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ABSTRACT

Background: T helper type 2 (Th2) responses are implicatembthma pathobiology.
Epidemiological studies have found a positive asgion between asthma and exposure
to staphylococcal enterotoxins (SES).

Objective: We used a mouse model of asthma to determineheh8Es promote Th2
differentiation of allergen-specific CD4 conventa (Tcon) cells and asthma by
activating allergen-nonspecific Treg cells to ceeafTh2-polarizing cytokine milieu.
Methods: Ovalbumin (OVA) specific, staphylococcal entesotoA (SEA)-nonreactive
naive CD4 Tcon cells were co-cultured with SEA-teacallergen-nonspecific Treg or
CD4 Tcon cells in the presence of OVA and SEA.e TWA-specific CD4 T cells were
then analyzed for IL-13 and IFiNexpression. SEA-activated Treg cells were analyze
for the expression of the Th2-polarizing cytokihedland T cell activation markers
CD69 and CD62L. For asthma induction, mice weteatracheally sensitized with OVA
or cat dander extract (CDE) alone or together BHA, then challenged with OVA or
CDE. Mice were also subject to transient Treg deflletion prior to sensitization with
OVA plus SEA. Asthma features and Th2 differemiain these mice were analyzed.
Results: SEA-activated Treg cells induced IL-13 but sugpesl IFNy expression in
OVA-specific CD4 Tcon cells. SEA-activated Tredisexpressed IL-4, up regulated
CD69 and down regulated CD62L. Sensitization V@A plus SEA but not OVA
alone induced asthma, and SEA exacerbated astlimeeid by CDE. Depletion of Treg
cells abolished these effects of SEA and IL-13 eggion in OVA-specific T cells.
Conclusion: SEA promoted Th2 response of allergen-specifiells and asthma

pathogenesis by activating Treg cells.
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IFN, interferon; IL, interleukin; OVA, ovalbumin;N?A, phorbol 12-myristate 13-
acetate; SE, staphylococcal enterotoxin; SEA, sfapbccal enterotoxin A; Tcon cell,

conventional T cell; Th, T helper; Treg cell, regfory T cell
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Capsule Summary: We found that staphylococcal enterotoxin A adggalreg cells to
promote Th2 response to allergens and asthma isenoodels, suggesting that vaccines

against staphylococcal enterotoxins could previergc diseases.

Clinical Implications
Our findings suggest that SEs act as natural adjawa promote Th2 responses to
allergens. Therefore, vaccines against SEs calfglprevent allergic diseases such as

asthma.

INTRODUCTION

The diverse functions of CD4 T cells in immune masges are in large part mediated by
different functional subsets. CD4 T cells may bhtegorized into the regulatory T (Treg)
cells and CD4 conventional T (Tcon) cells. Trelisggrotect the hosts by preventing
aberrant or excessive immune responses to selélssvforeign antigens, and their
development and functions are dependent on thedrigtion factor Foxp33. On the
other hand, naive CD4 Tcon cells differentiate uhiféerent T helper subsets upon
antigen activation to mediate diverse immune effeftinctions in host defense and
immunopathology. The T helper type 2 (Th2) subset plays a cerdta in host
defense against helminth infectigrbut are also implicated in allergic diseaddpon
activation by antigens in the presence of Th2 [mtay signals, naive CD4 T cells up
regulate the transcription factor GATA-3 to driveZTdifferentiation’. The cytokine
milieu in which naive CD4 T cells are activateéisiajor source of the Th2 polarizing

signals. The cytokine IL-4 is a potent driver ¢fZTdifferentiation. It activates Stalt6
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which together with signals generated from TCR $etacthe up-regulation of GATA-3
19 Other cytokines such as IL-33, IL-25 and TSL&doiced outside the lymphoid
tissues at the site of antigen exposure can intiirexs well as directly, promote Th2

differentiation***

Asthma is a pulmonary disorder characterized byrreat and reversible airway
obstruction*>™*". It affects a large proportion of the world’s pdgtion and its incidences
continue to rise in many countries, stressing mhgoirtance of preventiol?. Although
asthma is recognized as a heterogeneous groupessdis with diverse clinical
manifestations and underlying caus®sa recent study has estimated that about half of
the clinical cases are “Th2-high” asthma wheredisease pathogenesis is driven by Th2
responses to inhaled allergérs In mouse models of asthma, the Th2 cytokine3L-1
causes airway hyperresponsiveness (AR} and stimulates mucus hyper-production
22:23 \nhereas IL-5 induces pulmonary eosinopHifi&> The Th2 cytokines can also be
produced by type 2 innate lymphoid cells (ILG2Y". Nonetheless, at least in a mouse

model, Th2 cells remain the principal cell typep@ssible for asthma caused by allergen

specific recall responé,

Given the central role of Th2 cells in asthma, led\ergen specific CD4 T cells
differentiate into Th2 cells is key to understargdasthma pathogenesis, and ultimately to
the treatment and prevention of asthma. In thlgand some clinical allergens such as
the house dust mite protein Der p2 and the catefgmatein Fel d1 and the mold

allergenAlternaria extract possess self adjuvant activities that pterith2
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differentiation®>", In contrast, some allergens such as the shomteedgextract and the
experimental allergen ovalbumin (OVA) are considaremunologically “inert”, and
Th2 response to airway exposure to these allengensres exogenous adjuvant in the

mouse model of asthmia

However, regardless of the immunological propeniethe allergens, not everyone
exposed to allergens, even to allergens with sklivant activities, develops asthma.
Therefore, other factors, both genetic and enviremtal, are required for the
development of Th2 responses to allergens thattewag enough to cause clinical
disease. For prevention, environmental factorgargcularly relevant because they are
amenable to manipulation. One environmental faittat may condition an individual to
become susceptible to asthma is exposure to stagiodal enterotoxins (SEs). Indeed,
IgE antibodies against SEs, which are indicatiopradr history of SE exposure, are
frequently detected in asthmatic patietts’ An individual can be exposed to SEs as
environmental contaminants. ColonizationSsgphylococcus aureus could also
potentially lead to SE exposure as the majorit$.chureus strains isolated from humans
contain SE geneS. In fact, meta-analysis of epidemiological sesdiound a

statistically significant increased risk &faureus colonization in asthmatic patients

and a recent large-scale study of the U.S. pouatdnfirmed a positive association
betweerSS aureus colonization and asthma between 6 — 30 years ofagdowever,
despite ample epidemiological evidence, the immagiobl basis for the positive
association is poorly understood. The detectiolgBfantibodies to SEs implies that SEs

behave as conventional antigens/allergens to wdmtibody responses are generated. It
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has also been suggested that expansion of T ndhilungs stimulated by the
superantigen activity of SEs may contribute to mstipathogenesi. In this study, we
used staphylococcal enterotoxin A (SEA) to furtineestigate the mechanism for the
immunological role of SEs in the mouse model dérglic asthma. There have been no
previous studies that specifically investigated [8®A-activated allergen nonspecific
Treg cells or CD4 Tcon cells might influence Th sefdifferentiation of naive allergen
specific CD4 Tcon cells. Our central hypothesithat apart from being conventional
foreign antigens, SEs can act as natural adjutamt®dulate immune responses to other
allergens by activating allergen nonspecific CDdells to produce Th-polarizing
cytokines. We further hypothesized that SE-atdidallergen nonspecific Treg cells
and CD4 Tcon cells might exert different Th-polargzeffects on allergen specific CD4
Tcon cells. Indeed, we found that SEA-activatéelrgén nonspecific Treg cells but not
CD4 Tcon cells induced Th2 differentiation of afjen specific naive CD4 Tcon cells.
Thus, our study together with previous epidemiatagstudies provides evidence that
respiratory exposure to SEs concurrent with allergpgosure could be a common factor

that confers susceptibility to asthma.

METHODS

Mice

All mice used in this study except Balb/c.Thyl.hieth was obtained from Dr. D.
Fowell, were purchased from Jackson Laboratorybaad and maintained in the local
animal facilities. Balb/c.Thyl.1 is a Balb/c congestrain, which expresses Thyl.1

instead of Thyl.2 of the Balb/c mice. Animal saglivere performed in compliance with
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protocols approved by Institutional Animal Care &rse Committees of Marshall

University and Indiana University.

In vitro cell culture

Antigen nonspecific naive CD4 Tcon cells or Trelisoeere isolated by FACS from
Balb/c.Thyl.1.Foxp3.GFED4'CD62L"" KJ126 GFP or GFP) or B6.Foxp3.GFP
(CD4'CD62L"" TCR VB5 GFP or GFP) mice, both of which contain a green
fluorescent protein (GFP) gene knocked in and qoessed with Foxp3 gerlé OVA
specific naive CD4 Tcon cells were isolated by FA@& DO11.10.Foxp3.GFP
(CD4'CD62L"" KJ126 GFP, Balb/c genetic background) or OTII.Foxp3.GFP
(CD4'CD62L"" TCR VB5" GFP, B6 genetic background) mice, which express two
different transgenic OVA-specific TCRs and a GFReggeontrolled by the Foxp3
promoter’®. Antigen presenting cells (APC) were T and NK depleted spleen cells
irradiated with 3000 rads of X-rays. OVA specifigive CD4 Tcon cells were mixed
with APC and naive nonspecific Treg or CD4 Tcorscas indicated at 1:1:1 ratios at 1 x
10 cells/ml for each cell type in RPMI-1640 plus 168S, 0.5ug/ml OVAzz3.339
peptide and 5 ng/ml IL-12 (gift of Biogen). Thdlsavere plated in U-bottom 96-well
plate, and SEA (Toxin Technology) was added tonbls as indicated at the final
concentration of pig/ml. On day 6 of culture, the cells were washehtstimulated
with PMA (50 ng/ml) and ionomycin (M) in the presence of M monensin (Sigma
Aldrich) for 6 hrs. The cells were harvested andlgzed as describéd *° Briefly, the

cells were first stained for surface markers, tiveed and permeabilized and stained for
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intracellular IL-13 and IFNt  The cells were analyzed on a FACSaria Il, anditita

were processed with the FlowJo software (BD Biosm¢.

ELISA
ELISA was carried out as previously descriBeth measure IL-4 concentrations in
culture supernatants. IL-4 capture and detectitibadies were purchased from BD

Pharmingen.

Allergen sensitization and challenge

Mice (3 — 4 mice/experimental group) were i.t. ilfed with 100ug OVA protein
(Sigma-Aldrich) or 8ug (protein content) of cat dander extract (CDE)e@raboratory)
with or without 0.5ug SEA in 60ul PBS. In experiments for OVA tetramer staining of
endogenous T cells, 2 OVAs23.339Was included in OVA sensitization to increase the
tetramer specific T cell population because theteér is designed to detect TCR
specific for this peptide. Mice (3 — 4 mice/expeental group) also received i.p.
injection of diphtheria toxin (DT) (EMC Milliporeat 50 ng/g body weight on 2
consecutive days prior to allergen sensitizatioddplete Treg cells in B6.Foxp3

mice that express the humanized DT receptor um@ecdntrol of the Foxp3 promot&t
To reconstitute the Treg cell-depleted B6.Fd¥XF3nice with DT resistant Treg cells, 5 x
10° Treg cells isolated from B6. Foxp3.GFP mice wereinjected into B6.Foxg3®

mice one day prior to sensitization with OVA plus/A On day 7 after sensitization,
mice were subject to i.t. challenge with the samsed of OVA or CDE; the challenge

was repeated 2 times every other day. For Trdglepletion prior to allergen challenge,
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mice (3 mice/experimental group) received 2 conbeewdaily injections of DT prior to
the first challenge. Three days after the lastlehge, BALF was collected by flushing
the lungs with 0.75 ml PBS plus 1% FBS 3 times fraioe under anesthesia.
Afterwards, blood was drained from the lungs byaoardiac extraction. Lungs and
mediastinal lymph nodes (MLN) were collected, amagls were fixed in neutral
formalin. BALF cell differentials, 2 x TIBALF cells were used to prepare BALF cell
smear using a Cytospin Cytofuge. The slides valfiked and stained with Diff-Quick
solutions (Fisher Scientific). Eosinophils, madrages, lymphocytes and neutrophils
were counted under a microscope. At least 208 wadle counted for each slide. Lung
tissues were analyzed for inflammatory infiltratioyyhematoxylin and eosin (H&E)

staining, and mucus production was determined bip&e acid—Schiff (PAS) staining.

Airway hyperresponsiveness (AHR) assay

AHR was measured by airway resistance and comgignwhich produces less
variation than the whole body plethysmography methdhree days after the last
allergen challenge, an individual mouse was anegdte and a small cannula was
inserted into the trachea. Total of 4 mice/ expental group were analyzed
simultaneously. The mice were mechanically vetgildby the Buxco Elan Series RC
instrument (200 breath per min; 0.2 ml tidal volgpand challenged with included
inhalation of increasing concentrations of aerasalisolutions (10 ul) of methacholine
(6.25, 12.5, 25, 50 mg/ml, 3 minutes for each @mge). Pulmonary resistance was
measured after each dose. Statistical significahcéference was determined by

Student’s t-test.
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Tetramer analyses of OVA specific T cell responses

Mice sensitized with OVA protein and peptide withvathout SEA were challenged
with OVA protein and peptide for about 10 hrs. raater staining was carried out as
previously describetf. Briefly, BALF and MLN cells from the mice weradubated
with a mixture of PE labeled OVA-2C:Praand OVA-3C:IA tetramers (gifts of Dr. M.
Jenkins) at the final concentration of 10 nM oftetetramer in complete cell culture
medium supplemented withi/1 monensin (Sigma-Aldrich) at room temperatureXor
hr. After washing, the cells were surface stawét fluorochrome-conjugated
antibodies against CD4, CD8 and TRRat £C. The cells were then fixed,
permeabilized and stained for IL-13 and Ifldnd analyzed by flow cytometry as

described™.

RESULTS

Regulation of OVA specific Th differentiation by SEA-activated CD4 T cells
Staphylococcal enterotoxins (SES) are superantiti@tsan acutely activate polyclonal
CD4 T cells to release cytokin&s which in turn could instruct Th differentiatio o
allergen specific CD4 Tcon cells. To test this,teek advantage of the OVA specific
TCR transgenic mice DO11.10, which expres{3a/\2 TCR that is unresponsive to
staphylococcal enterotoxin A (SEA) OVA specific naive CD4 Tcon cells were
isolated from DO11.10.Foxp3.GFP mice (Balb/c backgd), and antigen nonspecific
naive Treg cells and CD4 Tcon were isolated frofbBarhyl.1.Foxp3.GFP mice. In

mix culture experiments, the OVA specific naive Cbn cells and antigen nonspecific
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naive Treg cells were stimulated with O¥As39peptide and SEA, respectively, in the
presence of APC and IL-12, a major cytokine produng APC in response & aureus
infection®’. After the differentiation culture, we analyzée tOVA specific CD4 Tcon
cells by intracellular staining of the Th1 cytokiltN-y and the Th2 cytokine IL-13. As
shown in Fig 1A (right panel), in the presence BRSactivated Treg cells, IFN-
expression was almost completely abolished whdted8 expression was induced,
demonstrating a polarization to Th2 differentiatairthe OVA specific CD4 Tcon cells.
As expected, without Treg cells the OVA specific£Dcon cells showed robust Thl
differentiation (Fig 1A, left panel). Treg cellaust be stimulated by SEA to modulate
the Th differentiation of the OVA specific CD4 Tcoalls because Treg cells did not
affect the Th differentiation without SEA stimulati (Fig S1). When antigen
nonspecific CD4 Tcon instead of Treg cells weraluaghe mix culture experiments, no
IL-13 expression was induced in the OVA specificACxon cells and IFN-expression

was modestly enhanced (Fig 1B).

Expression of I1L-4 by Treg cellsactivated by SEA

IL-4 is the most potent polarizing cytokine for TtiZerentiation. To investigate
whether SEA can stimulate IL-4 expression by Trelgscnaive Treg cells derived from
Balb/c.Foxp3.GFP mice were stimulated with APC [B&A and IL-12. After 4 days,
IL-4 was detected in the culture supernatant byS2L(Fig 2A). The IL-4 was produced
by Treg cells because SEA-stimulated non-Treg ciédisiot produce IL-4 (Fig 2A). We
further analyzed acute expression of IL-4 at sirglélevel by intracellular cytokine

staining. Ex vivo spleen cells of Balb/c.Foxp3.GRi€e were stimulated with SEA.



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

Significant numbers of IL-4 producing cells (~ 4. p%ere detected in the Treg cell
population (Fig 2B). To further demonstrate thévation of Treg cells by SEA, we
analyze the expression of the T cell activationkaes CD69 and CD62L, which are up
and down regulated following T cell activation,pestively. Splenic Treg cells of
Balb/c.Foxp3.GFP mice i.v. injected with SEA showsdregulation of CD69 and down-
regulation of CD62L as compared with splenic Treljscfrom mice i.v. injected with

PBS (Fig 2C).

Induction of asthma by sensitization with OVA plus SEA

The experimental allergen OVA is immunologicallpért” in the sense that it does not
have intrinsic adjuvant activiif, and therefore is ideal for studying the immune
modulatory or “adjuvant” activity of SEA in allergesensitization. For this purpose,
Balb/c mice were i.t. sensitized with OVA alone@VA plus SEA. One week later, the
mice were i.t. challenged with OVA or PBS 3 timesl @analyzed for asthma features.
As shown in Fig 3A and Fig S2, very few (< 2 X)l®tal BALF cells were detected in
mice sensitized and challenged with OVA alone, lnode few BALF cells were
predominantly macrophages (> 80%). In contragtjice sensitized with OVA plus
SEA and challenged with OVA alone, total BALF callematically increased (> 8 x
10°), and eosinophils became the dominant cell typg0%) whereas the percentage of
macrophages declined (< 40%). The increases offBédllularity and eosinophils were
OVA specific because they were not observed in mesitized with OVA plus SEA
and challenged with PBS. H&E staining of lungussections also showed

inflammatory infiltration only in the mice sensiéid with OVA plus SEA and challenged
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with OVA (Fig 3B). PAS staining of the lung tisssections showed massive mucus
production in mice sensitized with OVA plus SEA adllenged with OVA, whereas
only modest mucus staining was observed in micsitsged and challenged with OVA
alone (Fig 3C). Airway hyperresponsiveness to tihaal methacholine challenge is a
key pathophysiological feature of asthma. Like owproduction, heightened airway
resistances to increasing doses of inhaled mettiaeheere detected in mice sensitized
with OVA plus SEA and challenged with OVA, compaseith mice sensitized and

challenged with OVA alone (Fig 3D).

Effects of transient Treg cell depletion prior to allergen sensitization

To further investigate whether Treg cells activdtgdSEA at the time of allergen
exposure promote asthma pathogenesis in the moodel wf asthma, we wished to use
the B6.Foxp3'" mice in which Treg cells can be transiently degsdby i.p. injection of
diphtheria toxin (DTY2. The cell depletion in these mice is specificfoeg cells but not
other cells’®. Since the B6.Foxp3" mice are on the B6 background, we first confirmed
that like the mice of the Balb/c background Trelisoaf B6 background also induced
Th2 differentiation of allergen specific CD4 Tcaoglls. The OTIl mice express a
transgenic 85 TCR specific for OVA that like the DO11.10 TCRnisnreactive to SEA
46.4% |n vitro mix cultures were performed like in Fid\. In the presence of SEA-
activated Treg cells of B6.Foxp3.GFP mice, the GOMI4 Tcon cells acquired a Th2

phenotype as demonstrated by the expression o8 lhut not IFNy (Fig S3).
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We then proceeded to deplete Treg cells in B6.FdXpBy 2 consecutive daily i.p.
injections of diphtheria toxin (DT) prior to theydaf OVA plus SEA inoculation. Two
DT injections deplete > 95% of Treg cells in theBBp3d ™™ but not wild type B6 mice

on day 3, and the Treg cell population recoversethfeer*?

. For comparison, a group of
B6 mice also received the DT injections. B6 micéhait DT injections were also
included in the study. As shown in Fig 4A, likelBa mice, B6 mice sensitized and
challenged with OVA alone had very few inflammategjls in the BALF, and most of
these cells were macrophages. In contrast, B6 seinsitized with OVA plus SEA and
challenged with OVA showed dramatic increase of BAlellularity, and eosinophils
became the dominant cell type in the BALF. As expeé, DT treatment of B6 mice prior
to sensitization with OVA plus SEA resulted in momarkable changes in the BALF
cellularity and cell differentials. In stark coast, DT treatment of B6.Foxp3 mice
sensitized with OVA plus SEA and challenged withA&bolished inflammatory
infiltration in the BALF so that the BALF cellulayi and cell differentials were similar to
those of the B6 mice sensitized and challenged @A alone. We further compared
the histological features of the DT treated B6 BodFoxp3 ™" mice (Fig 4B). Lung
sections of the DT treated B6 mice showed substianflammatory infiltration as
revealed by H&E staining. Substantial mucus préidaovas also detected in the lungs
of these mice by PAS staining. However, it muspbimted out that both mucus staining
and H&E staining of inflammatory cells were weaktgan those of the Balb/c mice in
Figure 3 perhaps due to strain variation. Uniikéhe DT treated B6 mice, H&E and

PAS staining showed little inflammatory infiltratia@and mucus production in the lungs of

DT treated B6.Foxg3 " mice (Fig 4B). Similarly, DT treated B6 but no Boxp3 ™~
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mice showed elevated airway resistance in responsenchial challenge with inhaled
methacholine (Fig 4C). In contrast to Treg celhsient depletion prior to sensitization,
Treg cell transient depletion prior to challengeadly increased BALF cellularity, and
the BALF cells were co-dominated by both eosingpaiid lymphocytes (Fig S4). Thus,
SEA-activated Treg cells acted specifically in #tlergen sensitization phase to promote

asthma pathogenesis.

Increase of severity of CDE-induced asthma by SEA

OVA is an experimental and immunologically ineteagien. To further investigate
whether SEA can also impact asthma in the mouseshmediuced by a different allergen
that is clinically related and with self-adjuvawtigity, we used cat dander extratto
induce asthma in B6.FoxP% mice. When used alone to sensitize the mice witficeg
cell deletion, CDE was sulfficient to induce infla@ory infiltration after challenges with
CDE as judged by high BALF cellularity (~1 x®0 The BALF cells in these mice
consisted of a substantial number of eosinophil30%), but macrophages were the
more abundant cell population (> 65%) (Fig 5A). &ilthe mice were sensitized with
CDE plus SEA and challenged with CDE alone, BALHutarity increased almost 5-
fold and eosinophils became the dominant cell patprnt (> 72%) over macrophages
(~16%) (Fig 5A). However, when Treg cells werensiantly depleted prior to
sensitization, the enhancement of BALF cellulaaityl eosinophilia was largely
abolished, and they were only slightly above thafsthe mice sensitized with CDE alone
(Fig 5A). In airway resistance assays, B6 micesisized with CED alone or CDE plus

SEA both showed strong airway resistance in regptmbronchial challenge with
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inhaled methacholine. Nonetheless, a significagtbater response at a high dose of 50

mg/ml of methacholine was observed in mice sergltizith CDE plus SEA (Fig 5B).

Characteristics of early allergen specific T cell responses

Although Th2 responses to allergen are believdxktoritical for triggering the clinical
symptoms of asthma, T cells of the in vivo immuesgponses expressing endogenously
generated allergen specific TCR (as opposed msgenic TCR) following allergen
challenge have not been well characterized. Toesddhis issue, we used a mixture of
OVA-2C:I-AP and OVA-3C:I-A tetramers, which bind to TCRs recognizing 2 ditin
epitopes within the OV4y;.330peptide®, to detect endogenous OVA specific T cells in
the OVA/SEA sensitization model. To increase thmber of tetramer positive T cells,
we supplemented OVA protein with O¥A.s3gpeptide in both sensitization and
challenge. Within 8 — 9 hrs following the first @\thallenge, we found that outside the
MLN, the T cells were most abundant in the BALFitiw the TCR™ cells in the

BALF, the OVA tetramercells were predominantly CD4lthough CD2 tetramef cells
were also present, and this was the case for rtloer @vith or without Treg cell transient
depletion prior to sensitization (Fig 6A middle pés). As expected, almost all the CD4
tetramef were also CD8 For detecting OVA-induced cytokine expression,fixed and
permeabilized the BALF cells immediately followitegramer and surface marker
staining, then stained intracellular IRNand IL-13. More than a quarter of the CD4
tetramef BALF T cells were stained positive for IL-13 ineeiwithout Treg cell
transient depletion prior to sensitization. IL=I2lls were also detected in the CD4

tetramef BALF T cells in the same mice but to a lesser @xte5%). In both cell
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populations, no IFNrwas detected (Fig 6A, upper left and right paneld)e negative
staining of IFNy was not due to technical failure because FMas robustly stained
positive controls. Unlike in the Treg cell suféat mice, in mice with Treg cell transient
depletion prior to sensitization neither IL-13 nBN-y was detected in either the C®#

the CD4 tetramel BALF T cells (Fig 6A, lower left and right panels)

The MLN cells were subjected to the same analysestramer staining and cytokine
expression (Fig 6C). Modest numbers of tetrdriiecells were detected in mice without
Treg cell transient depletion. However, the nundfgetramef T cells increased
dramatically in the MLN of mice with Treg cell traient depletion prior to sensitization
such that all the CO4T cells were tetramér Unlike in the BALF, tetramérT cells in

the MLN were predominantly CD4lthough CD4populations were also detected in
both types of mice (Fig 6C, middle panels). UnlikéBALF, IL-13 was not detected in

the tetramerT cells in the MLN (Fig 6C, left and right panels)

We further determined whether reconstituting thegieell-depleted mice with Treg cells
could restore Th2 cytokine expression. Treg éetilated from B6.Foxp3.GFP mice
were adoptively transferred to the B6.FoXp3mice on the same day of the second DT
injection. The mice were sensitized with OVA p&IiSA and challenged with OVA as
described above. BALF cells derived from the Teely constituted and non-constituted
mice were analyzed by OVA tetramer and cytokinenstg. Similar to mice untreated

with DT, IL-13 expression was detected in Qizgative OVA tetramer positive T cells
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from the Treg cell-constituted and DT treated ntiaenot the non-constituted mice (Fig

7).

DISCUSSION

Although ILC2 cells may also contribute to Th2 dyitee production, Th2 cells are the
principal cells responsible for asthma caused ligan specific recall response to
allergen challeng®®. However, the fundamental question of why cartadividuals but
not others develop strong Th2 responses suffiteedtive asthma pathogenesis remains
unanswered. Here we showed that SEA promoted asthosed by sensitization with
the inert experimental allergen OVA, which when adstered alone, does not induce
asthma but instead induces tolerafic® SEA also exacerbated asthma caused by the
clinical allergen CDE, which by itself was ableinduce asthma with mild eosinophilia.
In both cases, the asthma-promoting activity of S¥% dependent on the activation of
Treg cells by SEA at the time of allergen senditiwa Like SEA, other SEs are also
superantigens, therefore should be able to actp@ielonal Treg cells and promote
asthma pathogenesis. A recent large-scale epidiegigal study found that 40.7% of
asthmatics (vs 28.0% of non-asthmatics) were seusitive for anti-SE IgE indicative

of prior exposure to SEs, and there is a strongipesssociation between anti-SE IgE
and asthma (odds ratio of 2.78) However, this study measured IgE antibodiesrsgai
only 3 SEs. So far, a total of 24 SEs (includimg tlassical SEs, SE-like toxins and
TSST-1) have been identifiéd If antibodies against all 24 SEs were meastted,

percentage of asthmatics positive for anti-SE awlidgs could be much higher. Thus,
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while exposure to SEs may not always lead to ast®figexposure concurrent with

allergen exposure could be a common factor foreqigality to asthma.

To dissect the immunological mechanisms for the@aton between SEs and asthma,
we have shown that SEA, by activating antigen neasig Treg cells, promotes Th2 and
concomitantly suppresses Th1l differentiation of Osffecific CD4 T cells. We further
demonstrated that SEA-activated Treg cells prodliced Although IL-4 is by far the
most potent Th2-polarizing factor, the cellular m@s of 1L-4 for promoting Th2
responses in various in vivo conditions remainie&¥. Basophils have been shown to
produce IL-4 in response to the food allergen papfat’, which may also cause
occupational asthma in workers in the food procegssidustry®®. While we could not
exclude the contribution of IL-4 derived from otloall types, our studies showed that
SE-activated Treg cells could be another sourde-dffor inducing Th2 responses to
inhaled allergens that are more commonly associatdasthma than papain. It should
also been pointed out that in addition to promofih@ differentiation, our in vitro
culture experiments also showed that SEA-activated cells attenuated Thl
differentiation of OVA-specific CD4 Tcon cells. rBilar function of Treg cells in
modulating Th1/Th2 balance may explain the excesgsreduction of Thl cytokines in
immune dysregulation, polyendocrinopathy, entertopaX-linked (IPEX) syndrome
caused by the loss-of-function mutation of the Rogpne hence the lack of Treg célls
In fact, the ratio of GATA3 (Th2 master reguld)do T-bet (Th1 master regulatfrwas

lower in Foxp3 deficient mice than in wild type mf¢. Furthermore, Treg cells with
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defects in the micro RNA miR-146a and the Itch BRjuitin ligase cause excessive Thl

and Th2 responses, respectiVél§?

The frequency and ability of Treg cells to prodilicd may explain some discrepancies
of epidemiological findings in humans. The postassociation between asthma &nd
aureus colonization and/or SE exposure is most evideadiolescents and young adults
36.53 \whereas one study found that neonatal colonizatith S. aureus is not associated
with asthma later in 1if8*. A potential explanation for the discrepancy coné the
degrees of the maturity of the immune system. ienit is known that there is a lack or
paucity of Treg cells in neonates (35, 36). In haBv) a general lack of Treg cells may
not be a feature of the neonatal immune systenthien¢ are clear variations of Treg cell
frequencies among individuals. In fact, highegtrencies of Treg cells in neonates are
positively associated with asthma in later ffewhich is consistent with our finding that
SE-activated Treg cells promote allergen specifi2 @ifferentiation in the sensitization

phase. Studies of the ability of human Treg dellsroduce IL-4 upon stimulation by

SEs will further clarify the role of Treg cells asthma.

The throat is the primary site 8f aureus colonization in the respiratory tracks®’.
Therefore, trachea and lower airways are natutres sif exposure to SEs excreted by the
throat-colonizing bacteria or inhaled as environtaecontaminants. Our studies
demonstrated that a single i.t. inoculation ofrgs plus SEA was an effective model of

allergen sensitization for asthma. The 70% letlogle of SEA in mice is 0483/g body

weight®® so the SEA dose used in this study for asthmacitioh (~ 0.0251g/g body
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weight) is a safe dose. The lethal dose of SEAumans or primates has not been
determined, there is also a lack of informatiorttmmprecise levels of SEA resulted from
S aureus colonization or septic shock. In addition, hunfacells are much more
sensitive to SEs than mouse T cells. Therefoig difficult to draw comparison
between our experimental dose of SEA and the expdeuels in humans. Nonetheless,
using our mouse model and OVARfetramers, we unveiled several unique features of
early allergen specific T cell responses in thevays and MLN. Within less than 10 hrs
of the first allergen challenge, OVA specific Tlseh BALF were dominated by CD4
population while significant numbers of CD% cells were also detected. Unlike in the
BALF, in the MLN, CD4 T cells were the dominant OVA specific T cellshaligh

OVA specific CD4T cells were also found. Whether the CD£ells in the BALF, as
well as in the MLN, were derived from CD7 cells that had lost CD4 expression upon
allergen stimulation or they were originally Cddmains a question. Nonetheless, this
finding suggests that targeting CD4 may not befative strategy for mitigating

allergen specific T cell responses in asthmatigepts.

OVA-stimulated IL-13 expression was detected mastithe OVA specific CD4T cell
population and to a lesser extent in the CD4ell population in the BALF of Treg cell
sufficient mice but not of mice with Treg cell tedent depletion prior to allergen
sensitization. This demonstrated a key role ofylaells for in vivo Th2 responses. In
contrast, OVA-stimulated IL-13 expression was retedted in the T cells of the MLN of
mice regardless of Treg cell transient depletibiere we propose two alternative

explanations for the difference in Th2 cytokine @gsion between BALF and MLM T



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

cells. In the first alternative, we assume thatTicells in the BALF are originated from
MLN, and that priming of allergen specific T celfsthe MLN occurs over a period of
time. Since release of cytokines such as IL-4 Bj-8ctivated Treg cells is a transient
event, only the early wave(s) of allergen spedificells are subject to Th2 polarization
by the SEA-activated Treg cells. Such early-atédd cells are more likely to exit the
MLN and migrate to the airways. In contrast, Theells remaining in the MLN are
likely those primed at later time points when thi@ polarizing effect of SEA-activated
Treg cells has dissipated so that these T cellaireandifferentiated therefore do not
produce IL-13. In the second alternative, we scistiat the T cells in the BALF are
primed in situ and preferentially differentiateanth2 cells due to the direct exposure of
antigen nonspecific Treg cells to SEA. In suppdtthis scenario, Constant and
colleagues have shown that antigen-loaded dendsgtis do indeed stay in the lung and

prime T cells in situ without the involvement ofiph nodes and spleéh

In conclusion, we have presented experimental ecel¢hat SEs act as natural adjuvants
by activating allergen nonspecific Treg cells torpote Th2 responses to allergens,
thereby promote asthma pathogenesis in the moudelrabasthma. These findings
suggest that attenuating the activation of Tretsdsl SEs in the allergen sensitization

phase could help prevent asthma and possibly atlezgic diseases.
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FigureLegends

Fig. 1. Regulation of Th differentiation of OVA specific @D cells by SEA. (A) OVA
specific naive CD4 Tcon cells (CB@D62L""KJ126 GFP) from DO11.10.Foxp3.GFP
mice were stimulated with APC plus OVA s3gpeptide, IL-12 and SEA in the presence
or absence of naive Treg cells (COD62L""KI126GFP") from
Balb/c.Thyl.1.Foxp3.GFP mice. Cells were analyipeaytokine expression on day 6
of culture. (B)Experiments were set up as in (A) except that naiNgen nonspecific

CD4 Tcon cells of Balb/c.Thyl.1.Foxp.GFP mice wased in the co-cultures. After the



732  differentiation culture, the cells were stimulateith PMA and ionomycin and analyzed
733 for intracellular cytokine expression by flow cytetry. Dot plots of IL-13 and IFN-
734  expression in CD4J126 GFP cells of representatives of 3 experiments are show
735 Numbers in the dot plots are the percentages . cel

736

737  Fig. 2. IL-4 expression by SEA-activated Treg cells. Mgive Treg cells from

738  Balb/c.Foxp3.GFP mice mixed with APC or APC alorerevstimulated SEA in the

739 presence of IL-12. On day 4, IL-4 in the cultuoparnatants was measured by ELISA.
740  (B) Ex vivo spleen cells of Balb/c.Foxp3.GFP mice wather un-stimulated or

741  stimulated with SEA in the presence of monensirbfars. IL-4 expression was detected
742 by intracellular cytokine staining. Dot plots ofeéf cells (CDAGFP) are shown. (C)
743  Balb/c.Foxp3.GFP mice were i.v. injected with eitR8S (-SEA) or 21g SEA (+SEA),
744 6 —7 hrs later spleen cells were stained foraeflace marker. Dot plots of CD69 and
745 CDG62L staining on gated Treg cells (CI&P) are shown. Numbers in the dot plots
746 indicate the percentages of cells. Representativese of two experiments are shown.
747

748  Fig. 3. Analyses of asthma features of OVA sensitizecemi@) Balb/c mice were i.t.
749  sensitized with OVA alone or together with SEA, amndchallenged with OVA or PBS
750 asindicated. On day 3 after the last challengd,Bwere collected from the mice.

751  Total BALF cells and percentages of eosinophils madrophages were determined.
752  Averages and standard deviations of 3 mice peroda representative of 3

753  experiments are shown. (B) Histology of H&E staiheng sections of mice in (A). (C)

754  PAS staining of lung sections of mice sensitizethv@VA or OVA plus SEA and



755  challenged with OVA in (A). (D) Mice sensitizedtwiOVA or OVA plus SEA were

756  challenged with OVA as in above. On day 3 afterlst challenge, the mice were

757  subject to bronchial challenge with increasing dasfamethacholine. Pulmonary

758  resistance at each dose of methacholine challeagenveasured. Averages and standard
759  deviations of 4 mice per group in 1 of 2 experingeare shown.

760

761  Fig. 4. Effects of Treg cell transient depletion priorsensitization with OVA plus SEA
762  on asthma. (AWild type B6 mice or B6.Foxp3R mice (FDR) received 2 consecutive
763  daily i.p. injections of DT prior to the day of sgtization with OVA plus SEA. Mice

764  were challenged with OVA as in Figure 3 A. Totalloumbers and percentages of
765  eosinophils and macrophages in the BALF were detein Averages and standard
766  deviations of 3 mice per group of a representaiiV@ experiments are shown. (B)

767  Sections of lungs of the same mice as in (A) walgest to H&E or PAS staining. (C)
768  Mice treated as in (A) were subject to bronchiathmaeholine challenges, and pulmonary
769  resistances were measured. Averages and stanelaedions of 4 mice per group in 1 of
770 2 experiments are shown.

771

772  Fig. 5. Effects of SEA and Treg cell transient depletionGIDE-induced asthma. (A)
773  B6.Foxp3™" mice were treated with or without 2 consecutipeinjection of DT prior to
774 i.t. sensitization with CDE alone or plus SEA, améllenged with CDE. Total cell

775 numbers and percentages of eosinophils and magespfiathe BALF were determined.
776  Averages and standard deviations of 3 mice perpyane shown. (B) B6.Foxp3* mice

777  sensitized with CDE alone or plus SEA and challdnggh CDE as in (A) were subject
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to bronchial challenge with increasing doses offraefioline. Pulmonary resistances
were measured. Averages and standard deviatiohsnide per group are shown.
Statistical significance of difference was detemmiitoy Student’s t-test.

Representatives of 2 experiments are shown.

Fig. 6. Characterization of early T cell response torgéea challenge. (A) B6.Foxp%
mice (FDR) were treated with or without 2 conseautiaily i.p. injections of DT prior to
i.t. sensitization with OVA and OVAs.33gpeptide plus SEA, then i.t challenged once
with OVA and OVAs,3.339peptide for 8 — 9 hrs. The BALF cells were setjiadly
stained with PE-labeled OVA-2C:PAaand OVA-3C:IA tetramers and a cocktail of
antibodies against surface markers. The cells terefixed, permeabilized and stained
for IL-13 and IFNy. Middle panels are dot plots of CD4 and OVA tetea staining
gated on the TCR single T cells. Dot plots of IL-13 and IFstaining of the CD4
(left) and CD4 tetramet (right) cells are shown. (B) BALF cells of B6agisensitized
and challenged with keyhole limpet hemocyanin (Kikére stained with the OVA
tetramers and CD4, as negative control of tetrastaning. (C) MLN cells of the same
mice as in (A) were treated and analyzed as in (£)) MLN cells of the same mice as
in (B), as negative control of tetramer stainindviifN cells. Numbers in all plots are

percentages of the cell populations. Represeetwt¥ 3 experiments are shown.

Fig. 7. Restoration of IL-13 expression by Treg cell mstiution. B6.Foxp3'" mice
(FDR) were treated with 2 consecutive daily i.peations of DT prior to i.t. sensitization

with OVA and OVAs,3.339peptide plus SEA. On the day of the second Ddctinpn,
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mice received either adoptive transfer of Tregsceéirived from B6.Foxp3.GFP mice
(FDR + DT + Treg) or PBS (FDR + DT). The mice w#ren sensitized and challenged,
and BALF cells were analyzed as in Fig 5. Middda@ls are dot plots of CD4 and OVA
tetramer staining gated on the TER cells. Dot plots of IL-13 and IFNstaining of

the CD4 (left) and CD4 tetramef (right) cells are shown. Numbers in all plots are

percentages of the cell populations. RepreseetwtV 2 experiments are shown.
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Supplemental Figure L egends

Figure S1. In vitro Th differentiation of OVA specific CD4cbn cells in the absence of
SEA. OVA specific naive CD4 Tcon derived from DQHAL Foxp3.GFP mice were
mixed with or without antigen nonspecific naive g eells derived from
Balb/c.Thyl.1.Foxp3.GFP mice. The cells were slatad with APC plus OVAp3.339
peptide and IL-12. On day 6 of culture, cells watimulated with PMA and ionomycin.
IFN-[] and IL-13 were measured by intracellular cytolstening. Dot plots of
CD4'KJ126 GFP populations are shown. Numbers are percentageslefin each

guadrant.

Figure S2. BALF cell differential staining. Balb/c mice weer.t. sensitized with OVA
or OVA plus SEA, and challenged with either OVARBS as indicated. BALF smear
slides were stained with Diff-Quick solutions. Mscopic pictures of the stained slides

are shown.

Figure S3. In vitro Th differentiation of OVA specific CD4cbn cells of
OTIl.Foxp3.GFP mice. OVA specific naive CD4 Tcotisderived from
OTIl.Foxp3.GFP mice were mixed with or without geth nonspecific naive Treg cells
derived from B6.Foxp3.GFP mice. The cells wenmslated with APC plus OV#y3.339
peptide, SEA and IL-12. On day 6 of culture, celtse stimulated with PMA and

ionomycin. IFNy and IL-13 were measured by intracellular cytolstegning. Dot plots
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34

of the OTIl CD4 Tcon cells (COZCR VB5") are shown. Numbers are percentages of

cells in each quadrant.

Figure $4. Effects of Treg cell deletion after sensitizateomd prior to allergen challenge
on asthma. B6.FoXpT mice were i.t. sensitized with OVA or OVA plus SE# 1

week. Prior to i.t. challenge with OVA, mice wen injected with or without DT to
deplete Treg cells. The mice were then i.t. chgisl 3 times with OVA. BALF from
the mice were collected. Total numbers of cekscpntages of eosinophils,

macrophages and lymphocytes in the BALF are shown.
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