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Abstract

Allergen-specific type 2 helper T (Tw2) cells play a central role in initiating and orchestrating the
allergic and asthmatic inflammatory response pathways. One major factor limiting the use of such
atopic disease—causing T cells as both therapeutic targets and clinically useful biomarkers is the
lack of an accepted methodology to identify and differentiate these cells from overall
nonpathogenic T2 cell types. We have described a subset of human memory T2 cells confined
to atopic individuals that includes all allergen-specific T2 cells. These cells are terminally
differentiated CD4* T cells (CD27~ and CD45RB™) characterized by coexpression of CRT2,
CD49d, and CD161 and exhibit numerous functional attributes distinct from conventional T2
cells. Hence, we have denoted these cells with this stable allergic disease—related phenotype as the
TH2A cell subset. Transcriptome analysis further revealed a distinct pathway in the initiation of
pathogenic responses to allergen, and elimination of these cells is indicative of clinical responses
induced by immunotherapy. Together, these findings identify a human T2 cell signature in
allergic diseases that could be used for response-monitoring and designing appropriate
immunomodulatory strategies.
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INTRODUCTION

As part of their specialization, CD4" effector T cells acquire functional and phenotypic
characteristics to specifically respond against pathogens. Within different T helper (Ty) cell
subsets, the T2 cell subset is characterized by the production of interleukin-4 (1L-4), IL-5,
IL-9, and IL-13 cytokines, which promote both immunoglobulin E (IgE)-and eosinophil-
mediated immune responses (1). Although T2 cells were initially considered to be a
homogeneous subset, their functional heterogeneity is now appreciated, as is the fact that
additional T2 sub-populations may determine Ty2-driven pathology (2—4). For example, a
recent study revealed a subpopulation of human memory Ty2 cells that produces IL-17
along with cardinal T2 cytokines (5). Remarkably, the proportion of these circulating
TH17/TH2 cells was extremely low in nonatopic individuals compared to patients with
chronic severe asthma, suggesting a possible role in the pathogenesis and severity of the
disease. Another source of heterogeneity among CD4* T cell subsets is at the level of T cell
surface marker expression that determines their differentiation states, effector functions, and
migratory capacity. With respect to the T2 cell subset, our group recently demonstrated that
pathogenic allergen-specific T cells are highly matured effector T2 cells characterized by
the lack of expression of CD27, a tumor necrosis factor receptor superfamily member of
costimulatory molecules (6, 7). Similarly, distinct subpopulations of T2 cells with
enhanced function have been described in a murine model of allergic inflammation based on
differential expression of CXCR3 and CD62L (8) or CCR8 (9) and in human allergic
eosinophilic inflammatory diseases, according to the expression of the hematopoietic
prostaglandin D synthase (hPGDS) (10) or IL-17RB (11). In these studies, the authors
suggested that heterogeneity within Ty2-mediated immune responses plays differential roles
in immunopathology. Hence, we surmise that allergic individuals have specific
subpopulations of T2 cells associated with global atopic inflammatory disorders.

Until now, there has been no biological measurement to accurately reflect and quantify an
underlying allergic disease process and ideally provide accurate surrogate end points to
assess immunotherapy efficacy. A major impediment to the use of allergic disease—causing T
cells as a therapeutic target and clinically useful biomarker is the lack of an accepted method
to both identify these cells and differentiate them from the overall T2 cell types. Recent
progress in peptide—major histocompatibility complex (MHC) class Il (pMHCII) tetramer
staining has allowed direct ex vivo visualization of allergen-specific CD4* T cells and
enabled quantification and characterization of these cells in a setting closer to their natural
physiological state (7, 12). Description of a set of T cell surface markers that are
differentially expressed in allergen-specific T2 cells as compared to classical T2 cells
would allow this issue to be addressed.

Here, we describe an allergic T cell signature characterized by the coexpression of the
chemoattractant receptor CRTH2, the natural Killer cell marker CD161, and the homing
receptor CD49d in human terminally differentiated (CD45RB!°W CD277) CD4* T cells. The
vast majority of allergen-specific T cells in allergic individuals with either food, pollen, pet’s
dander, mold, or house dust mite allergy fall into this subset and were preferentially deleted
during allergen-specific immunotherapy (AlIT). Hence, we have denoted this proallergic sub-
population of T2 cells, confined to atopic individuals, as the T2A cell subset. Transcript
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analysis further highlights key functional differences between TH2A cells and conventional
TH2 cells, providing molecular signatures that suggest specific contribution of the T2A cell
subset to allergic disease. Together, these findings identify a pathogenic T2 cell signature
unique to allergic individuals that could potentially be used as a clinically relevant biomarker
and therapeutic target in atopic disorders.

Allergic disease-related phenotypic differences exist in the T2 cell subset

For many years, chemokine receptors and surface markers have been instrumental in the
characterization of memory T cell subsets with distinct migratory capacity and effector
functions. To determine whether a set of T cell surface markers can be differentially
expressed in allergen-specific T2 cells, we undertook a detailed ex vivo phenotypic
profiling of total CD4* T cells, conventional T2 cells, and allergen-specific CD4* T cells.
Using alder pollen allergy as a model, freshly isolated peripheral blood mononuclear cells
(PBMCs) from DR07:01- or DR15:01-restricted allergic individuals were stained with
fluorescently labeled pMHCII tetramers, followed by magnetic column enrichment process
to directly examine allergen-specific CD4* T cell phenotypic profiles. Among Ty2-
associated surface markers, CRTH2, the prostaglandin D2 receptor chemoattractant
receptor-homologous molecule expressed on T2 cells, is reported as the most reliable
marker to identify human Th2 cells (13). As a control, we examined the ex vivo phenotypic
profile of total CRTH2" CD4* memory T cells to compare with the ex vivo enriched
allergen-specific CD4* T cells. During these flow cytometric screen analyses, fluorochrome-
conjugated antibodies directed against cell surface marker antigens were selected to
elucidate the differentiation, maturation, activation, and homing properties of each group
(fig. S1 and table S1). Variation in surface marker expression between groups is shown in
fig. S2 (A and B). As expected, ex vivo enriched allergen-specific CD4* T cells from
allergic individuals share numerous memory T2 cell features with the conventional T2
cell group featuring the expression of CD45R0O, CCR4, CD200R, CD58, CD29, and CRTH2.
However, we identified an allergic T cell signature that includes two up-regulated (CD161
and CD49d) and four down-regulated (CD27, CD45RB, CCR7, and CD7) T cell surface
markers with significant differential expression (greater than 20% change; £< 0.001)
between groups (Fig. 1A). The CD27!%%, CCR7!°W, CD7!'°W, and CD45RB!" phenotypes,
which are associated with terminally differentiated memory CD4* T cells, likely reflect
recurrent natural allergen exposure (14, 15). This is consistent with previous findings by our
group demonstrating a strong relationship between pathogenicity of allergen-specific CD4*
T cells and the maturation stage of the cells (7, 16). Although loss of CD27 expression
within CD4* memory T cells is consistently associated with cells lacking CCR7 and CD7,
we observed that CD27!°% CD4* T cell subset can be subdivided into two groups by
CDA45RB expression (fig. S3). Thus, to define a smaller set of surface markers, we chose
CD27 and CD45RB as convenient down-regulated markers reflecting allergic features.

Another striking finding from this T cell profiling was the over-expression of the C-type
lectin-like receptor CD161 (4.2-fold difference, £< 0.001) as part of the signature
characterizing allergen-specific T2 cells. Expression of CD161 on CD4* T cells is typically
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associated with T17 responses (17, 18), and like the conventional T2 cell subset (CRTH2*
CD4™"), allergen-specific T2 cells do not express the Ty17-associated chemokine receptor
CCR6 (Fig. 1B). We next performed quantitative polymerase chain reaction (PCR) analysis
on sorted cells from allergic donors and confirmed the higher expression of CD161 mRNA
in CRT2-expressing allergen-specific T cells compared to conventional T2 cells (Fig. 1C).
However, although allergen-specific T2 cells express similar levels of CD161 as the T17
cell subset (CCR6* CXCR3™ CD4*), these cells did not exhibit mMRNA expression of T17
phenotypic markers such as CCR6, IL23R, and the transcription factor RORC. Together,
these data indicate that allergic disease—related phenotypic differences (not related to a type
17 phenotype) occur in the T2 cell subset.

To demonstrate that our data were not restricted to tree pollen allergy, we next performed
our ex vivo pMHCII tetramer approach to characterize allergen-specific CD4* T cells in
patients with either food allergy (peanut), perennial allergy (cat and house dust mite), mold
allergy (Aspergillus and Alternaria), or seasonal pollen allergy (alder and timothy grass). We
also used nonallergic individuals as controls. Whatever the allergen tested in this study, IgE-
mediated allergic diseases were characterized by high frequencies of allergen-specific
CRTH2* T cells, which were strictly absent in nonallergic subjects, suggesting that the
presence of these CD4* effector T cells is necessary for allergy pathogenesis (Fig. 2A). In
all allergic individuals tested, the vast majority of pMHCII tetramer—positive T cells were
also characterized by the lack of CD27 expression along with expression of CD161 (Fig.
2B). Remarkably, CRTH2" expression on allergen-specific CD4* T cells was concomitant
with a lack of CD45RB and CD27 expression as well as coexpression of CD161 and CD49d
(Fig. 2C and fig. S4). Collectively, these data identify the pathogenic allergen-specific T2
cell subset in atopic individuals as highly mature (CD27-CD45RB!W) T2 cells
coexpressing CD161 and CD49d.

A distinct Ty2 cell subset is associated with type 1 allergic diseases

We next sought to determine whether the pathogenic T cell signature identified on allergen-
specific T2 cells could be used to define a subset of the T2 cells that would reflect an
underlying allergic disease process. Although it has been argued that CRTH2* CD4* T cells
are present at higher frequency in allergic subjects, we observed that this difference is
marginal (fig. S5A). Despite a substantially lower proportion of CD161-expressing CRT2*
T cells in nonatopic individuals, this subset was not restricted to allergic subjects. However,
we observed that at least two markers (that is, CD161 and CR45RB or CD27) were needed
to subset the CRT2* CD4* T cells to identify an allergy-prone T2 subset virtually absent
in the nonatopic group, which includes the vast majority of allergen-specific T cells from
allergic individuals (fig. S5, B and C). Using the gating strategy depicted in Fig. 3A, we
observed that all allergic individuals tested exhibited a significantly higher number (7= 80;
mean + SEM, 3766 + 413 cells per 106 memory CD4* T cells) of CD45!°¥CD49d*CD27~
CRTH2*CD161" cells relative to nonatopic individuals (/7= 34; mean + SEM, 259 + 37 cells
per 108 memory CD4™* T cells; < 0.0001) (Fig. 3, A and B). Hence, we have named these
proallergic T2 cells (which are unique to allergic individuals) the T2A cell subset.
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Remarkably, both conventional T2 and TH2A cell subsets retain their respective phenotype
after long-term clonal expansion, suggesting that they did not differ in activation or
maturation status and can thus be used as a stable and relevant surrogate marker (Fig. 3C).
To confirm that the T2A cell subset is specifically involved in type | allergic diseases, we
next followed 10 grass pollen-allergic individuals before and during the grass pollen season
(May to August), a window of time that correlates with increased allergy symptoms and
with up-regulation of the activation marker CD38 within grass pollen—reactive CD4* T cells
(7, 16). Consistent with direct access to allergy-prone T2 cells according to CRTH2, CD27,
CD45RB, CD49d, and CD161 differential expression, we observed that CD38 expression
was specifically up-regulated within the Ty2A subset during grass pollen season but not
within the conventional T2 cell subset or outside pollen season (Fig. 3, D and E).
Collectively, our data demonstrate that the T2A cell subset represents a phenotypically
distinct T2 sub-population, which may encompass the vast majority of pathogenic T2
cells involved in type | allergic diseases.

The TH2A cell subset represents a suitable therapeutic target

To determine whether the T2A cell subset constitutes a clinically relevant therapeutic target
in the allergy context, we next performed a longitudinal study in a subset of peanut-allergic
patients completing characterized oral desensitization immunotherapy (CODIT) with
AR101, an experimental orally administered biological drug containing the antigenic profile
found in peanuts. During this randomized, double-blinded, placebo-controlled trial
(ARCO001), coded samples from subjects were provided to the operator at baseline both
before and after double-blind, placebo-controlled food challenges (DBPCFC) with peanut
flour, as well as at the end of the maintenance visit before DBPCFC. The magnitude and
quality of peanut-specific T cell responses were determined ex vivo using the CD154 up-
regulation assay (19) after short restimulation of PBMCs with a pool of peanut peptides
library derived from Arah 1, Arah 2, Arah 3, Ara h 6, and Ara h 8 peanut-allergic
components. As expected, the vast majority of peanut-reactive CD4* T cells were bona fide
TH2A cells at baseline, and the DBPCFC protocol led to significant increased expression of
the cell surface activation marker CD38 (Fig. 4A and fig. S6A), concomitant with an
increased average frequency of these cells (Fig. 4B). Accordingly, only Ty2A cells, and not
conventional T2 cells, were specifically activated after peanut oral food challenge (OFC)
(fig. S6B).

As reported elsewhere (20), 100 and 78% of patients who completed the active treatment
regimen (n7= 23) tolerated a cumulative amount of peanut protein of 443 and 1043 mg,
respectively, compared to 19 and 0% in the placebo group (/7= 26). In such a setting, we
observed a direct correlation between decrease in peanut-specific Ty2A cell frequency and
achievement of peanut desensitization in the active group compare to placebo (Fig. 4, C and
D, and fig. S6C). Together, our data demonstrate that T2A cells play a critical role in
allergic disease pathogenesis and reinforce previous data by our group that the allergen-
specific T2 cell subset may represent a suitable therapeutic target and surrogate marker of
clinical efficacy during AIT (7, 16, 21).
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TH2A cells differentially contribute to Ty2-driven pathology

To determine whether allergic disease—related functional differences could be identified in
the TH2A cell subset, freshly isolated T2A, T2 (CD161 CRTH2YCD277), and TR1/TH17
(CD161*CRTH{2~CD277) cell subsets from allergic individuals were subjected to
polychromatic intracellular cytokine profile analysis. After polyclonal activation with
phorbol 12-myristate 13-acetate(PMA)/ionomycin, a significantly higher proportion of
TH2A cells expressed IL-5 and IL-9 compared to conventional T2 cells (Fig. 5A).
Conversely, interferon-y (IFN-y) and IL-17, the respective cytokines for Tyl and Ty17 cell
subsets, were restricted to the CD161*CRTH2 CD27* Ty cell population. The T2A cell
subset was also more polyfunctional, with a significantly greater proportion of cells
producing simultaneously multiple T2 effector cytokines compared to conventional T2
cells (Fig. 5, B and C). As a comparison, expression of cardinal T2 cytokine was also
investigated within ex vivo enriched allergen-specific CD4* T cells in allergic individuals
and found to be restricted to the CD27-CRTH2*CD161* allergen-specific CD4* T cell
subset (fig. S7). Remarkably, the unique secretion pattern of T2A cell lines was quite stable
over time, even after multiple rounds of stimulations over sequential 6-week cultures (Fig.
5D). Thus, human circulating TH2A cells may contribute differently to Ty2-driven
pathology than conventional T2 cells by simultaneously producing multiple cardinal T2
cytokines.

Transcriptome analysis reveals unique pathway in Ty2A cells

To further investigate the pathophysiologic meaning of the allergic T cell signature, we
performed microarray analysis (Gene Expression Omnibus accession GSE93219) on freshly
isolated T2A cells compared to known T cell subsets (that is, Tq1, Ty17, and Ty2) from
different donor pools, which contained blood from two to three donors. This was necessary
to obtain sufficient numbers of cells for microarray experiments. From the data sets
comparing Ty2A with T2 cells, epithelium-derived cytokines receptors, such as the 1L-25
receptor (/L-17RB), the 1L-33 receptor (/L1RL ), and the thymic stromal lymphopoietin—
receptor (CLRF2), which are well-known molecules involved in the allergic/asthmatic
immune response (22-24), were more highly expressed in T2A cells relative to
conventional T2 cells (Fig. 6, A and B). In addition, we confirmed that T2A cells
produced more /L-5and /L-9relative to conventional T2 cells, whereas Tyl-and TH17-
related genes (/FN-y, IL-17, RORC, IL23-R, and CCL20) were absent in T2 and T2A
cell subset (Fig. 6B). TH2A cells also highly expressed genes involved in arachidonic acid
signaling that have previously been linked to allergic disease such as A/PGDS (10), the
prostaglandin synthase PTGSZ2 (25, 26), the short-chain free fatty acid receptor GPR42(27),
and the peroxisome proliferator—activated receptor PPARy (table S2) (21). Because of
limitations of currently available anti-human ST2 and IL17RB reagents, we were unable to
observe the differential expression of these two markers on the surface of peripheral CD4* T
cells by using flow cytometry. Thus, we wished to determine whether up-regulation of
/L-17RBand /L1RL1transcript identified in the Ty2A cell subset was specifically observed
on allergen-specific T cells from allergic individuals. To this aim, we performed a real-time
PCR expression analysis on sorted pMHCI|I tetramer—positive T cells tracking peanut-
specific CD4* T cells in peanut-allergic subjects and in nonatopic individuals. Sorted
conventional T2 cells from the same allergic subjects were also used as control. As
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expected, we confirmed that gene transcripts, such as CD161, /L1IRL1, and /L17RB, were
expressed in allergen-specific CD4* T cells from allergic individuals but were absent both in
conventional T2 cells and in allergen-specific T cells from nonallergic individuals (Fig.
6C). Although not causal, these data imply that pathological differences between TH2A and
conventional T2 cells in allergic individuals are fundamental to disease development (fig.
S8).

DISCUSSION

Although antigen-specific T2 cells are at the core of the allergic process in atopic
individuals, tracking and targeting these allergic disease—causing T cells without affecting
other nonpathogenic T2 processes have been a challenge. Using an ex vivo pMHCII
tetramer—based T cell profiling, we have shown that in all type 1 allergic individuals, the
differential expression of at least three markers (that is, CRT{2, CD161, and a
differentiation stage marker such as CR45RB or CD27) is needed to define a pathogenic
Ty2 cell subset that is allergen-specific and virtually absent in nonatopic individuals
(denoted here as T2A subset).

Multiples lines of evidence suggested the pathogenic potential of T2A cell subset in
settings of allergic inflammatory disease. First, we observed that allergen-specific T2 cells
from allergic patients with either seasonal, perennial, fungus, or food allergy were virtually
all contained in the terminally differentiated (CD27~) memory Ty cell subset that
coexpresses CRTH2 and CD161. Second, the overall number of cells from this subset was
markedly higher in all allergic individuals as compared to nonatopic individuals. This
particular proallergic Ty cell subset is remarkable in that it can easily be detected directly ex
vivo in every allergic individual due to its ability to include a broad array of allergen-specific
TH2 cells. Hence, our data demonstrate that during a natural allergen challenge, such as
pollen season or a peanut challenge test, the TH2A cell subset was distinctively activated
(16, 28, 29). Finally, our data highlight key functional and molecular differences between
pathogenic and conventional T2 cells, recapitulating previous observation in their murine
counterpart (8) and highlighting specific therapeutic targets.

CD161 expression has been described as a hallmark of human Ty17 cells (17, 18).
Therefore, its expression on a T2 cell subset that does not express CCR6, RORC, or I1L-17
cytokine is of great interest. Given that lectin-like transcript 1, the CD161 ligand, is
expressed on respiratory epithelial cells during respiratory virus infection (30), it likely
indicates the specialized role of allergen-specific T2 cells and thus may be implicated in
allergic pulmonary inflammation and asthma exacerbation. CD161 expression also provides
gut-specific homing properties to T cells (31), and a higher proportion of CD161*
circulating CD4* T cells have been previously described in allergic patients compared to
nonatopic individuals (10, 32). Expression of CD161 on T2 cells was also associated with
IL-5—producing T effector cells associated with eosinophilic gastrointestinal disease (3). In
support of these findings, our results show that IL-5 and IL-9 cytokines have some of the
greatest fold changes of all up-regulated transcripts in the Ty2A subpopulation compared
with conventional T2 cells. Our functional analysis also confirmed that T2A cells
exhibited profoundly superior functional activity compared to conventional T2 cells, with
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individual cells capable of producing a larger amount of a broad spectrum of T2 cytokines
upon TCR activation. Because each T2 cytokine has a well-defined and relatively specific
function, it is likely that T2A cells have greater adverse activity relative to conventional
TH2 cells, which might reflect the wide array of clinical symptoms associated with allergic
disorders (10, 33-35).

Understanding why some individuals elicit a pathogenic T2 response to allergen might
facilitate the development of improved vaccination strategies. It therefore raises the question
of the origin of T2A cells in atopic individuals. There is now growing evidence for a role of
epithelium-derived cytokines in the differentiation of T2 cells and in the establishment of
airway inflammation (36). IL-33 and 1L-25 pathways have been also associated with the
induction of both IL-9 and IL-5 production in human T2 cells that drive a cascade of
downstream events (37-40). One possible mechanism to explain and integrate all these
results into a cohesive schema is that upon allergen recognition, epithelial cells release
cytokines that not only stimulate innate cell networks but may also act directly on CD4* T
cells to confer memory T2 cell pathogenicity in atopic individuals, as recently suggested
by Endo et al. (39). Whether local epithelial cytokines influence allergen-specific T2 cell
response requires further study, but our finding that T2A cells specifically express /L-17RB
and /LIRL 1 supports the notion of a local checkpoint that restricts the optimal pathogenic
TH2 responses to sites of tissue distress (10, 41). By establishing a clear link between the
elimination of the allergen-specific T2A cell subset in peanut-allergic patients and the
clinical benefit induced by oral immunotherapy, our data reinforce previous reports by our
group that the current immunotherapy approach, using crude preparation of intact allergens,
restores a desensitization state in the allergic patients by means of preferential exhaustion/
deletion of allergen-specific T2 cells (7, 16, 42). T2A cell subset shares multiple
functional features with CCR8" (9), hPGDS™ (10), and IL-17RB* (11) pathogenic Tn2 cell
subsets that have been recently described in chronic atopic dermatitis, eosinophilic
gastrointestinal diseases, and eosinophilic chronic rhinosinusitis, respectively. Therefore, it
seems likely that T2A cell subset described in this study may encompass various types of
pathogenic T2 cell populations involved in atopic diseases. Together, it supports the
“disease induction model” proposed by Nakayama and colleagues (43-45), wherein the
presence of a pathogenic CD4* T cell subset with distinct phenotypic and functional
properties might be sufficient for the pathogenesis of an immune-mediated disease,
regardless of the balance of other T subsets.

In summary, we have identified a proinflammatory human T2 cell subpopulation unique to
atopic individuals that is defined by stable coexpression of CRTH2, CD161, and CD49d and
low expression of CD45RB and CD27. We suggest that T42A cells are important in the
pathogenesis of allergic diseases and should facilitate the detailed analysis of allergen-
specific T2 cell subset in allergic individuals. Therefore, further detailed studies focusing
on the T2A cell subset may prove useful in the diagnosis, molecular characterization, or
the discovery of novel therapeutic targets to enhance the power of allergen vaccines.
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MATERIALS AND METHODS

Study design

Subjects

The main research objective of this study was to determine whether allergic individuals have
specific subpopulations of T2 cells associated with global atopic inflammatory disorders.
To investigate allergic-related differences in peripheral T cells from allergic individuals, the
profile of allergen-specific T2 cell subset ex vivo using direct pMHCII tetramer staining
was determined and compared to the profile of total T2 cell subset. Candidate signature-
associated markers were then tested in allergic patients and in nonatopic individuals. To
evaluate this signature in the context of clinical intervention, a longitudinal study was
conducted in patients receiving oral immunotherapy. Sample size was determined on the
basis of the availability of fresh blood samples and with the intention to include samples
before and after OFC and before and after therapy, where possible. All data generated were
included in the analysis. Researchers performing the measurements were blinded to the
treatment group and sample identity. To further explore the pathophysiologic meaning of this
allergic T cell signature, we used real-time PCR, intracellular cytokine analysis and
microarray analysis. Replication numbers for experiments are listed in the figure legends.
Primary data for experiments where 1< 20 are shown in table S3.

Subjects were recruited at the Allergy Clinic at Virginia Mason Medical Center. All subjects
were recruited with informed consent, and the study was approved by the Institutional
Review Board of Benaroya Research Institute. Allergic subjects (1= 80) were selected on
the basis of their clinical history, a positive prick test, and positive IgE reactivity to extract
(test score, =0.35 kU/liter) using the ImmunoCAP test (Phadia AB). For subjects with no
history of allergy (n= 34), the nonatopic status was confirmed by a lack of IgE reactivity
and a negative in vitro basophil activation assay after stimulation with a pool of allergen
extracts. All subjects were human leukocyte antigen (HLA)-typed by using sequence-
specific oligonucleotide primers with UniTray SSP kits (Invitrogen).

CODIT study design and participants

In ARCOO01 (46), a multicenter, randomized, double-blind, placebo-controlled study of
efficacy and safety of CODIT (Aimmune Therapeutics Inc.), peanut-allergic subjects aged 4
to 26 years were enrolled on the basis of clinical history of allergy to peanut, a serum IgE to
peanut of =0.35 kU/liter (UniCAP) or positive skin prick test to peanut of >3 mm compared
to control, and an allergic reaction at or before 100 mg of peanut protein during a screening
DBPCFC, conducted in accordance with PRACTALL (Practical Issues in Allergology, Joint
United States/European Union Initiative) guidelines. Participants were randomly assigned
(1:1) to active treatment with AR101 or matched placebo. Subjects initiated the study with a
single dose of 0.5 mg of study product and escalated biweekly over the course of about 20
weeks to the target maintenance dose of 300 mg/day. The primary clinical efficacy end point
was the proportion of subjects in each group who tolerated at least 300 mg (443 mg
cumulative) of peanut protein with no more than mild symptoms at the exit DBPCFC. Of 55
subjects enrolled in the ARC001 study, 10 participants were consented for additional volume
of blood (10 to 15 ml) to be collected before and after the screening DBPCFC, and 7
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participants (3 placebo and 4 active) were consented for additional volume of blood to be
collected before and after CODIT.

Tetramer reagents

Biotinylated HLA-DR molecules were generated and purified as described (47). T cell
epitopes were identified by tetramer-guided epitope mapping (table S4) (48). Epitope-
specific pMHCII tetramer reagents were generated by loading specific peptides onto
biotinylated soluble DR monomers and subsequently conjugated with phycoerythrin (PE)-
streptavidin (47).

Ex vivo analysis of allergen-specific CD4* T cells

Twenty million PBMCs in culture medium at a concentration of 150 million cells/ml were
treated with dasatinib (49) for 10 min at 37°C, followed by staining with of PE-labeled
PMHCII tetramers (20 pg/ml) at room temperature for 100 min. After tetramer staining, cells
were then washed twice and incubated with anti-PE magnetic beads (Miltenyi Biotec) at 4°C
for another 20 min. The cells were washed again and enriched using a magnetic column
according to the manufacturer’s instructions (Miltenyi Biotec). Frequency was calculated as
previously described (50). For unbiased FACS screen analysis, CRTH2-labeled PBMCs and
cells in the tetramer-bound fractions were both stained with antibodies against markers of
interest (table S1) or corresponding isotype-matched monoclonal antibodies. A combination
of the vital dye Via-Probe (BD Pharmingen) as a viability marker, CD19 (eBioscience), and
CD14 (eBioscience) was used to exclude dead cells, B cells, and monocytes from the
analysis, respectively. A FACSAria Il was used for multiparameter analysis, and data were
analyzed with FlowJo software (Tree Star, Inc.).

Ty2A cell subset analysis

TH2A cells were defined as CD4*CD45R0O*CD27-CD45RBIOWCRTH2* CD161*CD49d* T
cell subset. The following antibodies were used in flow cytometric analysis: fluorescein
isothiocyanate (FITC)-conjugated anti-CD45RB (clone MEM-55, AbD Serotec),
phycoerythrin-Texas Red (ECD)—conjugated anti-CD45R0O (clone UCHL1, Beckman
Coulter), Alexa Fluor 647—conjugated anti-CRTH2 (clone BM16, BD Biosciences), antigen-
presenting cell (APC)-H7-conjugated anti-CD27 (clone M-T271, BD Biosciences), V450-
conjugated anti-CD38 (clone HIT2, eBioscience), eFluor 650—conjugated anti-CD3 (clone
OKTS3, eBioscience), PE-conjugated anti-CD161 (clone HP-3G10, eBioscience), PE-Cy7—
conjugated anti-CD49d (clone 9F10, BioLegend), and BV605-conjugated anti-CD4 (clone
OKT4, BioLegend). CD45RB!oW cells were identified using a cutoff of 35% among live
memory CD4* T cells.

Ty cell subset isolation

Freshly isolated PBMCs were labeled with VV500-conjugated anti-CD4 (clone RPA-T4, BD
Biosciences), Alexa Fluor 647—conjugated anti- CRTH2 (clone BM16, BD Biosciences), PE-
Cy7-conjugated anti-CCR6 (clone R6H1, BD Biosciences), AF488-conjugated anti-CXCR3
(clone 1C6/CXCR3, BD Biosciences), APC-H7—-conjugated CD27 (clone M-T271, BD
Biosciences), ECD-conjugated anti-CD45RO0 (clone UCHL1, Beckman Coulter), PE-
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conjugated anti-CD161 (clone HP-3G10, eBioscience), and eFluor 650—conjugated anti-
CD3 (clone OKT3, eBioscience). A combination of the vital dye Via-Probe (BD
Pharmingen) as a viability marker, CD19 (eBioscience), and CD14 (eBioscience) was used
to exclude dead cells, B cells, and monocytes from the analysis, respectively. Ty2A cells
(CD4*CD45RO*CD27-CRTH2*CD161%), conventional T2 cells (CD4*CD45RO

*CD27 CRTH{2*CD1617), TH17 cell subset (CD4*CD45RO*CRTH2 CCR6* CXCR3™), and
Thl cells (CD4*CD45RO*CRTH2 CCR6™CXCR3™) were isolated to a purity over 96%
using FACSArria 1l (BD Biosciences) (fig. S9).

cytokine staining

Intracellular staining was performed by using the Cytofix/Cytoperm buffer set (BD
Biosciences) according to the manufacturer’s instructions. Briefly, cells were incubated for 5
hours at 37°C with 5% CO, with PMA (50 ng/ml), ionomycin (500 ng/ml), and GolgiPlug
(BD Biosciences), permeabilized with Cytofix/Cytoperm buffer, and stained with APC-
conjugated anti-1L-5 (JES1-39D10, Miltenyi Biotec), FITC-conjugated anti—IL-4 (clone
8D4-8, eBioscience), PE-conjugated anti—IL-9 (clone MH9A4, BioLegend), PerCP/ Cy5.5-
conjugated anti—IL-13 (clone JES10-5A2, BioLegend), BVV510-conjugated anti—IFN-y
(clone 4S.B3, BioLegend), and APC/ Cy7-conjugated anti—IL-17 (clone BL168,
BioLegend). After 30 min at 4°C, cells were washed and immediately analyzed by flow
cytometry.

Real-time PCR expression analysis

The Fluidigm BioMark 96.96 Dynamic Array (51) was used to measure the gene expression
in small cell populations. Ten cells per well were sorted by FACS in quadruplicate into 96-
well plates containing a reaction mix for reverse transcription (CellsDirect One-Step qRT-
PCR kit, Invitrogen) and preamplification with 96 selected gene primer pairs (Delta Gene
assays, Fluidigm Corp.). After sorting, samples were reverse-transcribed and preamplified
for 18 cycles. Primers and deoxynucleotide triphosphates were removed by incubation with
Exonuclease | (New England Biolabs), and samples were diluted (five times) with TE buffer
and stored at —20°C. Samples and assays (primer pairs) were prepared for loading onto
96.96 Fluidigm Dynamic Arrays according to the manufacturer’s recommendations. Briefly,
the sample was mixed with 20x DNA binding dye sample loading reagent (Fluidigm Corp.)
and 2x SsoFast EvaGreen Supermix with Low ROX (Bio-Rad). Assays were mixed with 2x
assay loading reagent (Fluidigm Corp.) and TE buffer to a final concentration of 5 uM. The
96.96 Fluidigm Dynamic Arrays (Fluidigm Corp.) were primed and loaded on an IFC
Controller HX (Fluidigm Corp.), and real-time PCR was run on a BioMark HD (Fluidigm
Corp.). Data were collected and analyzed using Fluidigm Real-Time PCR analysis software
(v4.1.2).

Microarray analysis and data analysis

Conventional TH1 cells, conventional Ty17 cells, TH2A cells, and conventional T2 cells
were sorted from PBMCs of allergic subjects, as described above. Use of donor pools (each
pool containing blood from two to three donors) was necessary to obtain sufficient numbers
of cells for microarray experiments. Sorted T subsets were stimulated for 6 hours with anti-
CD3/CD28 beads (Life Technologies) or left unstimulated before extraction of RNA
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(RNeasy Mini kit, Qiagen). Replicates of RNA were obtained from each sample that passed
quality control. Complementary RNA was prepared by amplification and labeling using the
Illumina TotalPrep RNA Amplification kit (Life Technologies) and hybridized to human
HT-12 Beadarray chips (Illumina). Beadchips were scanned on a HiScanSQ (lllumina).
Background-subtracted data were generated using GenomeStudio software (Illumina). Data
were processed by customized R/Bioconductor pipeline, including quantile normalization
(52), flooring, log, transformation, and PALO filtering (Present At Least Once; at least one
sample must have had detection £< 0.01). Analyses were performed using R.

Statistical analysis

Prism software (GraphPad) was used for statistical analysis of flow cytometry data. No
randomization or exclusion of data points was used. The nonparametric Mann-Whitney U
test was used for unpaired comparisons between groups, whereas the nonparametric
Wilcoxon matched pairs test was used for paired comparison.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Allergic disease-related phenotypic differences emerged in the T2 cell subset
(A) Fluorescence-activated cell sorting (FACS)-based T cell surface expression screening

revealed up-regulated and down-regulated T cell surface markers in ex vivo magnetically
enriched allergen-specific CD4™ T cells compared to total CRT2+* CD4* T cells. Average
expression levels for each T cell surface marker in the allergen-specific CD4* T cell group
and in total CRTH2* CD4* T cell group are plotted against each other. Data are means from
four allergic subjects per group. The gray field depicted less than 20% expression variation
between groups. Differences between groups were analyzed using the Mann-Whitney U'test.
(B) Examples of intensity distributions of total CRT2* CD4* T cells (blue) and ex vivo
magnetically enriched CRTH2* allergen-specific CD4* T cells tracked by pMHCII tetramer
(red) stained with candidate cell surface markers. Data are representative of at least three
allergic donors. (C) Real-time PCR analysis confirms that allergen-specific T2 cells
express CDI161 but are not related to a type 17 phenotype. Data are means + SEM from at
least three subjects per group.
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Fig. 2. A unique allergic disease footprint across allergen-specific T cells
(A) Average frequencies of CRT2* allergen-specific T cells in allergic (white box) and

nonallergic subjects (black box) are indicated for each allergen tested. Data are means +
SEM from at least six individuals per group. *P < 0.001. Differences between groups were
analyzed by using the Mann-Whitney Utest. (B) Percentage of CRT2*, CD161*, and
CD27* cells among ex vivo magnetically enriched allergen-specific CD4* T cells from
allergic individuals is indicated for each allergen tested. Each dot represents a single donor.
(C) Plots show representative ex vivo profile of alder pollen—specific CD4* T cells in alder-
allergic patient according to CD27, CCR4, CD45RB, CD161, CD49d, and CRTH{2
expression. Data are representative of at least three donors.
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Fig. 3. A distinct subset of T2 cells include pathogenic allergen-specific CD4* T cells
(A) Gating strategy for defining proallergic T2 cells (Ty2A cells). PBMCs were first gated

according to their size, expression of CD4 and CD45R0, and after the exclusion of dead
cells. Gates then identify CD45RB!W cells among live memory (CD45RO*) CD4* T cells,
CD27-CD49d™* cell subset, and then CRT2*CD161" T cell subset. Representative staining
in allergic individual and nonatopic subject is shown. (B) Frequency of
CD45RB!WCD27-CRT2*CD161*CD49d* CD4* T cells (T2A) between allergic subjects
(n=80) and nonatopic individuals (7= 34). Each dot represents a single donor, and
differences between groups were analyzed by using the Mann-Whitney Utest. (C) T2 and
TH2A phenotype observed over a culture time of 6 weeks with subsequent T cell receptor
(TCR) stimulations. (D and E) Percentage of T2A and Th2 cells expressing CD38 in and
out grass pollen season in grass-allergic individuals. Data are representative of at least three
donors (A, C, and D). Differences between groups were analyzed by using the Wilcoxon
matched pairs test. NS, not significant.
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Fig. 4. Peanut-specific TH2A cells are specifically targeted during immunotherapy
(A) Ex vivo phenotype of peanut-reactive CD4* T cells before and after DBPCFC with

peanut flour. Each dot represents a single donor. (B) Ex vivo frequency of peanut-reactive
CD4* T cells before and after DBPCFC. (C) Plots show representative ex vivo profile of
peanut-reactive CD4" T cells according to CD27, CD161, and CRTH2 expression before and
after CODIT both in placebo and active groups. Data are representative of at least three
donors per group. Percentages of CD27~ allergen-specific T cells expressing the given
marker are indicated in the upper left quadrant. (D) Ex vivo peanut-specific T2A cell
frequencies before and after CODIT both in placebo (7= 3) and active (1= 4) groups.
Differences between groups were analyzed by using the Wilcoxon matched pairs test (A and
B) and unpaired ¢test (D). *P< 0.05.
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Fig. 5. TH2A cell subset may differentially contribute to Ty2-driven pathology
(A) Cytokine production by T2A (white bar), conventional T2 (gray bar), and Ty1/Ty17

(black bar) cell subset. T effector cell subset from allergic individuals was sorted by FACS

and stimulated for 5 hours with PMA/ionomycin in the presence of a protein transport

Page 20

Ty2

T.2A

inhibitor. Data are means + SEM of four subjects per group. Differences between groups
were analyzed by using the Mann-Whitney Utest. *P< 0.01. (B) Plots show representative
ex vivo intracellular cytokine staining for IL-4, IL-13, IL-5, and IL-9 in FACS-sorted T2
and TH2A subset. Numbers indicate relative percentages in each quadrant. (C) Pie charts
show the proportion of cells producing simultaneously one, two, three, or four cardinal T2
cytokines (IL-4, IL-5, IL-9, and IL-13) after polyclonal activation. Data are mean percentage
of cytokine-producing cells from four allergic donors. Comparisons between groups were
performed using Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks. *P<
0.01. (D) Plots show representative intracellular cytokine staining for IL-5 and IL-9 in T2
and TH2A cell clone from the same allergic individuals. Data are representative of at least

three allergic donors (B and D).
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Fig. 6. T42A cell subset shows distinct gene expression patterns
(A) Scatterplot of the average signal of TH2A versus conventional T2 cell gene expression

microarray data. Shown are genes whose transcription has been up-regulated (red) or down-
regulated (blue) by a factor of 2. Genes that have previously been linked to allergic diseases
are listed. (B) Hierarchical clustering heat map of all genes with expression fold changes of
eight in one cell subset relative to the other three subsets. Data are mean normalized raw
gene expression values from two independent microarray experiments on cells sorted from
different donor pools (each pool containing blood from two to three donors). (C) Real-time
PCR analysis showing mRNA expression profile of the most relevant genes up-regulated in
TH2A cell subset in total CRT2* T cells (gray) and in allergen-specific T cells from
nonallergic individuals (white) or allergic subjects (black). Data are means + SEM from at
least three subjects per group.
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