CD14 ¢(=Bience, San Diego, CA). DC
established from a single blood donation were ettised for primary stimulation, or frozen and
used later to test for antigen-specificity or cytakproduction.

T cell differentiation

CD4" T cells were isolated using the EasySep Human'dD@ell Enrichment Kit (Stemcell
Technologies, Vancouver, Canada) from the PBMC CHradtion 1x10 pea-mDC or pea-DC-
10 were co-incubated with 1x38utologous CD4T cells in X-VIVO 15 medium supplemented
with gentamycin (Lonza, Switzerland) and 5% podd&ihuman serum (complete medium). IL-
10 was added at 10ng/mL to the CD4C-10 cocultures. After 7 days of culture, IL-2
(Peprotech, Rocky Hill, NJ) was added at 20 unitsamd the cells were expanded for an
additional 7 days. The phenotype of the CD4ells cocultured with the pea-mDC (pea-Tm) or
with the pea-DC-10 (pea-T10) was assessed by fld@ntetry testing the expression of LAG3,
CD49b (Miltenyi Biotech, Germany), CD3, CD4, CD45Ra%d CD25 (BioLegend Inc., San
Diego, CA), GPR15 (R&D Systems, Minneapolis, MNJ&DCR9 (BD Biosciences, San Jose,
CA).

Arah 1/2 specific T cell proliferation assay
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To assess the proliferative response to a secomaiéigen challenge, pea-Tm and pea-T10 cells
were stained with carboxyfluorescein succinimidstee (CFSE; Life Technologies, Carlsbad,
CA) and plated alone (5x{)0or with autologous pea-mDC or TT-mDC as a conel1F) in
complete medium in 96 well, round bottom platea fimal volume of 200L. The percentage of
divided cells within the CDTD4" T cell population was assessed after 4 and 5 days.

Arah 1/2 antigen specificity assay and cytokine detection

To assess the percentage of antigen-specific Tig, pea-T10 cells were plated alone (1X1dr
with autologous pea-mDC or TT-mDC (1¥).én complete medium in 96 well, round bottom
plates in a final volume of 2QQ. The expression of the activation markers CD6® @137
(BD Biosciences, San Jose, CA) was assessed bycfitnetry on gated CD8D4'CD45RA

T cells after 24 and 48h, respectively. The optistehulation time to assess the expression of
these markers was determined by a time courseiexgrar(12h to 72h). At 48h, supernatants
were collected and frozen for analysis of cytoldietection. Levels of IL-4, IL-10, IFN-and
GM-CSF in the supernatants of pea-Tm/T10 cellspradmDC cocultures were assessed by
ELISA (BD Biosciences, San Jose, CA).

Flow cytometry

For phenotyping of the dendritic cells, the samplese acquired using a Dxp10 FACSE4n
(Cytek Dev, Fremont, CA). For all the other anatydbe samples were acquired using a FACS
Aria (BD Biosciences, San Jose, CA). The stainihgea-Tm and pea-T10 cells was performed
at 37°C for 15min (Protocol based on (25)). Allestktainings were performed according to the
manufacturer’s recommendations.

Statistical analyses

GraphPad Prism 6.07 (GraphPad Software, Inc., lla, J0A) software was used for statistical
analyses. Results are presented as mean + SDs wtédesd otherwise. We used Mann-Whitney
test, Wilcoxon test, Spearman correlation testgaiced student t test to determine the statistical
significance of the data. P values of less thah W@re considered significant. For computing
summary statistics, we considered the log valyseaf Tm/pea-T10 cell proliferation.



