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Grass pollen allergen-specific SCIT and SLIT modulate cTy, and T cells \
and associated with altered chromatin landscape

Seasonal allergic rhinitis
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Abbreviations: SCIT, subcutaneous immunotherapy; SLIT, sublingual immunotherapy; cTq,, circulating T
follicular helper cells; T, T follicular regulatory cells; IL-10* cTr, IL-10-producing cTg, cells; IL, interleukin.
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Key Messages

» Mathematical algorithms developed to manage highedsional data, i.e. VISNE, SPADE
and FlowSOM reveal that ¢f cells are a subset of T cells that are distinefT,2 and

Tw2A cells in grass pollen allergics.

* IL-4" and IL-2T cTgy cells show increased proliferative capacity follegvin vitro grass
pollen allergen stimulation in grass pollen allesg{GPA) but not non-atopic healthy controls

(NAC) and induces B cell class switching and plagheell differentiation.

 Chromatin landscape in g and T cells are altered in grass pollen-induced seasonal

allergic rhinitis and following SCIT and SLIT.

Capsule Summary

CTey cells are dysregulated in grass pollen allergras r@stored following SCIT and SLIT treatment,

and these changes are underscored by changesdhrtmeatin landscape.

Keywords

Allergy, seasonal allergic rhinitis, allergen-sgiecimmunotherapy, T follicular helper cells, T

follicular regulatory cells, chromatin accessilyiliATAC-seq.

Abbreviations

AIT, Allergen-specific immunotherapy; SCIT, Subawaus immunotherapy; SLIT, Sublingual
immunotherapy; GPA, grass-pollen allergics; NACn+4atopic healthy controls; f T follicular
helper; g, T follicular regulatory; Treg, T regulatory; PhiBhleum pratenseATAC-seq, assay for
transposase-accessible chromatin sequencing.
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Abstract:

Background: Allergen-specific immunotherapy (AIT) is a diseasedifying treatment that induces

long-term T cell tolerance.

Obijective: To evaluate the role of circulating CXCRD-1'T follicular helper (cFy) and T
follicular regulatory (Er) cells following grass pollen subcutaneous (SGimJl sublingual (SLIT)

immunotherapy and the accompanying changes in¢heamatin landscape.

Methods: Phenotype and function of g cells were initially evaluated in grass pollereadiics
(GPA, n= 28) and non-atopic controls (NAC, n=13)mhgthematical algorithms developed to manage
high-dimensional data and cell culture, respediivelry and T cells were further enumerated in
NAC (n=12), GPA (n=14), SCIT (n=10) and SLIT (nt8ated groups. Chromatin accessibility in
cTrx and Ter cells was assessed by ATAC-seq to investigateeaptic mechanisms underlying the

differences between NAC, GPA, SCIT and SLIT.

Results: cTgy cells were shown to be distinct from2lrand T,2A cell subsets, capable of secreting
IL-4 and IL-21. Both cytokines synergistically protad B cell class switching to IgE and plasma cell
differentiation. Grass pollen allergen inducedg cdell proliferation in GPA but not in NACPK.05).
CTey cells were higher in GPA compared to NAC and weveer in SCIT and SLITR<.01). Time-
dependent induction of IL-4, IL-21 and IL-6 weresebved in nasal mucosa following intranasal
allergen challenge in GPA but not in SCIT and Shfdups. Fr and IL-10 cTg cells were induced
in SCIT and SLIT (all,P<.01). ATAC-seq analyses revealed differentiallcessible chromatin

regions in all groups.

Conclusion: For the first time, we showed dysregulation of,c€ells in GPA compared to NAC,
SCIT and SLIT and induction ofsf and IL-10 cTgy cells following SCIT and SLIT. Changes in the

chromatin landscape were observed following AITTa, and Tex cells.



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

INTRODUCTION

Seasonal allergic rhinitis (SAR) is an immunoglabu(lg) E-mediated disease associated with
inflammation of the nasal mucosa resulting uporosxpe to prevalent common aeroallergeNear
20% (1 in 5) do not respond to conventional treatmeand in those patients, grass pollen
immunotherapy administered subcutaneously (SCIT3ulnlingually (SLIT) is effective. SCIT and
SLIT are the only disease-modifying treatments twtfer long-term clinical benefit and allergen

tolerancé™ as well as improvement in the quality of jife

SAR consists of a biphasic response that occutsinvit5-20 minutes and 6-12 holr§he former
requires allergen-IgE induced cross-linking oflRcon mast cells and the latter involves recruitmen
of T,2 cells into the local target organ. Allergen-sfiecTy2A cells are a subset of,Z cells and
share similar function as they secrete type 2 d¢gtsk They have recently been reported as a key
driver of allergen-induced inflammationydA cells are characterized by the expression of @RT
CD161 and CD49d and lack the expression of CD2@yTfave been shown to be elevated in allergic
patients and associated with the clinical respdolfmving SCIT and SLIT*. Moreover, other T cell
subsets such as T follicular helpegTcells have been shown to have the capacity tmpt® pro-
allergic responsé%™® Tgy cells are a distinct subset of T cells within geminal center (GC) that
provide signals to B cells to differentiate intotibady-producing plasma celfs Tey cells express
high levels of the chemokine receptor, CXCRS5, thds their migration into the B cell follicle in
response to a CXCL13 gradi€hand the transcription factor, Bcl®6Following the initial discovery,
numerous studies have also identifieg, Tells in peripheral blodd These circulating A (CTew)
cells are a surrogate of GGyIcells and have lowdBCL6 expressioﬁ‘. Ten cells are responsible for
providing B cell survival signals and plasma ceffedentiation through the expression of cytokines
IL-4 and IL-21, involving a STAT3-dependent pathwayThe interaction between B cells angy T
cells is tightly regulated by T follicular regulayo(Tes) cell$®? to prevent autoimmunity and/or
allergy. Ter cells share characteristics withegTcells in the expression of follicular markers, CR&

and PD-1, suggesting a similar follicular oridinHowever, unlike cf; cells, T cells express the
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transcription factor of T regulatory (Treg) celEpxP3. Murine knockout studies otglcells have
shown characteristics of overactive GC respongglighting their role in moderating GC reactiéhs

although their role in SAR has not been extensigalgied.

Immune mechanisms of tolerance induction follow8@IT and SLIT are associated with induction
of B regulatory cells, immune deviation from2ZI'to Tyl responses and deletion of2ZTand H2A
cells. Moreover, FoxP3Treg cells and inducible IL-TGand IL-35 Treg cells have been reported to
contribute towards tolerance induction followingleajen-specific immunotherapy (AFf)*
However, the effect of grass pollen-SCIT and -SloiT cTey and Ter cells that are important in

modulating IgE-mediated pro-allergic response res& be elucidated.

Here, using flow cytometry-based unbiased machaaening algorithms, we demonstrate that.cT
cells have a distinct phenotype compared to coivealt T2 and T,2A celld. Moreover, IL-4- and
IL-21-producing CFy cells are dysregulated in patients with SAR. Ws® alemonstrate that IL-4 and
IL-21 are involved in driving GC reactions, clasgtshing of B cells to IgE and differentiation into
antibody-producing plasma cells. Furthermore, orass-sectional study, we show thatg@nd Tr
cells are modulated following grass pollen SCIT &WT, resulting in an altered chromatin

accessibility landscape.
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METHODS
Subjects

To conduct initial validation experiments to deterenthe phenotype and function ofggT T2 and
Tu2A cells, 28 untreated patients with moderate-seV@AR (GPA) and 12 non-atopic healthy
controls (NAC) were recruited (Table I). In a cregstional, controlled, proof-of-concept study of
SCIT and SLIT, 14 GPA, 13 NAC, 10 patients recagviBCIT (timothy grassPhleum pratense
[Phip], Aquagen SQ, 100 000 SQ-U, ALK-Abello, Haodn, Denmark) and 8 patients receiving
SLIT (Grazax tablet, 75 000 SQ-U, ALK-Abello) wemecruited (Table II). Details on inclusion and
exclusion criteria and rhinoconjunctivitis totalnggtom score (RTSS) questionnaire are described in
the Online Repository. The study complied with Gdgichical Practice and was approved by the
National Research Ethics Service (Camberwell Se<zdffice, London, UK), and by the Research
Office of the Royal Brompton and Harefield NHS Fdation Trust. Informed, written consent was

obtained from all patients.
Cell staining by flow cytometry and quantitative PR

Methods for peripheral blood mononuclear cells (RB¥isolation, cell staining, and quantitative

PCR are described in the Online Repository.
B cell stimulation and culture

Naive and memory B cells were stimulated with CD4RED Systems), in the absence and presence

of IL-4 (R&D Systems), IL-21 (BioLegend) and/or I8 (R&D Systems) for up to 14 days.
Nasal cytokines measurements

Nasal allergen challenge was performed with Aqua®ibK-Abell6) Phlp extract. Nasal fluid
samples were collected and processed as describeidysly and nasal IL-4, IL-21 and IL-6 were

analyzed. Additional information is provided in {®aline Repository.

ATAC-seq

8
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ATAC-seq was performed on sorted 6T (CD4CXCR5PD-I'CD25CD127) and Tex
(CD4'CXCR5'PD-1'CD25'CD127) cells as previously descriti@dThe analysis was performed as
previously describéd (Fig E1) using Partek® Flow® (Partek, MO, USA).diibnal information is

provided in the Online Repository.
Statistical analysis

Statistical analysis of data was performed usingpBPad Prism 7.02 (GraphPad Software, La Jolla,
USA). Non-parametric Mann-Whitney test was used dtatistical comparisons between different
groups of patients and Wilcoxon signed-rank testcfamparisons within the same groupPAsalue

of < .05 was considered statistically significant.
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RESULTS
CcTry cells are distinct from conventional T,2 and Ty2A cells

Phenotypic composition of ¢l, Tq2 and T2A cells in GPA was evaluated by multiparametranfl
cytometry and further confirmed by visualizatiomltodeveloped to manage high-dimensional data,
i.e. VISNE, SPADE and FlowSOM. CXCRED-1' c Ty cells (Fig 1,A) were interrogated by viSNE
which utilizes the Barnes-Hut implementation of ESMlgorithn?®, allowing a two-dimensional
visualization whereby phenotypically similar ceftem a cluster. CD4 cells showed a cluster of
CXCRS5-expressing cells that co-expressed PD-1 atitig a cFy cell population (Fig 1B, orange
arrow). A proportion of CD4cells with high CRTH2 expression (FigB, green arrow) revealed low
expression of CD27, indicating 8,4 cell subset. Moreover, we confirmed thaA cell$ resided

within the TH2 subset and expressed CD49d and CIDRig11,B, red arrow).

SPADE (Spanning-tree Progression Analysis of Dgnsirmalized Events) analysis connected
hierarchical clusters of phenotypically similarlsgh ‘steps’ using a minimal spanning tree (MST).
We confirmed that clusters of CXCR5-expressingsciiat co-express PD-1 (gifcells) and T2 and
Tu2A cell clusters that express low CD27 and high BRExpression were separated into different
branches, thus highlighting the distinct phenotgpeveen these cell subsets (FigC)L, Furthermore,
an unbiased approach of FlowS&Mhat allows grouping of cell subsets into metsigits (clusters
of cell clusters), confirmed that g], Ty2 and T,2A cell subsets form distinct metaclusters (Fidp1,

andE).

The expression of CXCR5, PD-1, CRTH2, CD27, CD4Ad @D161 was also investigated insGT
Ty2 and T2A cells. ¢y cells demonstrated higher expression of CXCR5,1Pird CD27, but
lower CRTH2 expression, compared tg2Tand F,2A cell subsets. [, and T;2 cells showed lower
expression of CD49d and CD161 compared,ipAcells (Fig 1,F andG; Table E1). Moreover, ;2
and T,2A cells constituted a larger proportion of IL-4sducing cells compared to gTcells whilst

cTry cells constituted a higher proportion of IL-21-eagsing cells compared to thg@Zland H2A

10
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cells (Fig 1,H andl). These findings, therefore, demonstrated thendisphenotype of d&; and T,2

and T,2A cells.
Synergistic effect of IL-4 and IL-21 in driving IgE-producing plasma B cell differentiation

Having demonstrated that gfcells express IL-4 and IL-21, their role in proingtclonal expansion
and differentiation of B cells that drive allergidlammation was investigated. The role of IL-21 in
promoting plasma cell differentiation has previguseen describéll However, the effect of IL-21
on class switch recombination (CSR), particulaolygE, and the synergistic effect of IL-4 and IL-21
have yet to be fully elucidated and remain contrsie¢ GC reactions, marked by the upregulation of
BCL6 expression, occur wheng{ cells interact with B cells during the cognatg; Bnd B cell
interaction in the GC and the production of IL-4ldh-21. The latter lead to the induction of B cell
proliferation and class switching, indicated byirrerease irAICDA expression. A proportion of these
B cells then undergo plasma cell differentiatioaneoted by the upregulation BRDM1and XBP1
IL-4 stimulation resulted in an upregulation BICL6 and AICDA in naive B cells. Although
stimulation with IL-21 upregulatedICDA expression, relative to CD40L alone, in the preseof
IL-4, IL-21 downregulatedCL6 andAICDA expression in naive B cells compared to that induzy
IL-4 alone (Fig 2A). These findings suggest that IL-4 drives GC rieacand B cell class switching

whilst IL-21 inhibits these processes in the presesf IL-4 (Tables E2 and E3).

An upregulation oPRDM1was observed in response to stimulation with eithel, dual IL-4/IL-

21 and to a lesser extent with IL-4 in naive Bsalhen compared to unstimulated samples (Fig) 2,
Table E4). Additionally, a significant upregulatiohPRDM1expression was observed in response to
dual IL-4/IL-21 stimulation compared to IL-4 and-A1 alone (Fig 2B; Table E4) XBP1lexpression
was upregulated in naive B cells in response tb he#é and IL-21 as well as dual IL-4/IL-21 (Fig 2,
C; Table EB). These data suggest the differentii@srof IL-4 and IL-21 in the different stages of
plasma cell differentiation and clonal expansiorhiM/IL-4 is crucial for late-phase plasma cell
differentiation and secretory function, IL-21 plagsole in both the initial and late phase plaseia ¢

differentiation. A higher proportion of CD38D27" plasmablasts was observed following
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stimulation with dual IL-4/IL-21 in memory and naiB cells (Fig 2D, left, and E2B). Increased
proportions of CD38-expressing cells were obsefeidwing stimulation with IL-4, IL-21 and dual
IL-4/IL-21 compared to CD40L alone (Fig B, right, and E3). Furthermore, FlowSOM analysis
showed that clusters of cells highly expressing &B8d CD27 were more abundant when stimulated
with IL-4 and IL-21 (Fig 2,E). When compared to CD40L alone, IL-21 and dual4fll-21
stimulation resulted in higher proportions of CDBB®27" plasmablasts from naive B cells.
Additionally, higher plasmablasts were demonstrdtdidwing stimulation of memory B cells with
IL-4 (Fig 2, F; Table E6). These plasmablasts co-expressed I@E2(FS). The proportion of IgE
plasmablasts were higher in response to dual IL-21l stimulation in naive B cells and in response
to IL-4, IL-21 and dual IL-4/IL-21 in memory B csllcompared to CD40L alone (Figh2, and E2,

B; Table E7). The expression efgermline transcripteGLT) was upregulated in response to IL-4
compared to CD40L alone in naive B cells (Fid;2lable E8). However, IgEcells were higher in
response to stimulation with IL-4, IL-21 and dual4/IL-21 in memory, but not naive B cells (Fig 2,
Jand E2C; Table E9). Moreover, there were higher IgE lewddserved in response to IL-4 and dual
IL-4/IL-21 stimulation in naive B cells, and to esker extent when stimulated with IL-21 alone (Fig
2, K). A similar trend was observed in memory B cefligy(2, K; Table E10). Higher IgGcells were
observed in response to IL-21 and dual IL-4/IL-Zilnglation in naive and memory B cells. IL-4

stimulation also resulted in higher 1§Gells in memory B cells (Fig 2, and E2D; Table E11).
Higher allergen-driven proliferation of cT gy cells in GPA compared to healthy controls

The effect ofin vitro allergen stimulation on the proportion of:gT T2 and T,2A cells in GPA and
NAC were then investigated. PBMCs were stimulatéith Whlp and proliferation of T cell subsets
was assessed by CellTrace Violet (FigAR, A dose-dependent increase in the proliferatibh_at”
and IL-2T cTqy, Th2 and T2A cells were observed in GPA, but not in NAC (BigB — E). The
proliferation of IL-4 cTgy cells, IL-2T ¢Try and T2, and T,2A cells were higher in GPA compared
to NAC (Fig 3,B — E; Table E12). This highlights the role of the allergiiven proliferation of T

cell subsets in GPA, which was not observed in NAC.
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Dysregulation of IL-4", IL-21" and dual IL-47IL-21" cTgy cells in GPA and restoration following

allergen-specific SCIT and SLIT

In a controlled, cross-sectional study of SCIT &idT, cTey cells were enumerated in NAC, GPA,
SCIT and SLIT. RTSS in GPA was higher compared A€Nind was lower following SCIT or SLIT
compared to GPA (Fig 4)). Previous studies have identified a proportiort i, cells that express
ICOS as an activated gJcell subset®. In this study, blood samples were collected dytire grass
pollen season and natural exposure to allergerds léa the activation of ¢f; cells. Here, the
proportion of activated ICO Ty cells were higher in GPA compared to NAC and weveer in
SCIT and SLIT compared to GPA (Fig B). Similarly, IL-4" cTgy cells, IL-2T cTgy and dual IL-
47IL-21" cTey cells were all found to be higher in GPA compat@dNAC and were lower in SCIT
and SLIT compared to GPA (Fig €, — B. No differences were observed between SCIT and SL
(Table E13), suggesting the potential role of ILaéd IL-21-producing cdy cells in the

pathophysiology of SAR and modulation following $@ind SLIT.
Time-course induction of IL-4, IL-21 and IL-6 in GPA following nasal allergen challenge

In the same cohort of patients in the cross-seatistudy, a time-course induction of IL-4, IL-21dan
IL-6 levels was observed in the nasal fluid of GFFAis was inhibited in SCIT and SLIT. No changes
were observed in NAC (Fig 3 — G Tables E14 — E16). This further highlights thepartance of

these cytokines in driving local allergic inflamnaoet
Altered epigenetic landscape of cdy cells in GPA compared to NAC, SCIT and SLIT

We then investigated the chromatin landscape byyader transposase-accessible chromatin
sequencing (ATAC-seq) in NAC, GPA, SCIT and SLITighly accessible chromatin regions allow
the interactions between enhancers and promotdrbiading of transcription factors, thus regulating
gene expression. There were 567 regions that werelfto be more accessible in GPA compared to
NAC, 715 regions compared to SCIT and 604 regiamspared to SLIT (Fig 64 left). In total, we

observed 680 differentially accessible regions ketwall patient groups (Fig B). The nearest genes

13



275 to the differentially accessible regions were iiffead and gene ontology (GO) analysis was
276  performed. Regions that were more accessible in G¥Apared to NAC were associated with genes
277  that belong to the GO terms associated with vannegabolic processes (Fig®). Regions that were
278 more accessible in GPA compared to SCIT and SLITevessociated with metabolic processes and
279  regulation of cytokine secretion that includes gudsmic reticulum (Fig 6D andE). Accessible
280 regions in SLIT compared to SCIT were mainly assted with the regulation of protein transport and
281  secretion (Fig 6F). Pathway enrichment analysis identified the maceessible regions in GPA
282  compared to NAC to be associated with various siggaathways (Fig 6G), whilst those compared
283 to SCIT and SLIT were associated with signaling aretabolic pathways as well as tight junction
284  (Fig 6,H andl). Pathways that were associated with more acdes®fgions in SLIT compared to
285  SCIT includes signaling pathways as well as epitiemieorocesses (Fig @), highlighting the

286 differential chromatin accessibility landscape T ccells of GPA, NAC, SCIT and SLIT.
287 Induction of T cells and IL-10° cTgy following allergen-specific SCIT and SLIT

288  Tgr cells regulate 44 and B cell interaction and exert their suppresdiwaction through the
289  expression of cytotoxic T lymphocyte-associatedigamt 4 (CTLA-4%. In the same cohort of
290 patients, suppressive CTLA-Z cells were lower in GPA compared to NAC and weighér in
291  SCIT and SLIT compared to GPA (FigA). In parallel to this, IL-10cTg cells were lower in GPA
292  compared to NAC and were higher in SCIT and SLIThpared to GPA (Fig 7B; Table E17).
293  Moreover, IL-10 stimulation resulted in the upregidn ofPRDM1andXBP1lexpression in the naive
294 B cells stimulated with dual IL-4/IL-21 (Fig G andD). Although a similar trend was observed in
295 memory B cells, no significant differences wereaked (Fig 7,C andD; Tables E4 and E5). The
296  proportion of plasmablasts were higher in the preseof IL-10 in memory, but not naive B cells
297  stimulated with dual IL-4/IL-21 (Fig 7; Table EG6). IL-10 stimulation resulted in a higipeoportion
298  of IgE" cells in naive B cells in the presence of dua#ill-21. In contrast, a reduction in I§Eells
299 was observed in memory B cells, although signifteawas lost at day 14 (Fig ¥, Table E9). IL-10

300 stimulation also resulted in a higher proportionig®® cells in the presence of IL-4 in memory B
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cells (Fig 7,G; Table E11). These findings, therefore, suggestate of Fr, Treg cells and IL-10 in

the immune tolerance induction following SCIT and™S

Epigenetic landscape of ¥ cells in GPA, NAC, SCIT and SLIT

ATAC-seq was carried out to identify differentialpccessible regions ingd cells in GPA and
following SCIT and SLIT. There were 141 regionsriduo be more accessible in GPA compared to
NAC, 184 regions compared to SCIT and 139 regiemspared to SLIT (Fig 4l). Moreover, a total

of 221 differentially accessible regions iggTcells were observed between NAC, GPA, SCIT and
SLIT (Fig 7,1). GO analysis of the nearest gene revealed thae raocessible regions in GPA
compared to NAC were associated with regulationcytbkine and protein secretion (Fig J).
Various catabolic processes were associated witesale regions in SCIT (Fig K) and various
cellular and biological processes were associatddagcessible regions in SLIT (Fig 7 compared

to GPA. Regions that were more accessible in SGMpared to SLIT were mainly associated with
various metabolic processes as well as enzymatigtgagFig 7, M). Pathway analysis on regions that
were more accessible in SCIT compared to GPA wasciéged with metabolic processes and
pathways (Fig 7N). Furthermore, regions that were more accessib&0IT compared to SLIT were
associated with various signaling and metabolidways (Fig 7,0), suggesting that changes in

chromatin accessibility may potentially contribtietolerance induction following SCIT and SLIT.
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DISCUSSION

We show for the first time, using unbiased maché@aening algorithms and visualization tools, that
CTry cells represent a subset of T cells distinct fi2 and H2A cells, capable of secreting IL-4
and IL-21. IL-4 stimulation of B cells resulted the upregulation of class switching, which was
inhibited in the presence of IL-21. Moreover, IL14;21 and dual IL-4/IL-21 stimulation upregulated
plasma cell differentiation markers. Grass polleneah proliferation of cF, cells was higher in GPA
compared to NAC. More importantlgx vivoenumeration of ¢ cell subsets following SCIT or
SLIT showed a lower frequency of gifcell subsets compared to untreated GPA. We afsartréor
the first time that ¥z cells and IL-10 T cells were induced in SCIT and SLIT. These finding
highlight the potential role of IL-4- and IL-21-seting cTey cells in SAR and the role of:f cells

following grass pollen-specific SCIT and SLIT.

Tu2 cells are known as primary cells that drive gileinflammation. However, in the GCgJcells
interact with B cells, promoting allergic inflamn@t. We phenotyped ¢, Ty2 and T,2A cells
according to their surface marker expression ugiS{l\E, SPADE and FlowSOM clustering. These
analyses identified f; and T2 and ,2A cells as distinct subsets of cells and therefideely to play
a distinct role in driving allergic inflammation. &\also showed that in addition to thg2Tcytokine,

IL-4, a proportion of ¢ cells also express IL-21, in line with the pre\daiudie¥’

The functions of IL-4 in driving antibody produatidy B cells have been establistfetHowever, the
synergistic effect of IL-4 and IL-21 in human hawat been fully elucidated, particularly with respec
to IgE production. Here, we showed that IL-4 stiatign resulted in the upregulation BCLG, a
marker of the GC response, aAtCDA, a critical component of the class switching andhatic
hypermutation pathways in B cells. However, in phesence of both IL-4 and IL-21, the expression
of BCL6 andAICDA was downregulated compared to IL-4 alone, highilighthe potential inhibitory
role of IL-21 on GC reactions and CSR. Indeed, ijoev studies have demonstrated a timely
secretion of IL-4 and IL-21 by ¢} cells following infection. IL-21 are predominantBxpressed

during the early course of infections prior to naigon of Tey cells to the B cell follicle, while IL-4
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expression is heightened following the migratioriTgf cells into the B cell follicl& > Furthermore,
IL-21" and IL-4" Tq cells display distinct localization within the G@hich consists of the dark and
light zone. IL-4 Ty cells are predominantly localized distal to thekdaone and express high
CD40L, while IL-2T Ty cells express high CXCR4 and localize closer ® dlark zon®&. This
suggests a role for IL-21T cells in promoting somatic hypermutation and dtffimaturation, while
IL-4" Try cells are crucial in the class switching of GCalis: While the effect of IL-4 stimulation on
IgE class switching has been explored, the roli-@1 on CSR to IgE has not been fully elucidated.
Despite the inhibitory effect of IL-21 observed @8R in this study, we reported a higher proportion
of IgE" cells in the presence of dual IL-4/IL-21 stimubati This suggests the potential role of IL-21
in driving differentiation to IgE cell occurs post-CSR. Previous studies investigatie effect of IL-
21 on IgE production yield contradicting resultsudies performed on IL-21R-deficient mice
reported aberrant IgE production, and that rlL-2inimistration suppressed IgE productiofi On
the other hand, studies performed on sorted B séitsved elevated IgE production by 1L32%°
which is consistent with our observations. ThesEr@pancies are potentially due to the different
experimental models used in these studies. Furttrermvhilst stimulation with IL-21 and dual IL-
4/IL-21 can upregulate the expressionRRDM1 and XBPJ, IL-4 stimulation only resulted in the
upregulation ofXBP1 expressionPRDM1 expression is known to be essential for the inora of
plasma cell differentiation andBP1is expressed further downstream and is cruciatiferunfolded
protein response (UPR) that is important for theretery function of plasma ceffs This, therefore,
indicates that while IL-4 is crucial for the UPR;21 plays a key role in the initiation stage cigrha
cell differentiation and antibody-secretory funatimf plasma cells. Collectively, our findings
confirmed that IL-4 promoted GC reactions and C8Rist IL-21 inhibited these processes. Despite
this, IL-21 showed synergistic effect with IL-4 @riving the differentiation of plasmablasts, fgE

cells and the secretion of tigE, of which the lafi@mote IgE-mediated pro-allergic responses.

Ten cell differentiation and interaction with B celbgecurs in the GC and therefore can act on local
target organs such as the nasal mucosa. There wa=lainduction of IL-4 and IL-21 in GPA

following nasal allergen challenge which was intdbiin SCIT or SLIT. This observation was
17
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consistent with the proportion of IL~4nd IL-21 cTqy cells demonstrated in the same patient cohort,
which was elevated in GPA, but was lower in SCliid &LIT-treated groups. Hence, suggesting the
potential contribution of ¢&; cells on the elevation of nasal IL-4 and IL-21dksv Furthermore, this
suggests that the increase insgTells observed in GPA is associated with the prtdo of IgE,
subsequently leading to allergic inflammation. Rvas studies have also reported increased
proportions of Fy cells in patients with house dust mite (HDM) alerand mice exposed to
HDM**% Serum IgE in patients with HDM allergy has alseeb shown to correlate with the
proportion of cFy cells. Studies on autoimmune diseases and-lg@ted disease (IgdRD) have
shown that dysregulation of gJcells leads to impaired antibody production inoaumune diseases,
and increased Ig levels in patients with Jg®D***° These findings highlighted the important role of
CTry cells in maintaining immune homeostasis. Moreollef was induced as early as one hour in
GPA, which was attenuated in SCIT and SLIT. IL-& lpaeviously been shown to be crucial in the
initial phase of Fy cell differentiation in mic® by upregulatingBCL6 expression and IL-21
secretioi”*® The secreted IL-21 has an autocrine role wheceeiites a positive feedback loop on
Ten cells to support the induction of BCL6 expressiavhich is indispensable for gF cell
differentiatiort®*°. IL-6 and IL-21 signaling induce STAT1 and STAT®eession and result in the
expression of T cell markers CXCRS5, PD-1 and IC8S". Early induction of IL-6 in GPA lead to
the differentiation of F, cells, subsequently secreting IL-4 and IL-21 cinek in the local target
organs. The autocrine role of IL21potentially results in the persistent induction Tf; cell
cytokines IL-4 and IL-21, which was observed fortaB hours in GPA. This is a proof-of-concept,
cross-sectional study to assess the effect of S@H'SLIT on the proportion of ¢f and T cells,
and will need to be further validated in a largmgpective RDBPC study that investigate the time-

course effect of SCIT and SLIT.

Ter cells have previously been reported to suppres®id B cell interaction through the expression
of CTLA-4 by cell-to-cell contactnannet®. However, due to the limited sample availabilitywas
not feasible to perform suppression assays insthidy. We observed induction of CTLA-Z cells

and IL-10-producing cd; cells in SCIT- and SLIT-treated patients, whiclroborates with previous
18
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studies demonstrating the induction ofszTcells following AIT in HDM allergic patient$ and
immunotherapy using allergen peptides in GPRreviously studied mechanism of AIT have been

associated with the induction of IL-EGrom allergen-specific T cells.

In the presence of IL-4 and IL-21, IL-10 stimulatidrives plasmablast differentiation in memory B
cells and the production of IgEells from naive B cells. Furthermore, [gB cells were higher in the
presence of IL-10 and IL-4 in memory B cells. Hoeeuvhese were not generated to a similar extent
from naive B cells. These data highlight the pésmtifferential role of IL-10 on naive (allergen-
inexperienced) and allergen-experienced memory|B, aghere it may play a protective role when
interacting with the latter. Previous studies haliewn conflicting findings. In a PBMC culture, IL-
10 has been shown to negatively regulate IgE ptomtucby IL-4 when added to antigen-
inexperienced B cells and induced IgE productiorenvadded to IgE-switched B céfls Another
study reported an increase in IgE production foilgnL-10 stimulation on PBMCs and purified pan
B cells®. In the same study, IL-10 promoted proliferatidrBocells and generation of CD38ells,
which is consistent with our observations. Moreowaer upregulation of Ig&but not IgE was shown
following IL-10 stimulation in the presence of ILid CD27 memory B cell cultur®. These findings
are in agreement with our observations in thisystlithese discrepancies may be due to the different
experimental model used in these studies. Therevemelimited studies that have investigated the
effect of IL-10 on B cells in the presence of Iladd IL-21. Further studies are warranted to better

understand the role of IL-10 in B cell proliferatiand class switching.

We further speculated that these changes in thphgeal blood are underscored by maodifications in
the chromatin landscape. NAC, GPA, SCIT and SLIovwsdd differential chromatin accessibility
which was associated with various GO terms andwaath. We observed differentially accessible
chromatin regions between GPA and NAC, SCIT andTSRegions that were more accessible in
CTeyw Oof GPA compared to NAC, SCIT and SLIT were asdedawith the breakdown of
macromolecules and the biosynthesis of lipid mdeszuThe catabolism of proteins and other

7,58

macromolecules provides the energy that is crdoiatell survival””® and leads to the upregulation
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of lipid synthesis, of which the associated chrameggions were observed to be more accessible in
GPA. This consequently contributes teyTcell growth and proliferation. These findings ane
agreement with other studies which have shownth®ainhibition of lipid biosynthesis pathways can
result in the attenuation of T cell survival andljferatiorr®’. Additionally, the accessible regions
were associated with ribosome biogenesis whichbeas shown to play a role in supporting T cell
cytokine production. The activation of genes thatiavolved in ribosome synthesis was shown to be
dependent on ERK-MAPK signaliffg which was consistently more accessible in GPApaned to
NAC, SCIT and SLIT in our cohort. We also demortsiiiahigher chromatin accessibility in regions
associated with PI3K-Akt, MAPK and AMPK signaling GPA. These pathways are known to play
a role in glucose homeostdsjsa process known to be important for cell diffei@ion and growth.
Regions associated with toll-like receptor (TLR)rsling pathway was also more accessible in GPA
compared to NAC. To complement this, we also olerigher cfy cells and their cytokine-
producing subsets in GPA compared to NAC, SCIT @hir. These findings not only validate the
previous study highlighting the role of TLR sigmagjiin promoting T cell responses and enhancing
cytokine productioff, but also suggest that the higher proportion ef,cElls observed in GPA could
be due to the predisposition ofgIcell differentiation and cytokine production. Thimwever, needs

to be further confirmed in a larger study.

Regions that were more accessible in SLIT comptre®CIT were associated with protein secretion
and transport. Metabolite transport plays a roledtivated T cells and promotes cell growth and
proliferatior?®, suggesting that ¢F, cells in SLIT were more active compared to SCITisTis in
conjunction with the modest differences in ILh421" cTqy cells between SLIT and SCIT observed
in our cohort. Interestingly, chromatin regions casated with ribosome biogenesis and MAPK
signaling, which are known to be crucial for celfifetentiation and growtH were found to have
differential chromatin accessibility between thBetent patient groups. Chromatin regions assogiate
with these pathways were more accessible in SLIifpaved to SCIT, highlighting the potential
differences in the mechanism underlying the two @sodf AIT. However, these regions were more

accessible in GPA compared to SLIT (Fig E4).
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On the other hand, chromatin regions that were raooessible in & cells in GPA were associated
mainly with negative regulation of gluconeogenesigokine and protein secretion. As discussed
above, gluconeogenesis, which refers to the gedoeraif glucose, that is important for the
proliferation of T celld"**®**were attenuated in GPA. These findings coincidé wir observation
where the proportion of¢k cells were lower in GPA compared to NAC. Chromagigions that were
more accessible in SCIT compared to GPA were assotiwith various catabolic processes of
macromolecules, which is important for cell surVigad growtf’°**° Furthermore, SLIT showed
highly accessible chromatin regions associated wébative regulation of cell differentiation and
proliferation and various molecular functions. Tdedifferences were reflected when chromatin
accessibility between SCIT and SLIT were invesedalSCIT showed higher accessibility in regions
associated with metabolic processes of macromascsilich as lipids, proteins and nucleic acids
compared to SLIT, and MAPK activity (Fig E4). Fwtimore, regions associated with ribosome
biosynthesis were also more accessible in SCIT epatpto SLIT, which is crucial in the cytokine
production of T cells. Despite these differenceseobed at the chromatin levels, there was no
difference in the proportion of¢f cells at cellular levels. These findings suggkat the mechanism
of SCIT involves the induction of gk cell differentiation and survival, whilst SLIT ndged in
changes in the molecular function gfgTcells, which is important in cell organization astducture.
The differences observed in the chromatin landscépdr, and Tk cells provide further insights on
the importance of metabolic and molecular pathweyshe mechanism of tolerance induction
following SCIT and SLIT. However, this needs toibeestigated further. The allergen-specificity of
the T cell subsets that were investigated in thislyswas not determined due to the limitation of
blood samples collected, in addition to the smatipprtion of cky and Tr cell subsets present
within the peripheral blood. However, this can lehiaved by performing peptide-MHC class |

tetramer staining with intracellular CD154 asg&yswhich will need to be validated in future studies

In summary, for the first time, we show that-gTells play a role in the pathophysiology of SAR, i

addition to T2 and T,2A cells. SCIT and SLIT treatment resulted in thedodation of ¢y cells and
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477  induction of T and IL-10 cTgy cells, with underlying changes in the chromatindscape,

478  suggestive of epigenetics modifications.
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651 TABLE

652  Table | Patients' demographics for initial validatiexperiments of the phenotypic characteristick an

653  function of cTe cells

Characteristics NAC GPA

Sex, n, Male:Female 5.7 15:13
Age (y), mean = SEM 48 £ 4 38+2
Disease duration (y), mean + SEM n.d. 16.96 + 1.63
Phip IgE (kU/L), mean + SEM n.d. 40.09 £ 8.15
Total IgE (kU/L), mean + SEM 13.87 £ 4.25 339.5@@8.70***

Cosensitization (SP¥ 3 mm), n (%)

Tree 0 (0.0) 12 (26.7)
House dust mite 0 (0.0) 13 (28.9)
Cat epithelia 0 (0.0) 12 (26.7)
Dog epithelia 0 (0.0) 7 (15.6)

654  *** P < 001 compared to GPA, Mann-Whitney test.
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655

656

Table Il Patients' demographics for the cross-seatj proof-of-concept study of SCIT and SLIT

Characteristics NAC GPA SCIT SLIT
Sex, n,
Male:Female 2:11 9:5 9:1 2:6
Age (y), mean + SEM 38+4 33+3 43 +4 40+5
Disease duration (y),
n.d. 17.36 £ 3.03 18.80 +£ 2.99 33.50+5.53
mean + SEM
Phip IgE (kU/L),
n.d. 32.50 + 10.68 30.96 +12.00 23.50+7.81
mean + SEM
Total IgE (kU/L),
n.d. 179.60 £ 41.04 405.90 + 213.20 151.60 + 65.59
mean + SEM
Cosensitization,
(SPT=3 mm), n (%),
Tree 0 (0.0) 6 (13.3) 7 (53.9) 3(27.3)
House dust mite 0 (0.0) 8 (17.8) 5 (38.5) 2(18.2)
Cat epithelia 0 (0.0) 7 (15.6) 6 (46.2) 3(27.3)
Dog epithelia 0 (0.0) 7 (15.6) 2 (15.4) 4 (36.4)
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FIGURE LEGENDS

Fig 1. cTey cells are a distinct population than T,2 and Ty2A cells. AGating strategy to identify
CTry (CD4'CXCR5'PD-T) cells in peripheral blood Unbiased ViSNE plots showing a proportion
of CD4' cells express CXCR5, PD-1, CRTH2, CD27, CD49d@Bd61. Colors indicate the median
expression level of labeled cell marke@& SPADE trees of CD4cells revealed that ¢f and T2
(CD4'CRTHZ'CD27)/Ty2A (CRTHZCD27'CD161CD49d) cells formed distinct nodes. Color of
nodes represents the intensities of labeled cakens.D FlowSOM analysis identified ¢l and T,2
cells as two separate metaclust&<Tg cells and T2 and H2A cells formed different islands in
overlaid viSNE plots. J2A cells are within the J2 cell population. Red, orange and green events
indicate cEy, Ty2 and F2A cells, respectivelyr MFI of CXCR5, PD-1, CRTH2, CD27, CD49d and
CD161 in cEy, Ty2 and T2A cells. G Heatmap of CXCR5, PD-1, CRTH2, CD27, CD49d and
CD161 MFI in cky, Te2 and T2A cells of individual patients (n = 13). Red inalies high
expression and green indicates low expressioneofrtarkersH Proportions of ¢y, Th2 and H2A
cells within IL-4" and IL-2T CD4" cells.| Differences in the expression of IL-4 and IL-21cif,

T2 and T2A cells. *P < .05, **P < .01, ***P < .001, Mann-Whitney test.

Fig 2. Dual IL-4 and IL-21 drives differentiation of naive and memory B cells into plasmablasts.

A RelativeBCL6, AICDA; C PRDMZ andD XBP1lexpressions in naive B cel3.Differentiation of
memory B cells into CD3&D27" plasmablasts in response to stimulation with lartl IL-21 as
observed by conventional FACS analysis and unbiag8tlE analysis. Colors in vViSNE plots
indicate the intensity of CD38 within B cellg. Unbiased FlowSOM analyses showing clusters of
CD38- and CD27-expressing B cells (left panel). d@®lin the individual clusters indicate the
intensity of CD27 (yellow), CD38 (red), CD19 (aquajd CD138 (blue). Heatmap of the population
abundance of individual clusters (right panglProportions of CD3&D27" plasmablasts following
stimulations of naive and memory B celviSNE plots showing a proportion of CD38-expregsin

cells also co-express IgH. The proportion of IgE plasmablasts following stimulations of naive and
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memory B celll ¢éGLT expression in naive B cell3.The proportion of IgEcells;K tIgE levels in
culture supernatants; ahdthe proportion of IgGcells, following stimulation of naive and memory B
cells. All gPCR data were normalized8S Error bars represent SEMP X .05, **P < .01, **P <

.001, Wilcoxon paired signed-rank and Mann-Whittests.

Fig 3. Allergen-driven proliferation of T cell subsets in grass pollen allergics (GPA) but not in
non-atopic healthy control (NAC). A Representative plots illustrating proliferated4Land IL-2T
CTrn, Th2 and T2A cells in response to stimulation with timothyags (Phlp) in GPA as assessed by
CellTrace Violet. Proportions of proliferat@&lIL-4" cTgy (of CD4" cells); C IL-21" cTgy (of CD4
cells); D Ty2 (of CRTHZCD27 Ts2 cells); andE Ty2A (of CD4 cells) cells, in response to
stimulation with 0.1, 1, 10 and 2®/mL timothy grass (Phlp) in GPA (n = 16) and NAC < 6).
Graphs are represented as the change from bagetisgmulated). Error bars represent SEM. GPA,

grass pollen allergics; NAC, non-atopic healthytoals. *P < .05, Mann-Whitney test.

Fig 4. Dysregulation of ¢y cells in patients with GPA compared to NAC and AlFtreated
patients (SCIT and SLIT). A Rhinoconjunctivitis total symptom score (RTSS)NMAC (n = 13),
GPA (n = 14), SCIT (n = 10) and SLIT (n = 8)Proportions ofctivated ICOScTgy; C IL-4" CTey;

D IL-21" cTry; andE dual IL-4IL-21" cTgy cells, in NAC, GPA, SCIT and SLIT. NAC, non-atopic
healthy controls; GPA, grass pollen allergics; SGllibcutaneous immunotherapy-treated patients;

SLIT, sublingual immunotherapy-treated patienB<*.05, **P < .01, **P < .001, Mann-Whitney.

Fig 5. Time-course induction of IL-4, IL-21 and IL-6 in GPA following nasal allergen challenge.
A Time-course measurement of nasal fluid ILB4jL-21; andC IL-6, in NAC (blue), GPA (red),
SCIT (green, closed circle) and SLIT (green, opede) following nasal allergen challenge. Error
bars represent SEM. Statistical significance inregresented as * for NAC,for SCIT and® for
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SLIT, compared to GPA ant for individual timepoints in GPA compared to basel(0 hours).
NAC, non-atopic healthy controls; GPA, grass poldlargics; SCIT, subcutaneous immunotherapy-
treated patients; SLIT, sublingual immunotheragated patients. *°*P < .05, ** P < .01,

% P < 001, Wilcoxon paired signed-rank tests.

Fig 6. Differentially accessible chromatin regiondn the cTgy cells of GPA, NAC and AIT-
treated patients (SCIT and SLIT). A Number of accessible regions inggTells of GPA compared
to NAC, SCIT and SLITB Heatmap of the accessible chromatin landscapeAi@, \GPA, SCIT and
SLIT. Color represents the intensity of chromatitessibility. Each row represents individual
regions. Gene ontology (GO) enrichment analysisiolbgical processes for significantly accessible
regions inC GPA compared to NAG) GPA compared to SCITE GPA compared to SLITE SLIT
compared to SCIT. Pathway enrichment analysis fgnificantly accessible regions i GPA
compared to NACH GPA compared to SCIT; GPA compared to SLITJ SLIT compared to SCIT.
NAC, non-atopic healthy controls; GPA, grass pobdiergics; SCIT, subcutaneous immunotherapy-

treated patients; SLIT, sublingual immunotheramated patients; GO, gene ontology.

Fig 7. Induction of Trg and IL-10" cTgy cells following SCIT and SLIT. A Proportions of CTLA-
4'FoxP3 Ter andB IL-10" cTgy cells, in NAC, GPA, SCIT and SLIT. Effect of IL-16n C the
relative PRDMZ andD XBP1expressions in naive and memory B cells stimulatigdl CD40L, IL-4
and IL-21. E Proportions of CD3®D27" plasmablastsf IgE; and G IgG" cells following
stimulations of naive and memory B cdll. Number of accessible regions ingTcells of GPA
compared to NAC, SCIT and SLIT.Heatmap of the accessible chromatin landscapeAi@, NGPA,
SCIT and SLIT. Color represents the intensity ofoahmatin accessibility. Each row represents
individual regions. Gene ontology (GO) enrichmemalgsis of significantly accessible regionsdin
GPA compared to NAC; and SCIT compared to GPA; SLIT compared to GPA; andl SCIT

compared to SLIT. Pathway enrichment analysis fgnificantly accessible regions iN SCIT
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compared to GPA; an® SCIT compared to SLIT. Error bars represent SEMACN non-atopic
healthy controls; GPA, grass pollen allergics; SGllibcutaneous immunotherapy-treated patients;
SLIT, sublingual immunotherapy-treated patients;, @&ne ontology. P < .05, **P < .01, ***P <

.001, Mann-Whitney and Wilcoxon paired signed-rtasts.
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