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Abstract

Background: Staphylococcus aureus enterotoxin (SAE) superantigens are detected ialnas
polyps (NPs), and SAE-specific immunoglobulin Edices asthma comorbidity in patients
with NPs. However, roles of SAE superantigens anqebsantigen-related T-cell responses
remain to be elucidated in non-asthmatic patients.

Objective: We investigated the presence of SAEs and SAE-elRieell receptor (TCR) I/
in non-asthmatic NPs, the phenotypes and funcodiSSAE-related T cells, and the clinical
implication of SAE-related T-cell expansion.

Methods: Sinonasal tissues were obtained from patients matirasthmatic chronic
rhinosinusitis (CRS) with (CRSwNP) or without NPREsNP) and control subjects. SAE
genes were detected by polymerase chain reactobthanlf CR\B distribution and T-cell
phenotypes examined by flow cytometry.

Results: Various SAE genes were detected not only in NRslso in sinonasal tissues of
CRSsNP patients and controls. Theaureus enterotoxin | (SEI) gene was detected in all NPs.
The fraction of SEI-responsive TCRV(TCRVB1" and \p5.1") CD4 T cells was
significantly increased only in NPs and ethmoidalkosal tissues from CRSwNP patients,
indicating superantigen-induced expansion. The mot@a TCR\B5.1" CD4' T cells
expressed proliferation marker Ki-67 and the Tlakscription factor GATA3. Furthermore,
TCRVp5.1" CD4 T cells in NPs highly expressed Th2 markers, idicig IL-17RB, TSLPR,
and CRTH2, with a potent Th2 cytokine-producindigbiMoreover, the expansion of
TCRVBL1" or VB5.1" CD4 T cells was associated with the Lund-Mackay CTeco
indicating disease extent.

Conclusion: In non-asthnmatic CRSWNP patients, superantigeneelexpansion of CO4T

cells with Th2 differentiation was associated vitie disease extent.
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Clinical Implications
Superantigen-related expansion of Ccells with Th2 differentiation is associated wit

the extent of disease in non-asthmatic CRSwNP miatie

Capsule summary
Superantigen-related CDZ cells were expanded in NPs and ethmoidal mudissales
from non-asthmatic CRSwWNP patients and exhibitpdtant Th2 cytokine-producing ability.

In addition, their expansion was associated witlease extent in CRSWNP.

Key words: Chronic rhinosinusitis; nasal polyp; T cells; sugp#igen;Saphylococcus

aureus enterotoxin; Th2
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Abbreviations

CRS: Chronic rhinosinusitis

NP: Nasal polyp

CRSWNP: Chronic rhinosinusitis with nasal polyps
CRSsNP: Chronic rhinosinusitis without nasal polyps
EM: Ethmoidal mucosa

SAE: Saphylococcus aureus enterotoxin

SAE-IgE: Staphyl ococcus aureus enterotoxin-specific immunoglobulin E
SEB: Saphylococcus aureus enterotoxin B

SEI: Saphylococcus aureus enterotoxin |

TCRVp: T cell receptor variant beta chain

Thl: T helper 1

Th2: T helper 2

TSLP: Thymic stromal lymphoprotein

TSLPR: Thymic stromal lymphoprotein receptor

CRTH2: Chemoattractant receptor-homologous moleexgeessed on Th2 cells
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Introduction

Chronic rhinosinusitis (CRS) is an inflammatorgetise of the nose and paranasal
sinuses with symptoms of nasal obstruction, nasahdrge, facial pressure, and/or reduction
of smell persisting more than 12 weéksNasal polyps (NPs) are frequently associated with
CRS and present as the most severe form of CR&tiaif) quality of life. Approximately 2-3%
of the general population have NP&However, the exact pathogenesis remains unclear.

CRS is characterized by a dysfunctional host-emwvirent interaction at the nasal
mucosa: ® As a host factor, epithelial damage or genetiecsf(barrier defect hypothesis)
may lead to increased colonization of bacteriaseghently, bacterial components invade the
mucosa and aggravate the inflammatory reaéibAs an environmental factor, an increase
in colonization withStaphyl ococcus aureus has been demonstrated in the nasal mucosa of
patients with CRS with NPs (CRSwNP) compared tdrobsubjects or patients with CRS
without NPs (CRSsNP)In addition,S aureus-derived enterotoxins can act as superantigens,
inducing polyclonal stimulatiors. aureus enterotoxin (SAE)-specific immunoglobulin E
(SAE-IgE) is detected in almost half of the naisite homogenates from NPs.

Staphylococcatuperantigens induce nasal polyposis by affectingriety of cell
types, including epithelial cells, lymphocytes, iaophils, basophils, mast cells, and dendritic
cells’®*® The net effect of superantigens in NPs is the yetidn of T helper 2 (Th2)
cytokines, regulatory T cell inhibition, and acagated eosinophil and mast cell activity,
resulting in tissue damage and remodeltth{f*®Skewed distribution of T cell receptofV
chain (TCR\B) has also been reported in NPs as evidence @iat®genicity of
staphylococcal superantigeli€* Moreover, as a biomarker, SAE-IgE in NPs has been
reported to be associated with comorbidities of @RB, such as asthma and aspirin

intolerance % 22
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However, several issues remain to be answerdukisttidy of staphylococcal
superantigens in the pathogenesis of CRSWNP. Hiestoles of staphylococcal
superantigens remain to be elucidated in non-agtbM®&s. Second, although several studies
have suggested skewed TCRWMistribution as evidence of the superantigen Hygsis, the
association of the presence of SAEs and expan$ithe selevant TCRW has not been
clarified. Third, the phenotypes and functions yerantigen-related expanded T cells and
their roles in the extent of disease in NPs arenank.

In the present study, we comprehensively examinegresence of various types of
staphylococcasuperantigens and the expansion of related TERWells in the NPs of non-
asthmatic CRSwWNP patients. In addition, we inveséid the immunological phenotypes and
functions of the expanded T cells in detail in Nfes and analyzed their clinical implications

in non-asthmatic CRSWNP patients.
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Methods
Study subjects

Twenty patients with CRSwWNP and 20 patients wiRSSNP were initially enrolled
in this study (CRS Cohort 1). The diagnosis of GIRR8 NP was confirmed by nasal
endoscopy and computed tomography (CT) scans. ER&patient met the criteria for CRS
as defined by “EPOS 2012: European position papehimosinusitis and nasal polyps 2012”
guidelines: Patients who used systemic or nasal topical @mtizoids within a month prior
to tissue collection, had undergone a previousnsisal surgery, or had aspirin-exacerbated
respiratory disease or asthma were excluded. Tdgndsis of asthma and aspirin intolerance
was based on history and physician diagnosis, diatuthe bronchial provocation test. The
Lund-Mackay CT scoring system was used to deteruiisEase severity. Ethmoidal
mucosa (EM) and/or NP tissues were obtained duhiedunctional endoscopic sinus surgery.
We also obtained NP tissues from an independemrtohpatients with CRSWNP (CRS
Cohort 2) at Boramae Medical Center. This coharluided 30 patients with non-asthmatic
CRSwNP. Details of the patients’ characteristies@esented in Table E1. Inferior turbinal
mucosal tissues were also obtained from contrgestg Control subjects were patients who
underwent septoturbinoplasty to correct a deviagshl septum and inferior turbinal
hypertrophy with no evidence of paranasal sinuslpros. This study was reviewed and
approved by the Institutional Review Board (26-281% and conducted according to the
principles of the Declaration of Helsinki. Informednsent was obtained from all study

participants.

Polymerization chain reaction (PCR) for staphylococal superantigens
DNA was extracted from the NPs of CRSwWNP patiémt20), EM tissues of

CRSsNP patients (n=20), and inferior turbinal mattssues of the control subjects (n=10)
8
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using the DNeasy Blood & Tissue Kit (Qiagen, Hild&ermany) according to the
manufacturer’s instructions. The extracted DNA waantified using NanoDrop2000
(Thermo Scientific, Waltham, MA, USA). PCR was mered to amplify the staphylococcal
superantigen genes using 10 ng of DNA and 35 cyfldenaturation for 2 min at 94°C,
annealing for 2 min at various temperatures, andneston for 1 min at 72°C. The
oligonucleotide primers for each staphylocomgierantigen gene are summarized in Table

E2.

Multi-color flow cytometry

Sinonasal cells were stained with fluorochromejegated antibodies for specific
surface markers for 10 minutes at room temperalRead cells were excluded using
LIVE/DEAD red fluorescent reactive dye or near-IRofescent reactive dye (Invitrogen,
Carlsbad, CA, USA). For intracellular staining,lselere fixed and permeabilized using the
Fixation/Permeabilization Buffer Set (eBioscienSan Diego, CA, USA) according to the
manufacturer’s instructions after cell surfacerstay, and then stained with intracellular
markers for 30 minutes at 4°C. Multi-color flow oytetry was performed using a BD LSR |l
instrument (BD Biosciences, San Jose, CA, USA)EAASDiva software (BD Biosciences).

Data were analyzed with FlowJo software (FlowJo [LA€hland, Oregon, USA).

TCRV p typing

Isolated sinonasal cells from the NPs and EM éssaf CRSwWNP patients, EM
tissues of CRSsNP patients, and inferior turbinatosal tissues of the control subjects were
used for TCR\ analysis. Dead cells were stained using the LNEAD® Fixable Red Dead

Cell Stain Kit (Invitrogen) and excluded when flewtometry data were analyzed. FITC-,



185  PE-, or FITC/PE-conjugated antibodies from the I€fT8eta Mark Kit (Beckman Coulter,
186  Inc., Brea, CA, USA) were used for staining 24 eliént TCR\Bs.

187

188  Calculation of TCRVp skewing in T cells

189 We calculated the average percentage (and staddsiation [SD]) of each TCRY
190  fraction in CD4 or CD8 T cells when we analyzed sinonasal cells isolateah the inferior
191  turbinal mucosal tissues of the control subjecebld E3). The skewing degree of each

192 TCRVp was calculated using following equatforf*2°

(% of TCRV in patients — average of % of TCRV( in the controls)

193
SD of % of TCRV in the controls

194

195  Statistical analysis

196 The chi-square test or Fisher’s exact test was tesanalyze differences in the

197  detection rate of superantigen genes. The Mannilll test was used to compare data
198  between two unpaired groups. The Wilcoxon signeid-tast was used to compare data
199  between two paired groups. To assess the signdecahthe correlation, the Pearson

200  correlation test was performed. Statistical anaysere performed using GraphPad Prism
201  Version 7 (GraphPad Software, Carlsbad, CA, USASBSES version 22.0 (SPSS Inc.,

202  Chicago, IL, USA)P<0.05 was considered significant. Data are expdeaséhe mean = SD.

10
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Results
Detection of staphylococcal superantigen genes imsnasal tissues

First, we performed PCR for detection of Staphgtmal superantigen genes in
sinonasal tissues. Various staphylocostglerantigen genes were detected in the NPs of
CRSWNP patients (Table 1). However, they were distected in EM tissues from CRSsNP
patients and inferior turbinal mucosal tissues fiaantrol subjects. Among the
staphylococcasuperantigen geneS, aureus enterotoxin | (SEI) was detected in all of the

tested NPs.

Skewed TCR\B distribution in sinonasal CD4 T cells from CRSwWNP patients

Next, we examined the distribution of TCRY/in sinonasal tissues. The fraction of
TCRVBL or VB5.1" cells, which are known to be expanded by 8B was significantly
increased in the CD4T cell population of NPs in CRSWNP patients, alifjio such skewing
of the TCR\B distribution was not found in the CD¥ cell population (Fig 1A). The same
was observed in EM tissues from CRSwWNP patients 1B). However, the increased
fraction of TCR\B1" or VB5.1" cells was not observed in the EM tissues of CRSsRnts
(Fig 1C). Taken together, we conclude from thesealte that CDAT cells carrying TCR$1

and \(35.1 are expanded only in the NPs and EM tissu€&R8wWNP patients.

Expression of proliferation marker Ki-67 and anti-apoptotic protein Bcl-2 in
TCRVB5.1" CD4' T cells from the sinonasal tissues of CRSWNP patits

We further analyzed TCH35.1" CD4' T cells to explore how they expanded in the
sinonasal tissues of CRSWNP patients. Thereforeexaeined the expression of Ki-67, a

marker of proliferation, and Bcl-2, an anti-apoftqtrotein®® ** *%in TCRVB5.1" CD4' T

11
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cells from the NPs and EM tissues of CRSwWNP patiant EM tissues of CRSsNP patients.
Representative FACS plots for gating TQR/1" CD4' T cells are presented in Fig 2A, and
representative FACS histograms for Ki-67 and Bek& presented in Fig 2B. The frequency
of Ki-67"Bcl-2" cells in the gate of TCRB5.1" CD4' T cells was significantly higher in the
NPs of CRSWNP patients than the EM tissues of CRSwatients or CRSsNP patients (Fig
2C). We also found that the frequency of Ki-B@l-2" cells was significantly higher among
TCRVB5.1" CD4' T cells than among TCH36.1 CD4' T cells from the NPs of CRSWNP
patients (Fig 2C). Furthermore, the EM tissues RE@NP patients had a higher frequency
of Ki-67"Bcl-2" cells in the gate of TCRB6.1" CD4' T cells than the EM tissues of CRSsNP
patients (Fig 2C). As expected, the frequency e6KBcl-2" cells among TCRB5.1" CD4"
T cells significantly correlated with the frequerafyTCRVB5.1" cells among total CO4T
cells in the NPs of CRSwWNP patients (Fig 2D).

Taken together, these data indicate that TBRY CD4' T cells undergo cellular
proliferation in the sinonasal tissues of CRSwN#epis, particularly NPs, and that the
expansion of TCRB5.1" CD4' T cells might be derived from cellular prolifeati caused by

superantigens.

Th2 phenotypes of TCR\B5.1" CD4" T cells from NPs

Th2 inflammation is recognized as being mainlyoired in CRSWNB» **When we
analyzed total CD4T cells, the expression of the Th2 transcriptiacidr, GATA3, was
significantly higher in NPs from CRSwWNP patientartithe EM tissues of CRSsSNP patients
(Fig 3A). As TCR\35.1" CD4' T cells were expanded in the tissue samples frés, Me
asked whether TCRB5.1" CD4' T cells deviate to Th2 phenotypes. In NPs from @RB
patients, TCRY5.1" CD4" T cells had higher expression of GATA3 than TGBM CD4™ T

12



251  cells (Fig 3B and C). In addition, the frequencyGIKTA3" cells among the TCR35.1"

252  CD4 T cells was significantly higher in the NPs of GREP patients than the EM tissues of
253  CRSsNP patients (Fig 3C). However, the expressidrbet, the Thl transcription factor,
254  was not different between TCRE.1" and TCR\B5.1 CD4' T cells in NPs from CRSWNP
255  patients (Fig E1).

256 Recent studies have suggested that the IL-25 t@ckpl7RB and thymic stromal
257  lymphoprotein (TSLP) receptor are phenotypic make#rTh2 cells>* In addition, human
258  Th2 cells can be identified by the expression efglostaglandin D2 receptor

259  chemoattractant receptor-homologous molecule espdesn Th2 cells (CRTH3S:%"As

260 TCRVP5.1" CD4 T cells exhibited higher expression of GATA3, wedstigated the

261  expression of IL-17RB, TSLP receptor (TSLPR), aiRT@2 on TCR\B5.1" CD4' T cells

262  from NPs. The TCRp5.1" CD4' T cells expressed significantly higher levelsiofl7RB,

263  TSLPR, and CRTH2 than TCR®8.1 CD4" T cells (Fig 3D and E), indicating that

264  superantigen-expanded CDR cells are Th2 cells. We also found that TGRM' CD4"

265  GATA3" T cells expressed higher levels of IL-17RB, TSLRRJ CRTH2 compared to

266 TCRVP5.1" CD4" GATA3 T cells (Fig 3F). Altogether, we conclude that COcells in NPs,
267  particularly superantigen-expanded TGFVL" CD4' T cells in NPs, deviate toward Th2

268  status.

269

270  Production of Th2 cytokines by TCRW5.1" CD4" T cells from NPs

271 We further examined the production of Th2 cytokiby CD4 T cells following

272  anti-CD3 stimulation. The frequency of I-gells in total CDA T cells was significantly

273 higher in NPs from CRSwWNP patients than in EM tessfrom CRSsNP patients (Fig 4A and
274  B). Moreover, we found that TCH&.1" CD4" T cells produced significantly higher levels of

275  Th2 cytokines, including IL-4, IL-5, and IL-13, th CRVB5.1 CD4" cells from the NPs of
13



276  CRSWwWNP patients (Fig 4C, D, Fig E2A). The sameltesvere observed when sinonasal
277  cells from NPs were stimulated with anti-CD3/CD2#ilaodies (Fig E2B) or SEB (Fig E2C).
278  Interestingly, the percentage of TCE/1" cells among CDA4T cells positively correlated
279 with the frequency of IL-4or IL-13" cells among TCRpB5.1" CD4" T cells (Fig E3),

280 indicating that TCR¥5.1" CD4" T cells from patients with a higher TCR\¢kewing

281  produce higher levels of Th2 cytokines.

282 To investigate the role of Th2 cytokines in thgulation of sinonasal CD4T cells,
283  we stimulated CDAT cells obtained from the nasal mucosa of corsibjects with anti-

284  CD3 in the presence or absence of IL-4 or IL-136Kiexpression increased in the presence
285  of IL-4 or IL-13 (Fig 4E and Fig E4), suggestin@thl-4 or IL-13 secreted from GATA3
286 CD4 T cells enhances the superantigen-induced pratiter of CD4 T cells in nasal

287  mucosa. In addition, the frequency of IL<klls among total CO4T cells positively

288  correlated with both the frequency of TCES/1" cells among total CO4T cells and the

289  percentage of GATA3cells among TCRB5.1" CD4' cells in the NPs of CRSWNP patients
290  (Fig 4F). These findings suggest positive feeddemk Th2 cytokine production to the

291  superantigen-induced proliferation of Th2 cells.

292 Recently, dupilumab, a monoclonal antibody thathits signaling by IL-4 and IL-
293 133 3°was approved by the US Food and Drug AdministmatitDA) for the treatment of
294  patients with inadequately controlled CRSwWNP. Tfoees we investigated the effect of

295  dupilumab on sinonasal CDZ cells. Dupilumab inhibited IL-4-induced prolifgion and
296  GATA3 upregulation of sinonasal CDZ cells (Fig E5). These results indicate that

297  dupilumab may inhibit superantigen-related expamsiopathogenic Th2 cells in patients
298  with non-asthmatic CRSwWNP.

299

300  Correlation between the expanded CD4T cells and disease extent of CRS
14
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Finally, we investigated the clinical implicatiohthe expanded TCR3" and
V5.1 CD4 T cells. The frequency of TCHB8.1" cells among the total CD4 cells from
NPs and EM tissues significantly correlated witd Lhund-Mackay CT score in CRSWNP
patients (Fig 5A). This correlation was also obsdrwhen TCRY1" cells among CD4T
cells from NPs were analyzed (Fig 5B). However fawnd no correlation between TCRY
or VB5.1" cells among total CD4T cells from EM tissues and Lund-Mackay CT score i
CRSsNP patients (Fig 5A and B). In addition, tregjfrency of TCR®2" cells, which were
not expanded in NPs, among total CO4cells did not correlate with Lund-Mackay CT seor
in CRSWNP or CRSsNP patients (Fig 5C). Taken tagethese data indicate that the
expansion of superantigen-related CO4cells is directly related to advanced CRS.

Next, we analyzed the relationship between thetfan of TCR\B5.1" CD4" T cells
and eosinophilic inflammation as evaluated by theber of infiltrated eosinophils in NP
tissue. We found a positive correlation betweed jhroduction by TCRP5.1" CD4' T cells
and the number of infiltrated eosinophils (Fig Efi)ggesting that TCR36.1" CD4' T cells

directly contribute to eosinophilic inflammation pyoducing Th2 cytokines.
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Discussion

S aureus and staphylococcal superantigens are etiologiahtagor the
development of CRS. Several previous studies haggested a role of superantigens in
CRSWNP by demonstrating a skewed T@RYistribution of T celld>* In addition, SEB
stimulation of nasal tissue explants induces tloelpction of Th2 cytokine¥” *°However,
the exact mechanism underlying the effect of stiq@ogcal superantigens on Th2
inflammation in CRSWNP is unclear. Here, we demmtstl that CD4T cells with
superantigen-related expansion exhibit Th2 phemstypth proliferative features in non-
asthmatic CRSWNP. Moreover, given that the expansfd CRVB5.1" CD4' T cells
significantly correlated with disease extent in @QRE, we conclude that these expanded
CD4' T cells play a critical role in type 2 inflammatiand may be regulatory targets for the
management of CRSwNP.

In the present study, we examined T@RYistribution not only in NPs from
CRSWNP patients, but also in EM tissues from CRSwN&® CRSsNP patients. To the best
of our knowledge, this is the first study to contpesively analyze TCR¥distribution by
examining both NPs and non-polyp EM tissues. lstargly, superantigen-related expansion
of T cells occurred not only in NPs, but also ia #M tissues of CRSwWNP patients, and not
in the EM tissues of CRSsNP patients. These ddiedte that superantigen-related
expansion of T cells is only observed in CRSwNRepds, but NPs do not necessarily
develop in sinonasal tissues with superantigerteelaxpansion of T cells. Factors driving
polypogenesis in the presence of superantigenecelitell expansion need to be
investigated in future studies.

Consistent with several prior studfeé® **' “ave found that various SAE genes were
detected not only in NPs, but also in the sinontissthles of CRSsSNP patients and control

subjects. Intriguingly, SEI gene was detected ilN&s we studied. Among diverse
16
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superantigen-associated TCRWpes, TCR\B1" and \B5.1" CD4’ T cells are expanded by
SED and SEF? ?’ Considering that SED and SEI were detected in 46686100% of the
tested NPs, respectively, we conclude that SEldcbala major superantigen driving the
expansion of TCRP1" or VB5.1" CD4" T cells. However, skewed TCRMWlistribution was
not observed in the sinonasal mucosa of contrgestdrand CRSsNP patients, although
superantigen genes were present in all subjectthdfistudies are required to clarify which
factors determine superantigen-related T-cell egjpanand subsequent skewing of the
TCRV] distribution in the presence of superantigensiegnsinonasal mucosa.

In the current study, the expanded TGBM" CD4’ T cells in NPs expressed
GATAZ3 rather than T-bet. In addition, TCRY.1" CD4" T cells expressed higher levels of
several phenotypic markers, including IL-17RB, T®,.Rnd CRTH2, which have been
proposed to identify Th2 cells. There is mountirnglence that epithelial-derived cytokines,
including IL-25 and TSLP, play critical roles iretipathogenesis of CRSwWKP* IL-25 has
been suggested to enhance Th2 cytokine producji@ttivated Th2 memory celfs and
TSLP signaling in T cells drives pathogenic Thmses® The IL-17RB CD4' T cells
represented Th2 cells in CRSwRfRind TSLPR was highly expressed on activated Th2
cells3*3*Our current findings indicate that superantigeatesl expanded CO4 cells in
NPs are Th2 cells and can further respond to dpatkeerived cytokines that intensify Th2
inflammation.

TCRVB5.1" CD4 T cells in NPs have a potent ability to produc® Titokines in
the functional analysis, consistent with high esgiren of GATAS3. Previous studies have
shown superantigen-induced production of Th2 cyte&j such as IL-4 and IL*5,* 15 17.47
which augment the activation and proliferation ofTcells. In the present study, IL-4 or IL-
13 treatment in addition to anti-CD3 stimulatiosuked in stronger expression of Ki-67 in

sinonasal CD4T cells from control subjects than anti-CD3 simigiatalone. In addition, IL-
17
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4 is known to inhibit activation-induced cell deathsuperantigen-activated CD# cells*®

9 Furthermore, we found that the percentage of TERY cells among CD4T cells
positively correlated with the production of IL-4 h-13 by TCRWB5.1" CD4" T cells. Thus,
superantigen-induced T-cell proliferation with Tdi#ferentiation results in the production of
Th2 cytokines, and Th2 cytokines further contrilsutethe proliferation and survival of
superantigen-expanded T cells.

In a previous randomized clinical trial, dupilumaiproved the Lund-Mackay CT
score, UPSIT score, and SNOT-22 total score in ORSwatients without comorbid
asthma® In line with the previous report, we found thapdumab inhibited IL-4-induced
proliferation and GATA3 upregulation of sinonas@4 T cells. These results suggest that
dupilumab may inhibit superantigen-related expamsiopathogenic Th2 cells in non-
asthmatic CRSwWNP, potentially explaining one ofbesible mechanisms of the beneficial
effect of dupilumab on patients with non-asthm@RSwNP.

In the current study, we included only subjectthaiit asthma and characterized
superantigen-related expanded CD4ells in patients with non-asthmatic CRSwWNP, akhi
explains 67~99% of total CRSWNP in East Asi&. *'Staphylococcal superantigens are
considered to be closely associated with asthnr@&R8wWNP because an increased level of
SAE-IgE is associated with asthma comorbidity inSBRIP? and SAE-IgE positivity is
significantly greater in patients with severe asdtman in control subject8 However, the
immunological characteristics of CDZ cells from asthmatic NPs have not been well
defined. The TCRY distribution and phenotypes of superantigen-rdlatgpanded T cells in
asthmatic NPs may differ from our current resuitaon-asthmatic NPs. Thus, it would be
interesting to investigate the differences in sapggen-related pathogenesis between

asthmatic and non-asthmatic CRSwNP.
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In summary, although the presence of SAE geneswaiadifferent between groups,
the TCR\ distribution was skewed in sinonasal tissues fram-asthmatic CRSwWNP
patients. In particular, TCR3L" and \B5.1" CD4" T cells were significantly increased in
sinonasal tissues from CRSwWNP patients. Furtherntioeg had significantly higher
proliferative and Th2-deviated features. The fremyeof these expanded CD¥ cells
significantly correlated with the Lund-Mackay CTose, indicating disease extent, in non-
asthmatic CRSwWNP patients. These findings sigmtigaadvance our understanding of
superantigen-related pathogenesis of non-asthi@G&BwNP and suggest opportunities for

novel therapeutic intervention.
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Figure legends

Figure 1. TCRV] distribution of T cells from the sinonasal tissue®f CRSwWNP and
CRSsNP patientsThe fraction of each TCR3expressing T cells among Cbdr CDS T
cell population was measured by flow cytometry gsialls from NP tissues (A; n=20) or
EM tissues (B; n=15) of CRSWNP patients or EM tessaf CRSsNP patients (C; n=20). In
addition, inferior turbinal mucosa from control gedis (n=23) was analyzed for the fraction
of TCRVB-expressing T cells among the CDe¥ CD8 T cell population. The skewing
degree of each TCR3/was calculated as (% of TCIRBVn patients - average of % of TCRV

in the controls) (SD of % of TCR\B in the controls). The mean value for each TGRY

presented as a short, blue, horizontal bar. Iskeaving degree of each TCIRWas higher
than 2 (dashed red lines), the skewing was coreidggnificant. The data for the

significantly skewed TCRJ are presented as red dots.

Figure 2. Expression of Ki-67 and Bcl-2 in TCR\g 5.1" CD4" T cells from the sinonasal
tissues of CRSWNP and CRSsNP patientd) Representative FACS plots showing the
percentage of TCRBA.1" cells among total CO4T cells in an NP from a CRSWNP patient
and EM tissue from a CRSsNP patient are prese(Beahd C) Representative FACS
histograms showing the expression of Ki-67 and Bitl-TCRW35.1" and \B5.1 CD4" T
cells from NPs are presented (B). The expressidfi-67 and Bcl-2 was analyzed in
TCRVp5.1 or VB5.1 CD4" T cells from the NPs (n=18) and EM tissues (n=#3}RSWNP
patients and EM tissues of CRSsNP patients (n=0B)Horizontal bars and error bars
represent mean and SD, respectively. The compalistveen TCRE5.1"and \p5.1 CD4"
T cells from NPs was performed using the Wilcoxigmed rank test, and the other

comparisons were performed using the Mann-Whithégst. (D) The frequency of Ki-
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67'Bcl-2 cells in TCR\B5.1" CD4' T cells was plotted against the frequency of TBRI'
cells among total CD4T cells in NPs from CRSwWNP patients (n=18). Thgnificance of the

correlation was tested using the Pearson correlatist.

Figure 3. Th2 phenotypes offTCRVp 5.1° CD4" T cells from NPs.(A) The expression of
GATA3 in total CD4 T cells was compared between the NPs of CRSWNPntat(n=9) and
EM tissues of CRSsNP patients (n=9). (B and C) &sgrtative FACS histogram showing
the expression of GATA3 in TCHB.1" and \B5.1 CD4' T cells from NPs is presented (B).
The expression of GATA3 was analyzed in TG\ or VB5.1 CD4" T cells from the NPs
of CRSWNP patients (n=9) and EM tissues of CRSsatlepts (n=9) (C). (D and E)
Representative FACS plots showing the expressidb-&¥RB, TSLPR, and CRTH2 in
TCRVp5.1"and \B5.1 CD4" T cells from NPs are presented (D). The expressiob-17RB
(n=19), TSLPR (n=18), and CRTH2 (n=13) was analyneBCRVpB 5.1" and \§ 5.1 CD4" T
cells from the NPs of CRSwNP patients (E). (F) €kpression of IL-17RB, TSLPR, and
CRTH2 was analyzed in GATAZnd GATA3 TCRVB 5.1° CD4' T cells from the NPs of
CRSWNP patients (n=14). All horizontal bars anaebars represent mean and SD,
respectively. Statistical analysis was performadgithe Mann-Whitney U test (A and C) or

the Wilcoxon signed-rank test (E and F).

Figure 4. Production of Th2 cytokines by TCR\p 5.1° CD4" T cells from NPs.(A-D)
Sinonasal cells were stimulated with anti-CD3 avdipfor 12 hours. (A and B) The
percentage of IL-4cells in total CDAT cells was analyzed in NPs from CRSWNP patients
(n=7) and EM tissues from CRSsNP patients (n=7pré&ntative FACS plots (A) and
summary data (B) are presented. (C and D) The pege of IL-4, IL-57, and IL-13 cells

was analyzed in TCR356.1" and \B5.1 CD4' T cells from the NPs of CRSWNP patients
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(n=12). Representative FACS plots (C) and summatg (D) are presented. (E) The
expression of Ki-67 and Bcl-2 was examined in CD4ells from the nasal mucosa of
control subjects after stimulation with anti-CD3ikaady for 72 hours in the presence or
absence of IL-4. Representative FACS histogramgr@gented. (F) The frequency of
TCRVp5.1" CD4' T cells among total CD4T cells (left) and the frequency of GATABells
among TCR5.1" CD4' T cells (right) were plotted against the frequentil-4" cells

among total CD4T cells in NPs from CRSwWNP patients (n=7). All lzomtal bars and error
bars represent mean and SD, respectively. Stalistalysis was performed using the Mann-

WhitneyU test (B), the Wilcoxon signed-rank test (D), c& #earson correlation test (F).

Figure 5. Correlation between the frequency of TCR\85.1" or VB1"CD4" T cells and
Lund-Mackay CT score. (A-C) Lund-Mackay CT score was plotted against the fraque
of TCRVB5.1" (A), VB1" (B), or VB2" (C) cells among total CD4T cells from the NPs of
CRSWNP patients (n=20), and the EM tissues of CRB\i¥15) and CRSsNP patients

(n=20). The significance of the correlation wadddsising the Pearson correlation test.
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611  Table I. Superantigens detected in the subjects’ sal mucosa

Group

CRSWNP (n=20) CRSsNP (n=20) Control (n=10) P-valué

SEA 13 (65%) 15 (75%) 6 (60%) n.s.
SEB 16 (80%) 17 (85%) 7 (70%) n.s.
SEC 15 (75%) 14 (70%) 6 (60%) n.s.
SED 9 (45%) 10 (50%) 5 (50%) n.s.
SEE 8 (40%) 12 (60%) 5 (50%) n.s.
SEG 18 (90%) 15 (75%) 7 (70%) n.s.
SEH 8 (40%) 11 (55%) 5 (50%) n.s.
SEI 20 (100%) 19 (95%) 9 (90%) n.s.
TSST-1 13 (65%) 11 (55%) 5 (50%) n.s.

612  *Chi-square test or Fisher’s exact test.
613 n.s.: not significant.
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Supplementary Methods
Sinonasal cell isolation

Harvested tissues from the NPs or EM during fumeti endoscopic sinus surgery
were minced into small pieces, and then mechagibalinogenized. The homogenates were
filtered using a 7Qem cell strainer (SPL Lifesciences, Pocheon, SouteK) and filtered

cells collected.

Flow cytometry antibodies

Multi-color flow cytometry was performed using tfalowing fluorochrome-
conjugated antibodies: V500-conjugated anti-CD3 IJT), APC-H7-conjugated anti-CD4
(RPA-T4), APC-H7-conjugated anti-CD8 (SK1), Alexaér 647-conjugated anti-Ki-67
(B56), PE or V450-conjugated anti-Bcl-2 (Bcl-2/10By421 or PE-Cy7-conjugated anti-
GATA3 (L50-823), Alexa-Fluor 647-conjugated antb&t (4B10), APC-conjugated anti-
IFN-y (B27), APC-conjugated anti-IL-5 (TRFK5), and BV5&0njugated anti-TSLPR
(1F11/TSLPR) from BD Biosciences; PE-conjugated-tntt (7A3-3) and PE-Vio770-
conjugated anti-TCRE5.1 (REA1062) from Miltenyi Biotec (Bergisch Gladita Germany);
Alexa-Fluor 488-conjugated anti-IL-13 (eBio13A) inceBioscience; PerCP-Cy5.5-
conjugated anti-CRTH2 (BM16) from BioLegend (Saredn, CA, USA); and PE-conjugated

IL-17RB (FAB1207P) from R&D System®linneapolis, MN, USA).

In vitro stimulation of sinonasal T cells
For intracellular cytokine staining (ICS), celleng stimulated with anti-CD3
antibody (0.1ug/mL; OKT3, BD Biosciences) or anti-CD3 (Quiy/mL)/CD28 (1 mg/mL,;

CD28.2, BD Biosciences) antibodies for 12 hourse @our after stimulation, brefeldin A

1
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(BD Biosciences) was added and cells incubatechandtl hours. In some experiments,
sinonasal cells were stimulated witaphylococcus aureus enterotoxin B (SEB; 100 ng/mL,
Sigma-Aldrich, St. Louis, MO, USA) for 24 hours apigtfeldin A added for the last 5 hours.
After incubation, cells were harvested and subgettd CS. When ICS was performed in
combination with TCRY5.1 staining, PE-Vio770-conjugated anti-TCBB/1 antibody
(REA1062; Miltenyi Biotec) was used for stainingwgoatibility. To examine the effect of IL-
4 and IL-13 on Ki-67 expression, cells from theatasucosa of control subjects were
cultured in the presence or absence of recombmantan IL-4 (10 ng/mL; PeproTech,
Rocky Hill, NJ, USA) or IL-13 (10 ng/mL; PeproTedoy 24 hours. Next, anti-CD3
antibody (0.1ug/mL) was added, the culture incubated 72 hours Kar67 stained as
described above. To investigate the effect of dupab, sinonasal cells were treated with
dupilumab (100 nM; Creative Biolabs, Shirley, NYSA) in combination with anti-

CD3/CD28 antibodies and IL-4.



38

Table E1. Characteristics of the study subjects

CRS cohort 1

CRS Cohort 2

Characteristics CRSwWNP CRSsNP CRSwWNP
No. of subjects 20 20 30

Age, years 46.0+ 10.8 41.512.9 47.0+ 14.9
Male/female 15/5 16/4 22/8

CT scoré 13.8+5.3 10.6 4.5 15.4+ 5.6
Atopy® 6 5 10
Asthmd 0 0 0
Eosinophil, % 6.8+1.2 51+1.0 5.4+ 3.5

Data are presented as mean + SD unless otherwisé. no
®Evaluated by the Lund-Mackay scoring system.
®Number of subjects with positive atopy results.
‘Number of subjects with asthma.

Fraction of eosinophil among peripheral white bloetis.
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Table E2. PCR primersfor superantigen detection

Location Size of Annealing
Gené Primer Oligonucleotide sequence (5’-3") ... amplified temperature
within gen& "
product (bp) (°C)
Forward TTGGAAACGGTTAAAACGAA 490-509
SEA 120 57
Reverse GAACCTTCCCATCAAAAACA 591-610
Forward = TCGCATCAAACTGACAAACG 634-653
SEB 478 60
Reverse GCAGGTACTCTATAAGTGCC 1091-1110
Forward = GACATAAAAGCTAGGAATTT 676-695
SEC 257 57
Reverse AAATCGGATTAACATTATCC 913-932
Forward CTAGTTTGGTAATATCTCCT 354-373
SED 317 57
Reverse TAATGCTATATCTTATAGGG 652-671
Forward TAGATAAAGTTAAAACAAGC 491-510
SEE 170 57
Reverse TAACTTACCGTGGACCCTTC 640-659
Forward  ATGGCAGCATCAGCTTGATA 251-270
TSST-1 350 57
Reverse TTTCCAATAACCACCCGTTT 581-600
Forward GCTATCGACACACTACAACC 62-81
SEG 583 60
Reverse = CCAAGTGATTGTCTATTGTCG 44-624
Forward CACATCATATGCGAAAGC 261-278
SEH 548 60
Reverse CGAATGAGTAATCTCTAGG 808-790
Forward GATACTGGAACAGGACAAGC 6-25
SEI 789 62
Reverse CTTACAG GCAGTCCATCTCC 794-775

®The sequences and locations are from the publigatdfor SEA, SEB, SEC, SED, SEE, and TS5ard for

SEG, SEH, and SEI.

®Given in nucleotide numbers.
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Table E3. TCRV chain usagein CD4" T cells from the nasal mucosa of control subjects

Subjects VB (%)
1 2 3 ] 51 52 53 71 72 1 12 131 132 136 14 16 17 18 20 213 22 23
co1 38 121 46 00 88 52 28 00 00 75 18 00 00 60 15 15 27 35 70 66 55 83 14 30
co2 57 42 31 53 91 17 31 76 14 26 31 13 1963 22 74 12 27 83 30 11 12 72 33
co3 13 188 108 15 47 00 04 08 15 17 21 08 31 55 66 11 15 21 25 24 24 40 23 27
Co4 00 111 83 15 53 56 17 33 74 22 61 37 65 20 27 16 03 61 30 14 31 67 74 00
co5 18 92 47 42 128 33 23 57 30 85 05 53 00.10 10 22 61 31 90 28 18 00 18 00
Co6 29 88 13 18 93 22 17 82 54 48 08 67 1233 31 22 34 20 83 43 20 12 12 32
cor 19 67 30 15 68 04 09 12 09 34 42 04 1550 54 29 41 32 155 20 16 11 55 24
co8 31 62 65 21 83 05 15 10 00 59 28 04 1627 14 16 29 32 51 14 83 10 37 25
C09 21 104 52 67 28 12 22 14 23 82 32 31 01 14 29 26 11 19 88 33 77 09 19 15
C10 31 113 14 00 90 09 17 24 14 38 11 23 78 38 27 76 54 00 28 55 39 46 15 31
cu 10 79 26 02 51 17 13 53 05 30 08 35 5656 57 57 16 20 62 16 21 34 46 18
c12 15 114 16 17 70 33 32 38 11 28 22 18 62 30 72 37 22 08 89 09 10 41 22 32
c13 27 68 40 39 26 42 42 78 22 11 03 34 4419 33 20 37 46 36 12 26 19 61 02
cl4 02 101 43 87 67 11 12 29 12 27 19 13 65 24 30 25 42 33 74 37 13 22 24 09
c15 19 58 92 39 83 06 18 39 03 18 45 09 1150 15 12 51 13 106 12 41 18 11 12
C16 23 96 82 16 34 40 22 04 34 30 07 13 2938 32 38 23 07 46 60 31 08 21 34
c17 19 103 45 12 54 18 32 21 09 59 20 34 87 .20 44 28 12 38 38 48 19 09 19 10
c18 30 95 31 09 33 22 23 49 11 76 47 42 2336 22 35 36 24 52 72 07 24 34 09
c19 26 154 68 06 11 32 19 22 36 46 29 18 6 1. 19 47 23 12 28 81 32 19 37 26 21
c20 56 73 56 22 27 08 30 45 23 20 13 06 2210 51 36 34 26 133 20 58 14 08 11
c21 17 96 38 12 12 19 12 56 21 35 27 11 3421 31 19 35 61 100 49 23 03 24 18
c22 05 81 72 52 31 48 09 50 32 20 17 23 4645 28 33 29 53 58 22 13 07 33 45
c23 06 124 19 13 88 19 26 36 06 25 56 11 22 52 45 23 14 34 77 36 34 21 22 19
Mean 22 97 48 25 59 23 20 36 20 40 25 22 3034 35 30 28 29 72 33 30 24 30 20
SD 15 32 26 23 31 16 09 24 18 22 16 17 2317 17 18 15 16 33 19 21 21 19 12
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Supplementary Figure L egends
Figure E1. T-bet expression in TCRVB5.1"and VB5.1 CD4" T cellsfrom NPs.
Representative FACS histogram showing the expressid-bet in TCR\35.1" and \B5.1

CD4" T cells from the NPs of CRSWNP patients is present

Figure E2. Production of Th2 cytokinesby TCRVp 5.1 CD4" T cellsfrom NPs. (A—C)
Sinonasal cells from the NPs of CRSwWNP patient8@)# CRS cohort 2 were stimulated
with anti-CD3 antibody (A), anti-CD3/CD28 antibodiéB), or SEB (C). (A and B)
Following stimulation, sinonasal cells were incudaafor 12 hours and ICS performed to
examine the percentage of IL;4L-5", and IL-13 cells among TCRp5.1" and \$5.1 CD4’
T cells. (C) Following stimulation, sinonasal cellere incubated for 24 hours and ICS
performed to examine the percentage of TL14-5", and IL-13 cells in TCR\p5.1" and
V5.1 CD4' T cells. Representative FACS plots and summary ai presented. Statistical

analysis was performed using the Wilcoxon signetk-tast.

Figure E3. Correlation between the frequency of TCRVB5.1" CD4" T cellsand

production of Th2 cytokinesby TCRVp 5.1 CD4" T cells. Sinonasal cells from the NPs of
CRSWNP patients (n=30) in CRS cohort 2 were stitedlavith anti-CD3 antibody for 12
hours. The percentages of IL;4L-5", and IL-13 cells among TCRp5.1" CD4 T cells

were plotted against the frequency of TqFVIL' cells among total CD4T cells from the

NPs of CRSWNP patients. The significance of theatation was tested using the Pearson

correlation test.

Figure E4. Theeffect of IL-13 on the expression of Ki-67 and Bcl-2 in sinonasal CD4" T

cells. The expression of Ki-67 and Bcl-2 was examine@D¥% T cells from the nasal
6
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mucosa of control subjects (n=3) after stimulatitih anti-CD3 antibody for 72 hours in the

presence or absence of IL-13. Representative FA&8gnams are presented.

Figure E5. The effect of dupilumab on IL-4-induced proliferation and GATA3

upregulation of sinonasal CD4" T cells. The expression of Ki-67 and GATA3 was examined
in CD4" T cells from the nasal mucosa of control subjétts) after stimulation with anti-
CD3/CD28 antibodies for 72 hours in the presencabsence of IL-4 or dupilumab.

Representative FACS plots are presented.

Figure E6. Correlation between the production of IL-4 by TCRVp 5.1° CD4" T cellsand
the number of eosinophilsinfiltrating NPs. Sinonasal cells from the NPs of CRSwWNP
patients (n=30) in CRS cohort 2 were stimulatedhaitti-CD3 antibody for 12 hours. The
number of infiltrated eosinophils was plotted agathe percentage of IL*4&ells among
TCRVp5.1" CD4' T cellsfrom the NPs of CRSWNP patients. The significanicéne

correlation was tested using the Pearson correlatist.
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