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Abstract

Background: Individuals with peanut allergy range in clinicahsitivity: some can consume
grams of peanut before experiencing any symptorhsewthers suffer systemic reactions to 10
mg or less. Current diagnostic testing only pdstiptedicts this clinical heterogeneity.
Objective: We sought to identify characteristics of the peamecific CD4 T cell response in
peanut-allergic patients that correlate with highical sensitivity.

Methods: We studied the T cell recept®+chain (TCH) usage and phenotypes of peanut-
activated, CD154CD4" memory T cells using fluorescence-activated astlisg, TCR3
sequencing, and RNASeq, in reactive and hyporeaptients who were stratified by clinical
sensitivity.

Results: TCRB analysis of the CD154and CD154fractions revealed >6,000 complementarity
determining region 3 (CDR3) sequences and CDR3fsnihiat were significantly enriched in the
activated cells and 17% were shared between pedleutic individuals, suggesting strong
convergent selection of peanut-specific clonessé&laones were more numerous among the
reactive patients and this expansion was identifighin effector, but not regulatory T cell
populations. The transcriptional profile of CDI5cells in the reactive group skewed towards
a polarized Th2 effector phenotype and expressidin®d cytokines strongly correlated with
peanut-specific IgE levels. There were, howeve abn-Th2 related differences in phenotype.
Furthermore, the ratio of peanut-specific clonethaeffector versus regulatory T cell
compartment, which distinguished the clinical gmupas independent of specific IgE
concentration.

Conclusion: Expansion of the peanut-specific effector T cgblentoire is correlated with clinical
sensitivity, and this observation may be usefuhform our assessment of disease phenotype
and to monitor disease longitudinally.

Key messages:
* Reactive peanut-allergic patients have a largererdiverse, and more Th2-skewed
peanut-specific CD4T cell compartment in peripheral blood than hypotiea patients.
* Reactive patients show an expansion in peanutfgpeffiector T cells and an imbalance
between effector and regulatory T cells, especiallyeir private repertoire.
» This imbalance may be one of the causes of higiiceli sensitivity and a potential
biomarker, and may be altered over the course ofunotherapy with peanut.

Capsulesummary: Heightened clinical sensitivity in peanut-allergiatients correlates with an
expanded, more diverse, and more responsive artigegific effector T cell compartment,
rather than a lack of regulatory T cells.

Key words: Peanut allergy, food allergy, clinical sensitivigD4" T cell, effector T cell,
regulatory T cell, Th2, CD154, T@Rsequencing, RNASeq
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Abbreviations:

CDR3
CFSE
CTLA4
DBPCFC
DEG
FACS
FDR
FOXP3
HPGDS
ILARN
NFKBID
oIT
PBMC
TCRp
Teff
Treg
VDR

Complementarity-determining region 3
Carboxyfluorescein succinimidyl ester
Cytotoxic T-lymphocyte associated protein 4
Double-blind placebo-controlled food chadjen
Differentially expressed genes
Fluorescence-activated cell sorting

False discovery rate

Forkhead box protein P3

Hematopoietic prostaglandin D synthase
Interleukin-1 receptor antagonist

NF«B inhibitor delta

Oral immunotherapy

Peripheral blood mononuclear cells

T cell receptof-chain

CD4 effector T cells

CD4 regulatory T cells

Vitamin D receptor
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I ntroduction

Peanut allergy has steadily grown in prevalence,camrently affects >1% of the US
population. Compared to other food allergies, peatergy is less frequently outgrown and
more often presents with severe symptdnfsthough overall mortality is low, peanut allerigy
the leading cause of death related to food-indacegphylaxis in the U and the disease is
associated with a high medical burdeReactions to allergens are mediated by activatfon
mast cells and basophils through the high-affitgly receptor, occurring when receptor-bound
specific IgE is cross-linked by binding to peanilgrgens - a specific immunogenic subset of
those peanut proteins that elicit a high-affingf Iresponse. Production of this allergen-specific
IgE is T cell dependent, and a peanut-specific Sk@wed CDA T cell profile characterized by
anreased expression of IL-4, IL-5, and IL-13 hasmobserved in subjects with peanut allérgy

Among individuals who are sensitized, meaning th@ye produced peanut-specific IgE,
there is a remarkable spectrum of clinical reatstithat ranges from complete clinical tolerance
to exquisite sensitivity down to low milligram amus of ingestiort. This variation in threshold
sensitivity is only weakly correlated to the sercomcentration of allergen-specific IgE, and it
presents one of the most significant unmet needsnical practice: how to identify those most
at risk for allergic reactions upon (accidentatestion of a low amount of peanut. Threshold
sensitivity is a sufficiently reproducible clinicghenotype, such that it is the FDA-endorsed
primary outcome for therapies for peanut allergyrently in clinical trials™”. The
pathophysiology of food allergy is hypothesizediépend on CD4Th subsets that act on B
cells to maintain allergen-specific IgEon IgE-dependent effector cells such as mast eeld
basophils, and on the epithelial barfiefhe frequency of peanut-specific effector Thail
peripheral blood is higher in allergic patientsgewuring active avoidance of peanut, than in
atopic or non-atopic controls who are tolerantearut’. Moreover, CDA T cell-derived
transcription ol L9, which has recently been associated with a patiiogeibset of effector Th2
cells'®* is higher in peanut-allergic patients than imicklly tolerant individuals who produce
peanut-specific IgE>.

Here, we stratified pediatric and adult peanutrgitepatients by their clinical sensitivity
using the accepted standard method of double-pliacebo-controlled graded dose ingestion
Most of the patients were reactive and experieraredbjective clinical reaction at a cumulative
dose 0443 mg peanut protein (equivalent protein conterpproximately two peanut
kernels). However, consistent with other studjdally one third of the patients were tolerant to
this significant amount and we refer to them asohgactive patients. We compared the BCR
usage and phenotypes of peanut-activated, COC®4" memory T cells between these patient
groups. Our data indicate that high clinical reatstiresults from an expanded, more diverse and
more responsive peanut-specific effector T cellydaioon rather than a lack of regulatory T cells
(at least as assessed from the peripheral bloond)that this imbalance may be a useful predictor
of clinical sensitivity.
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M ethods

Participants

The subjects described in this study were all seddor participation in a peanut oral
immunotherapy (OIT) trial (NCT01750879), and sonmexevncluded in a high threshold peanut
challenge study (NCT02698033), at the Food AlleCgyter at Massachusetts General Hospital.
All subjects were recruited with informed consemtd the study was approved by the
Institutional Review Board of Partners Healthcam®{ocol no. 2012P002153tudy

participants with a previous diagnosis of peanlatrgy, a history of peanut-induced reactions
consistent with immediate hypersensitivity and aométory peanut- and Ara h 2-specific serum
IgE concentrations (peanut-specific IgE > 5 kUMlaA 2-specific IgE > 0.35 kU/I;

ImmunoCAP; Thermo Fisher), underwent a double-bfilatebo-controlled food challenge
(DBPCFC). Increasing peanut protein doses wereradtared every 20 minutes to a maximum
dose of 300 mg according to the following sched8Jet0, 30, 100, and 300 mg. Forty-one
patients (66%) had an allergic reaction during BiBPCFC and were therefore labeled reactive
and randomized to treatment in the peanut OIT, wakreas 21 patients (34%) tolerated the
highest dose without significant objective symptand were labeled hyporeactive. Six of the
21 hyporeactive patients agreed to a subsequemduge DBPCFC (cumulative total 7440 mg),
and all six of them had an objective allergic reacto a cumulative dose higher than 443 mg
(median 3440 mg).

Cell culture, FACSfor peanut-activated T cells, and FACSfor Teff and Treg

Peripheral blood mononuclear cells (PBMC) wereataa from patient blood samples by
means of density gradient centrifugation (Ficolg&a Plus; GE Healthcare). Fresh PBMC were
cultured in AIM V medium (Gibco) for 20h at a deysdf 5x1F in 1 ml medium per well in 24-
well plates, and were left unstimulated or cultuneth 100 pg/ml peanut protein extract (15%10
PBMC per variable). The peanut extract was prephyeaitating defatted peanut flour (Golden
Peanut and Tree Nuts) with PBS, centrifugation, gtedle-filtering. PE-conjugated anti-CD154
(clone TRAP1,; BD Biosciences) was added to theucedt (20 pl/well) for the last 3h. After
harvesting, the cells were labeled with AF700-cgajed anti-CD3 (clone UCHT1), APC-Cy7-
conjugated anti-CD4 (RPA-T4), FITC-conjugated &b45RA (HI100), PE-conjugated anti-
CD154 (all from BD Biosciences), AF647-conjugatati-&£D69 (FN50; BioLegend), and
Live/Dead Fixable Violet stain (L34955; Thermo Fésh Live CD3CD4' CD45RA activated
CD154 and resting CD15@D69 T cells were sorted with a FACSAria Il instruméBD
Biosciences). In separate experiments, cryopreddPBMC from the same patients were thawed
and labeled with BV650-conjugated anti-CD3 (UCHTRE-Cy7-conjugated anti-CD4 (RPA-
T4), APC-H7-conjugated anti-CD45RA (HI100) (allindBD Biosciences), BV605-conjugated
anti-CD25 (BC96), BV785-conjugated anti-CD127 (ADB) (both from BioLegend), and
Live/Dead Fixable Blue stain (L23105; Thermo Fighkive CD3'CD4'CD45RA
CD25'CD127 Teff and CD25'CD127 Treg were sorted with a FACSAria Fusion instrument
(BD Biosciences). Sorted T cells were lysed in BURLT Plus (Qiagen) + 1%
mercaptoethanol (Sigma), and stored atcgmefore total RNA and genomic DNA were
isolated using the AllPrep DNA/RNA Micro Kit (Qiagge

TCRp sequencing



218 Genomic DNA was used to amplify and sequence thREi2gions (immunoSEQ assay;
219  Adaptive Biotechnologies). The immunoSEQ approaafegates an 87 base-pair fragment

220 capable of identifying the VDJ region spanning easigue CDR3. Amplicons were sequenced
221 using the lllumina NextSeq platform. Using a baselieveloped from a suite of synthetic

222  templates, primer concentrations and computationiections were used to correct for the

223 primer bias common to multiplex PCR reactions. Raguence data were filtered on the basis of
224  TCRBV, D, and J gene definitions provided by the IM@itabase (www.imgt.org) and binned
225 using a modified nearest-neighbor algorithm to rearigsely related sequences and remove both
226 PCR and sequencing errors.

227
228  Selection of enriched TCR3 CDR3 sequencesin peanut-activated T cells
229 To select significantly enriched CDR3s, CDR3 readnts in the CD154and CD15%

230 CD69 populations of each individual patient were anatiywith aG-test of independence and
231 the resulting p-values underwent FDR correctiomwji 0.05". In addition to meeting this

232 cutoff, selected CDR3s were further filtered bylaging those with a read count of less than 2
233 in the CD154 population, and those for which the ratio of themnt in the CD15%to that in the
234 CD154 population was less than 1. These filtering ste@e used to ensure that our analysis
235 focused on those CDR3 sequences most likely teebayi-specific, removing CDR3s from T
236  cells that may have responded to bystander aaivati

237
238 Hamming distance and motif analysis
239 To determine global levels of similarity, minimurarhming distance (number of amino

240 acid differences among CDR3s of same length) df pgeCDR3 against all other ps-CDR3s
241  was determined programmatically in R, taking adagatof functionality provided by the

242 package “stringdist*. The percentage of CDR3s at each minimum hamnisigrite was

243  calculated. As a means of comparison, CDR3s flwtdtal CD154and CD154populations
244  were sampled randomly 100 times, in the same nuadb#re ps-CDR3s. At every sampling,
245  minimum hamming distance was determined and meadgihres of the percentage of CDR3s at
246 each minimum hamming distance were calculatedniedif analysis, ps-CDR3s were trimmed
247  to IMGT positions 107-116, which are the residu@s whe highest probability of antigen

248  contact'®. Subsequently, sequences were broken into moitifsastlength of 4 amino acids. The
249  proportions of those motifs among the ps-CDR3s@D&3s from CD154T cells were

250 determined.

251
252  Quantitative PCR for Treg-associated genes
253 Total RNA from Teff and Treg was used to synthes2&lA (iScript cDNA synthesis

254  kit; Bio-Rad). Expression dfOXP3, CTLA4, CD25, andB2M was analyzed using the cDNA,
255  specific primers (PrimePCR SYBR Green Assay primgis-Rad), SYBR green (iTaq

256  Universal SYBR Green Supermix; Bio-Rad), and a StegPlus Real-Time PCR instrument
257 (Applied Biosystems). Data were analyzed using2tf¥&” method, which calculated expression
258  of the target genes relative to the housekeeping B2M\.

259
260 T cell suppression assay with Teff and Treg
261 FACS-sorted CD2%CD127 Teff and CD25'CD127 Treg were cocultured with

262  autologous bulk CD4responder T cells, which were isolated from PBMi@the EasySep
263 CD4 T cell enrichment kit (Stemcell Technologies) dmiokled with CFSE cell proliferation

6



264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

dye (Thermo Fisher). Responder T cells were adoledd6-well U-bottom plate in 5x3@vell in
complete medium (RPMI + 10% FBS + Pen/Strep, alinfiThermo Fisher), and Teff or Treg
were added in a ratio of 1:2, 1:4, or 1:8 of TefiToeg to responder T cells. Treg Suppression
Inspector beads (Miltenyi Biotec) were added inZaratio of beads to total T cells to induce
proliferation, and cells were cultured for 5 da&fter harvesting, the cells were labeled with
AF700-conjugated anti-CD3, APC-Cy7-conjugated &1idi4, and Live/Dead Fixable Violet
stain. Live CD3CD4' responder T cell proliferation was analyzed with. &R Il instrument
(BD Biosciences) and FlowJo software, and quatifis the percentage of divided (CFSE
cells.

Gene expression analysis by RNA-Seq

Total RNA from CD154 and CD154CD69 T cells was used for cDNA synthesis and
amplification (SMARTer ultra low input RNA kit fasequencing - v3; Clontech Laboratories).
Libraries were prepared and sequenced on the hafdiSeq platform, at a read depth of
approximately 30 million reads per sample. Pained48NA-Seq reads were aligned to the hg19
human reference genome with the ensemble versi@mistation using STAR version 2.53a
and gene expression was summarized using RSEMbowets3.0'®. Differential expression
analysis was performed using DESeqz2 version 1¥6rlinning under R version 3.4.
Unmoderated fold changes were calculated and usédualizations, which show genes with a
minimum median expression level of Fragments Pkrlddise of transcript per Million mapped
reads (FPKM)} 2 in CD154 T cells. Differentially expressed genes betweencimical groups
as shown in Fig. 5 and Data file E2 had a log2 &bldnge> 2 between CD154and CD154T
cells in at least one of the clinical groups, andiaadjusted P < 0.05 in the comparison between
CD154 T cells from reactive and hyporeactive patients.

Céll culturefor secreted cytokine analysis

Cryopreserved PBMC were thawed and monocytes ameonyeCD4 T cells were
isolated using the EasySep CD14 positive seleditcemd memory CD4T cell enrichment Kkit,
respectively (Stemcell Technologies). Autologousiowytes and T cells were cocultured in a
1:1 ratio (6x1®monocytes and 6xfnemory CD4 T cells) in 0.5 ml AIM V medium per well
in a 48-well plate for 3 days, and were left unsiiaed or cultured with 50 pg/ml peanut extract
or T-Activator CD3/CD28 beads (Thermo Fisher) it:#0 ratio of beads to T cells. After
culture, supernatants were harvested and cytokineemtrations were measured using
Cytometric Bead Array (IL-5, IL-9, IL-13, IFN: BD Biosciences), Luminex (IL-4, IL-10, IL-
17A; Bio-Plex, Bio-rad), and ELISA (IL-22; R&D Sysmns, IL-26; Millipore-Sigma).

Statistical analysis

Prism 7 (GraphPad) and R (version 3.4) were usestétistical analysis. We used the
D’Agostino-Pearson omnibus normality test to aséassormal distributionThe specific
parametric and non-parametric statistical testsratieated in the figure legends.
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Results

Reactive patients are mor e strongly sensitized to peanut than hyporeactive patients

Patients with a diagnosis of peanut allergy, aohysbf peanut-induced reactions consistent with
immediate hypersensitivity and confirmatory peamaumd Ara h 2-specific serum IgE levels
(n=62), underwent a DBPCFC up to a maximum dost06fmg (cumulative total 443 mg) of
peanut proteifi’, as part of their screening for a peanut OIT chhtrial (NCT01750879). We
chose this maximum dose to target participants wéi@ at the highest risk for persistent peanut
allergy, and anticipated that this group would i¢tlee most from desensitization and/or
clinical tolerance induction. Forty-one patient§¥§ were reactive, while 21 patients (34%)
tolerated the highest dose without significant otiye symptoms. Six of these 21 hyporeactive
patients consented to a subsequent high-dose DBR@&dmum dose 4000 mg, cumulative
total 7440 mg), and all six patients had an objecdllergic reaction to a cumulative dose higher
than 443 mg (median 3440 mg).

Reactive patients had higher serum levels of whebnut protein-specific IgE, as well as Ara h
2-specific IgE, and higher skin test reactivitypanut than hyporeactive patients (Table E1). In
contrast, hyporeactive patients tended to havegleehiprevalence of co-existing atopic
dermatitis than reactive patients, along with dlighigher total IgE levels. As a result, the ratio
of peanut-specific IgE to total IgE, a better potali of clinical allergy than peanut-specific IgE
alone?’, was higher in reactive than in hyporeactive pasi¢P < 0.01). Reactive patients also
had a higher ratio of peanut-specific IgE to 1g®4<(0.01).

Enrichment and selection of putatively peanut-specific TCR3 CDR3 sequences

In order to compare the TQRusage of peanut-activated CDB cells from reactive and
hyporeactive patients, PBMC were isolated from Blsamples and cultured for 20h with peanut
protein extract. A subset of the reactive and hgpotive patients (n=10 per group) was used for
this analysis; demographic and clinical data ofitttvidual patients included in each set of
experiments in this study are shown in Table E2AHBe selection of patients was based on the
inclusion of comparable groups of reactive and hgactive patients with regard to age and
gender, and a wide range of peanut-specific IgEl$ewm both groups, as well as on sample and
cell availability. Activated CD154and resting CD15€D69 memory CD4 T cells were sorted
by FACS (Fig. E1) and TORrepertoire was determined by sequencing from gen®NA. To
enrich for the subset of T@Rsequences most likely to be peanut-specific, rdtten sequences
from common clones responding to bystander actimatve analyzed the counts of each unique
CDR3 sequence in each sample of CO1é&lls and in the corresponding CD164élls from the
same patient. We also examined the total CDR3 sdargach sample and applieGdest of
independencé’, selecting those clones with a FDR g-value < 0i0fatal of 6,292 unique
CDR3 amino acid sequences were selected, corresppted14% of all unique CDR3s from
CD154 T cells (Fig. 1A). These putatively peanut-specBDR3 sequences (ps-CDR3s) were
significantly more similar than those selected @ty from all CD154 T cells or all CD154T
cells, as determined by the distribution of Hamndisgance between these populations (P <
0.001; Fig. 1B). In addition, we observed that #pemotifs were significantly enriched in ps-
CDR3s compared to CD15% cells (Fig. 1C). These findings confirm the ehrment and
convergent selection of antigen-specific T celhels'®. Most of the ps-CDR3s were private
(i.e., present in only one patient), but 1,041 @R3s (17%) were public and detected in
multiple individuals, ranging from two to 18 outthie 20 patients (Fig. 1D).

8
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The 19 most prominent public ps-CDR3s were sigaiftty enriched in CD154T cells
from at least two patients and detected in at mastof the 20 patients (Fig. E2+E3). To further
confirm that our method for enrichment and ideaéfion of ps-CDR3s was driven by antigen-
specific responses, we determined the presende dbp public ps-CDR3s in CD154nd
CD154 T cells from cow’s milk protein-stimulated PBMCltres of 13 patients with
eosinophilic esophagitis from a separate study. &A-B). Most of the clones were present in
the CD154 compartment of at least one patient, but ps-CDRS8s rare in the CD154
compartment, indicating that enrichment of thesaes in peanut-stimulated cultures resulted
from antigen-specific activation.

Reactive patients have a larger and mor e diver se putatively peanut-specific T cell
repertoire

Stimulation with peanut protein induced CD154 espien on CD4memory T cells in
both patient groups. The magnitude of that respdns&ever, was greater in reactive patients
than in hyporeactive individuals (median 2924 &6 £D154 T cells per million CDAT cells;

P < 0.05), and the stimulation index was higheegrctive patients (median 13.3-fold vs. 2.5-
fold increase in CD154T cells in peanut-stimulated versus unstimulatgtlces; P < 0.01),
consistent with a higher frequency of peanut-spe€D4" T cells in peripheral blood from
reactive patients (Fig. 2A). This was confirmedtls observation that the counts of enriched ps-
CDR3s per million CD4T cells were also higher in reactive patients (iaed85 vs. 80; P <

0.01) (Fig. 2B). The frequency of CDI5% cells in peanut-stimulated cultures correlated
strongly with that of ps-CDR3 counts in correspagdpatients (Fig. 2C). As each ps-CDR3
count represents one putatively peanut-specific'CDéell, the median frequency of these cells
in our entire group of allergic patients was apjrately 120 per million CD4T cells, which
corresponds with published estimates of whole gdlerspecific T cell frequencies in allergic
subjects® ?* 23 The number of unique ps-CDR3s per patient wastifgher in the reactive than
the hyporeactive group, for private clones (med@af vs. 114; P < 0.05) as well as public
clones (median 58 vs. 25; P < 0.05) (Fig. 2D). Midghe public ps-CDR3s (716) were present
in at least one patient in both clinical groups3 2&re unique to the reactive group and 92 to the
hyporeactive group (Fig. 2E).

Of the top 19 public ps-CDR3s, the three most compublic clones were highly
prevalent in activated CD15% cells, and undetected in resting CD154ells from any patient
(Fig. E3A-B). Eleven clones were detected in CD1b4ells among patients of both clinical
groups, while eight were only present in CD1%4cells from reactive patients. In general, the
top public clones were more frequently detecte@i54 T cells among reactive patients than
hyporeactive ones (mean 5.4 vs. 2.5 clones pezmgaf® < 0.01). There were no differences in
the presence of these clones in CDIb4ells or ex vivo sorted regulatory T cells (Treg
between the clinical groups (Fig. E3B-C). Nevertiss| these clones were more frequently
detected in effector T cells (Teff) from reactiversus hyporeactive patients (mean 3.6 vs. 1.9
clones per patient; P < 0.01) (Fig. E3D).

The putatively peanut-specific T cell repertoire of reactive patientsisenriched in effector T
cells

To evaluate the distribution of ps-CDR3s withineetbr or regulatory memory CDZ
cell compartments, we sorted bulk CDE®127 Teff and CD25'CD127 Treg from the
corresponding patients in each clinical group (EigA)%*. The T cell phenotype was confirmed



402 by high expression dfOXP3, CD25, andCTLA4 (Fig. E4B), and by functional suppression

403  (Fig. E4C) in Treg relative to the Teff. TGRoci of the Teff and Treg subsets were sequenced
404  to examine the presence and frequency of ps-CDIRgsK4D). Using this method, we

405 determined the distribution of ps-CDR3s betweerf @efl Treg by clinical phenotype.

406 A substantial number of unique ps-CDR3s presetitease subsets were found in both
407  Teff and Treg, but the majority were only detedtedne of the subsets (Fig. 3A and Fig. ESA).
408 In general, we observed a higher degree of ovénlas-CDR3s between Teff and Treg within
409  each clinical group, than in Teff or Treg betwela tlinical groups (Fig. E5A-B). The

410 distribution of private ps-CDR3s was highly skeviedards the Teff compartment, especially in
411 reactive patients, whereas public ps-CDR3s wereraeenly spread over Teff and Treg. The
412  number of ps-CDR3s uniquely present in Teff waf&ign reactive versus hyporeactive

413  patients (3.7-fold higher for private clones ang-fbld higher for public clones), whereas the
414  number of both private and public ps-CDR3s presaiyt in Treg was similar (Fig. 3A).

415  Furthermore, the proportion of ps-CDR3s in Teff wagher in reactive patients (median 0.020
416  vs. 0.011; P < 0.05), whereas the proportion irgWas not different (Fig. 3B-D). As a result,
417  the ratio between the proportions of ps-Teff and psy was higher in reactive patients (median
418 2.66 vs. 1.78; P < 0.01) (Fig. 3E). This ratio was correlated with peanut-specific IgE levels in
419 reactive or hyporeactive patients (Fig. 3F). Theesautcome was observed when using absolute
420 numbers of ps-Teff and ps-Treg instead of propogti@-ig. E6A-E). In contrast, the proportion
421  of CDR3s derived from non-peanut-specific, CD1Ib4ells was not higher in Teff from reactive
422  patients (Fig. E7). These findings indicate thatpleanut-specific T cell repertoire of reactive
423  patients is imbalanced and skewed toward the Teffpartment, and together with the data

424  above, suggest that reactive individuals have a&ragpanded and diversified repertoire of

425  peanut-specific effector T cells.

426

427  Putatively peanut-specific effector T cellsare moreresponsivein reactivethan in

428  hyporeactive patients

429 The stronger induction of CD157 cells in response to peanut protein in reactamsus
430 hyporeactive patients (Fig. 2A) is consistent vaithexpanded ps-Teff population, as supported
431 by the above data. However, suppression, anergxl@ustion of peanut-specific T cells in

432 hyporeactive patients could also contribute to difference. To evaluate for this, we selected
433  the ps-CDR3s present in the Teff and Treg compantsnaf the individual patients and analyzed
434  the counts of these ps-Teff and ps-Treg in the @Da&d CD154populations from the

435  corresponding patients following in vitro stimutati We found that the counts of ps-Teff

436  present in the CD154%opulation were higher in reactive than hyporeactiatients (median 655
437  vs. 155; P < 0.01) (Fig. 4A). In contrast, withirethon-responding, CD15dopulation, the

438  counts of ps-Teff were not significantly differdsgtween the groups. These data are consistent
439  with the presence of ps-Teff in hyporeactive pdti¢hat fail to respond to stimulation in vitro.
440  Besides, the counts of ps-Treg in CD154d CD154populations were not different between
441  the clinical groups (Fig. 4B).

442

443  Thetranscriptional phenotype of peanut-activated CD4" T cells differs between reactive

444  and hyporeactiveindividuals

445 To explore differences in the transcriptional phgpe of peanut-activated CDZ cells

446  between the clinical groups, activated and reslireglls from 20 additional patients (10 reactive
447  and 10 hyporeactive) were analyzed by RNA-Seq.5lgethes were highly differentially
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expressed in peanut-activated (CDJ)5B cells compared to resting (CDIp# cells from

reactive patients (P < P91,103 up, 482 down), and 608 genes in T celisfnyporeactive
patients (P < 18 489 up, 119 down) (Fig. E8A, and Data file E1pnGistent with their subtly
distinct clinical phenotype, there was substamieicordance of gene expression between the
clinical groups, with 435 genes differentially egpsed in activated T cells from reactive as well
as hyporeactive patients (Fig. E8B). Th2-associgetedL4, IL13, andIL31, as well as Th17-
related gened_17A andIL17F, were strongly induced in peanut-activated T detis both

clinical groups. Nevertheless, there were also sootable differences between the groups: we
identified 31 genes that were differentially exgess between reactive and hyporeactive patients
(P < 0.05; 25 up, 6 down) (Fig. 5 and Data file.EEXpression of several genes previously
associated with pathogenic Th2 cellsy, IL9, HPGDS), and others associated with Th17 cells
(IL22 andIL26), was higher in reactive than in hyporeactiveguds. In contrast, a subset of
genes associated with TregNFRSF9/CD137) and immune regulatioiNEKBID, IL1RN, VDR,
CD200) was increased in hyporeactive patients.

Peanut-activated CD4" T cells from reactive patients produce higher amounts of Th2
cytokines

We confirmed the differences in gene expressiomfeelection of cytokines on the
protein level. Co-cultures of autologous monocytes memory CD4T cells from 12 reactive
and 12 hyporeactive patients were stimulated watinpit protein extract or anti-CD3/CD28. In
peanut-stimulated cultures, but not in polyclonaliynulated cultures, production of I1L-4, IL-5,
IL-9, and IL-13 was significantly higher in reactithan in hyporeactive patients (Fig. 6A).
Moreover, the levels of Th2 cytokines in peanutasiated cultures correlated strongly with
peanut-specific IgE concentrations in serum froendbrresponding patients (Fig. 6B). In
contrast, levels of non-Th2 cytokines includinglZA, 1L-22, IL-10, and IFNy (readily
detected with polyclonal stimulation), were verwlm peanut-stimulated cultures from most
patients, and not different between the clinicalugis (Fig. E9).
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Discussion

The degree of heterogeneity in clinical statusezrut-allergic patients is emerging as
increasing numbers of patients with known allergy subjected to defined amounts of peanut
protein under controlled settings in the hospialvide spectrum of clinical sensitivity has been
observed, from the generation of peanut-specificigthout any clinical allergy, to exquisite
sensitivity. Using a functional response to inaistimulation with peanut protein complemented
by TCR3 repertoire analysis, we have found that amongptistratified by sensitivity, the
more reactive individuals exhibit a robust expansbtheir antigen-specific effector T cell
compartment, and that these Teff are more respengiin vitro stimulation than those in
hyporeactive patients. The expansion of the antggestific Teff population relative to the Treg
compartment is independent of differences in spelgE concentration, suggesting additional
mechanisms of action upon clinical sensitivity aimel potential utility of this measure as a
biomarker for high clinical reactivity.

In addition to being more expanded and more respenantigen-specific Teff in
reactive patients showed increased expressioredfhi2-related gends5, IL9, andHPGDS as
well as higher production of Th2-associated cytekjrupon activation with peanut protein.
These findings are consistent with previous stydigéch reported increased expressiohLé,
IL9, andIL13 in peanut-activated T cells from allergic patiesdscompared to peanut-sensitized
but tolerant subjects” > A recently described pathogenic effector subs@ha cells, also
termed Th2A cells, is highly enriched in patientthvallergic or eosinophilic disease, and
characterized by increased expressiotL6f1L9, andHPGDS, among other markef& ' Our
results suggest a higher frequency and/or respafiseanut-specific Th2A cells in reactive
patients. Furthermore, the increased productiorh@associated cytokines with functions
beyond IgE class-switching, such as IL-5 and liinéljcates that differences in clinical
phenotype between reactive and hyporeactive patiaay be driven in part by non-IgE-
mediated pathology. It is possible that Th17 respermplay a role in this pathology as well, since
we observed strikingly high gene expressiohLdf7A andIL17F in peanut-activated CD4T
cells from both groups, and higher expression effthl17-associated cytokind22 andIL26 in
reactive patients. Interestingly, measured secretfdL-17A, IL-22 and IL-26 protein was
lower than expected based on gene expression lévelg modest production of IL-17A by
peanut-stimulated T cells was evident in both patigoups, consistent with observations from
others in peanut-allergic and tolerant subjéttS. Moreover, secretion of IL-22 and IL-26
protein by these cells was below the detectiontlohour assays (data not shown for IL-26).
Nevertheless, it would be relevant to further sttiyrole of Th17 cytokines in peanut allergy,
particularly of IL-22, as it has been implicatecbioth pathogenic and protective responses in
allergic diseasé” %

The T cell activation markers CD154 and CD137 Hasen used to distinguish antigen-
activated Teff and Treg, respectivéfy After a 7h incubation of PBMC with antigen, exgsi®n
of these markers was mutually exclusive, as vemydeuble-positive T cells were detected. A
similar strategy was used in a recent study, whegorted that differential upregulation of
CD154 and CD137 efficiently distinguished peanutt@in-activated Teff and Tr&g. The
kinetics of CD154 expression, however, have beemwsho be slower in Treg than Téft
Indeed, a recent paper reported a mixed populafi@D154 Teff and Treg after stimulating
PBMC from peanut-allergic patients with peanut giextract for 184°, which corresponds to
the incubation time used here. Although it is $itikly that our CD154-based methodology
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favored selection of peanut-activated Teff overgl vee did identify a substantial number of ps-
CDR3s as being derived from Treg by comparing tisesgiences with CDR3s in ex vivo sorted
Treg from corresponding patients. In addition, weearved that gene expressiorCail37
(TNFRSF9) was increased in peanut-activated CD1b4ells from reactive as well as
hyporeactive patients. Importantly, we did not detkfferences in the numbers or proportions
of ps-Treg between the groups, suggesting thatéased clinical reactivity to peanut is not due
to a lack of antigen-specific Treg. This findingcmnsistent with the studies mentioned above,
which found no evidence of a deficit in Treg spiediér aeroantigen®’ or peanut antigerfs' 2°

in allergic patients. We did, however, observe lovesponsiveness of antigen-specific Teff in
hyporeactive patients, along with increased exppass genes associated with Treg and
immune regulationTNFRSF9, NFKBID, ILIRN, VDR, CD200) %' 3%¢jn peanut-activated T
cells. It remains to be investigated whether thveeloTeff responses in these patients are the
result of a more balanced ratio between Teff aredj;Tenhanced Treg function, anergy of Teff,
or a combination of these factors.

CD154 has been shown to be effective for detectffantigen-specific CD4T cells by
Roederer et af’, and we have used an adapted version of theiogmbfor this work®®. To the
best of our knowledge, ours is the first studyed@rm TCH sequencing in CD154nd
CD154 T cells from antigen-stimulated PBMC cultures, apgly a statistical method to focus
on the subset of activated CD15B cell clones that is most enriched and therefoost likely to
be truly antigen-specific. The sensitivity of thi®thod is such that we could detect striking
differences in the number, proportion, and respamsass of ps-Teff between two groups of
peanut-allergic patients with a relatively subiiiéedence in clinical phenotype. We analyzed T
cell populations in bulk rather than at the singdd-level, which prevented us from obtaining
combined TCIB and gene expression data for each individual EeNvever, by using the bulk
approach we could screen >100-fold higher numbkefsoells, and identify low-frequency
sequences such as public ps-CDR3s and motifs, venectifficult to detect by single-cell
RNASeq. In addition, an important advantage offanctional assay with peanut protein extract,
as compared to selection of antigen-specific CD4ells by MHCII-peptide tetramers, is that it
minimizes bias in terms of epitope specificity, aath be applied in all patients, regardless of
their HLA genotypes. Selection by affinity using I@H-peptide tetramers in an individual
patient is limited to a small number of known Tl@glitopes in major allergefiswhereas there
are many more potentially relevant epitopes preisekniown allergens as well as other peanut
antigens”.

Our approach holds promise for application in imenamonitoring over the course of
tolerance-inducing therapies such as OIT, for pealhergy as well as other allergies.
Differences in clinical outcome may be correlatethwariations in TCIR usage and
phenotypes of peanut-specific CDR cells over time, and these factors may helpré@disting
the level of clinical success and informing newdpeutic strategies. To assess the clonotype
stability of ps-CDR3s, we performed a preliminanalysis of TCE sequencing data from four
placebo-treated peanut-allergic patients in pe@itttrial NCT01750879, and found that of the
ps-CDR3s identified at baseline, a median of 20%ewetected again at the 20-week timepoint,
and 16% at the 64-week timepoint. Moreover, 7% wietected at all three timepoints. These
data suggest that at least a subset of ps-CDRs3alike over a prolonged period of time. It is
worth noting that we stimulated 15X1PBMC with peanut protein extract for each patimd
time point we analyzed. This is a relatively snfi@ttion of the total number of PBMC present
in peripheral blood, and it introduces a substastanpling limitation. The percentage of
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586 overlap in ps-CDR3s between these timepoints ie&eg to be higher if more PBMC are used.
587  So far, one group has published a P3®quencing-based approach to monitor peanut-gpecif
588 T cell responses over the course of OIT, by utiizCFSE dilution in peanut extract-stimulated
589  PBMC cultures and analyzing proliferating, CESH cells*®. The authors found an extremely
590 diverse TCR repertoire in these T cells, likely due at leaspart to substantial bystander

591 activation, and noted a change in frequency of spensistent peanut-activated T cell clones
592  during OIT. One group of clones steadily decreasdrequency during OIT, whereas another
593  group transiently increased after 9 months and tlesfined after 18 months of therapy. A

594  different study used MHCII dextramers loaded widipfides derived from the major peanut
595 allergen Ara h 2 to select antigen-specific CD4ells and perform single-cell RNASeq with
596 samples from peanut-allergic patients undergoinf‘@IThis group reported that successful
597  OIT induced allergen-specific T cells to expand ahift toward an anergic phenotype,

598 characterized by low expression of cytokines ardctistimulatory molecule CD28. The key
599  observations in both of these studies, howeverewased on data from only two to three

600  patients. Hence, studying substantial numbers tiéqa with well-defined clinical outcomes
601  using the methodology described here could furthesidate the mechanisms behind allergy
602  immunotherapy and help to refine this type of tmeexit.

603 In sum, we have observed that high clinical re@gtin peanut allergy correlates with an
604 expanded, broader and more responsive antigenfispeféector T cell population, rather than a
605 lack of regulatory T cell responses. The skeweid tatween peanut-specific Teff and Treg may
606  be a useful predictor of clinical sensitivity, dmelp identify those patients who will benefit most
607  from tolerance-inducing treatments such as OIT.
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Figurelegends

Fig. 1: Enrichment and selection of putatively peanut-specific TCR CDR3 sequences.

(A) Procedure for selection of significantly enrichpdtatively peanut-specific CDR3 sequences
(see Methods and Results). Stacked bar graphs tslgoproportions and numbers of CDR3s in
the CD154 CD154, and putatively peanut-specific CDI5f%s-CD154) compartments in
reactive and hyporeactive patienB) Minimum Hamming distance of ps-CDR3s (ps-CD154
compared with equal-sized randomly sampled copwols of CDR3s from all CD154T cells

or all CD154 T cells. s.d. of 100 repeat random samples ofrcb@DR3s is shown on bars

(**** P < 0.0001, ** P < 0.001, Fisher’s exact 8s(C) ps-CDR3s were enriched for a subset
of 4-mer amino acid motifs, as compared to CDR8/fCD154 T cells. Shown in red are
motifs that were found in at least three uniqu&Cpar3s, derived from at least three patients,
and met &-test and FDR cutoff of g < 0.05. The table shadwesgosition of two of the 4-mers
(in red) within the ps-CDR3s, and the patients fiwhom the ps-CDR3s were derived (R =
reactive, HR = hyporeactive). Residues with higbibjability of contact with antigenic peptide
are in red and black, those with low probabilitg ar grey. D) Distribution of the public ps-
CDR3s over the patients. Shown is the number ofippb-CDR3s present in a given number of
patients.

Fig. 2: Reactive patients have a larger and mor e diver se putatively peanut-specific CD4™ T

cell repertoire.

(A) The frequency of activated, CDI5H cells was increased in peanut-stimulated PBMC
cultures as compared to unstimulated culturesantiee as well as hyporeactive patients (n=20
per group; *** P < 0.001, Wilcoxon matched-pairgrsed rank test). However, the frequency of
CD154 T cells in peanut-stimulated cultures (* P < 0.8&nn Whitney test), as well as the
stimulation index (** P < 0.01, Mann Whitney test)as higher in reactive patient8)(The
frequency of ps-CDR3 counts was higher in readtia® hyporeactive individuals (n=10 per
group; ** P < 0.01, Mann Whitney testC) The frequency of CD154T cells in peanut-
stimulated cultures was strongly correlated witht tf ps-CDR3 counts in corresponding
patients (P < 0.001, Spearmap)s (D) The numbers of unique private and public ps-CDg&s
patient were higher in the reactive group (* P 85Qunpaired t-test with Welch’s correction).
(E) Numbers of private and public ps-CDR3s in thaicll groups.

Fig. 3: The putatively peanut-specific CD4" T cell repertoire of reactive patientsis enriched

in effector T cells.

(A) Numbers of unique private and public ps-CDR38eff, Treg, and both, from reactive and
hyporeactive patients (n=8 per grouf-[@) The proportion of ps-CDR3s in Teff, but not in
Treg, was higher in reactive than hyporeactivegasi (* P < 0.05, Mann Whitney testE)(The
ratio of the proportion of ps-Teff to that of pse@rwas higher in reactive patients (** P < 0.01,
Mann Whitney test).K) The ratio of the proportion of ps-Teff to thatps-Treg was not
correlated with peanut-specific IgE concentrationserum from the corresponding patients
(Spearman’p).

Fig. 4: Putatively peanut-specific effector T cellsare moreresponsivein reactivethan in
hypor eactive patients.
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(A) The counts of ps-Teff in CD154 cells from reactive patients were higher tha@ D154

T cells from hyporeactive patients (n=8 per grot® < 0.01, unpaired t-test), and higher than
in CD154 T cells from reactive patients (* P < 0.05, paitedst). 8) The counts of ps-Treg in
CD154 and CD154T cells were not different between reactive angdngactive patients.

Fig. 5: Thetranscriptional phenotype of peanut-activated CD4" T cells differs between

reactive and hyporeactive individuals.

Gene expression is shown as the median log2 faldgdbetween activated CD15hd resting
CD154 T cells in reactive and hyporeactive patients (hpér group). The large dots indicate
genes that were significantly different betweerctiea and hyporeactive patients (P < 0.05). For
the complete list of significantly different gerastween the clinical groups, see Data file E2.

Fig. 6: Peanut-activated CD4" T cells from reactive patients produce higher amounts of

Th2 cytokines.

Cytokine concentrations were measured in supertsatiam co-cultures of autologous
monocytes and memory CDZ cells from reactive and hyporeactive patientsl¢hper group).
(A) Production of the Th2 cytokines IL-4, IL-5, IL-8nd IL-13 was higher in peanut-activated T
cells from reactive patients, but not differenpwiyclonally (anti-CD3/CD28) stimulated T cells
(* P <0.05, ** P < 0.01, Mann Whitney testB)(Th2 cytokine responses in peanut-activated T
cells were strongly correlated with peanut-speddte concentrations in serum from the
corresponding patients (P < 0.001, Spearmgn’s
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