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ABSTRACT 23 

Background: T helper type 2 (Th2) responses are implicated in asthma pathobiology.  24 

Epidemiological studies have found a positive association between asthma and exposure 25 

to staphylococcal enterotoxins (SEs).   26 

Objective:  We used a mouse model of asthma to determine whether SEs promote Th2 27 

differentiation of allergen-specific CD4 conventional T (Tcon) cells and asthma by 28 

activating allergen-nonspecific Treg cells to create a Th2-polarizing cytokine milieu.  29 

Methods:  Ovalbumin (OVA) specific, staphylococcal enterotoxin A (SEA)-nonreactive 30 

naïve CD4 Tcon cells were co-cultured with SEA-reactive allergen-nonspecific Treg or 31 

CD4 Tcon cells in the presence of OVA and SEA.   The OVA-specific CD4 T cells were 32 

then analyzed for IL-13 and IFN-γ expression.   SEA-activated Treg cells were analyzed 33 

for the expression of the Th2-polarizing cytokine IL-4 and T cell activation markers 34 

CD69 and CD62L.  For asthma induction, mice were intratracheally sensitized with OVA 35 

or cat dander extract (CDE) alone or together with SEA, then challenged with OVA or 36 

CDE.  Mice were also subject to transient Treg cell depletion prior to sensitization with 37 

OVA plus SEA.  Asthma features and Th2 differentiation in these mice were analyzed. 38 

Results:  SEA-activated Treg cells induced IL-13 but suppressed IFN-γ expression in 39 

OVA-specific CD4 Tcon cells.  SEA-activated Treg cells expressed IL-4, up regulated 40 

CD69 and down regulated CD62L.  Sensitization with OVA plus SEA but not OVA 41 

alone induced asthma, and SEA exacerbated asthma induced by CDE.  Depletion of Treg 42 

cells abolished these effects of SEA and IL-13 expression in OVA-specific T cells. 43 

Conclusion:  SEA promoted Th2 response of allergen-specific T cells and asthma 44 

pathogenesis by activating Treg cells. 45 
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Capsule Summary:  We found that staphylococcal enterotoxin A activates Treg cells to 54 

promote Th2 response to allergens and asthma in mouse models, suggesting that vaccines 55 

against staphylococcal enterotoxins could prevent allergic diseases. 56 

 57 

Clinical Implications 58 

Our findings suggest that SEs act as natural adjuvants to promote Th2 responses to 59 

allergens.  Therefore, vaccines against SEs could help prevent allergic diseases such as 60 

asthma. 61 

 62 

INTRODUCTION 63 

The diverse functions of CD4 T cells in immune responses are in large part mediated by 64 

different functional subsets.  CD4 T cells may be categorized into the regulatory T (Treg) 65 

cells and CD4 conventional T (Tcon) cells.  Treg cells protect the hosts by preventing 66 

aberrant or excessive immune responses to self as well as foreign antigens, and their 67 

development and functions are dependent on the transcription factor Foxp3 1-3.  On the 68 

other hand, naïve CD4 Tcon cells differentiate into different T helper subsets upon 69 

antigen activation to mediate diverse immune effector functions in host defense and 70 

immunopathology 4.   The T helper type 2 (Th2) subset plays a central role in host 71 

defense against helminth infection 5, but are also implicated in allergic diseases 6. Upon 72 

activation by antigens in the presence of Th2 polarizing signals, naïve CD4 T cells up 73 

regulate the transcription factor GATA-3 to drive Th2 differentiation 7.  The cytokine 74 

milieu in which naïve CD4 T cells are activated is a major source of the Th2 polarizing 75 

signals.  The cytokine IL-4 is a potent driver of Th2 differentiation.  It activates Stat6 8, 76 
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which together with signals generated from TCR leads to the up-regulation of GATA-3 9, 
77 

10.  Other cytokines such as IL-33, IL-25 and TSLP produced outside the lymphoid 78 

tissues at the site of antigen exposure can indirectly, as well as directly, promote Th2 79 

differentiation 11-14. 80 

 81 

Asthma is a pulmonary disorder characterized by recurrent and reversible airway 82 

obstruction 15-17.  It affects a large proportion of the world’s population and its incidences 83 

continue to rise in many countries, stressing the importance of prevention 15.  Although 84 

asthma is recognized as a heterogeneous group of diseases with diverse clinical 85 

manifestations and underlying causes 18, a recent study has estimated that about half of 86 

the clinical cases are “Th2-high” asthma where the disease pathogenesis is driven by Th2 87 

responses to inhaled allergens 19.  In mouse models of asthma, the Th2 cytokine IL-13 88 

causes airway hyperresponsiveness (AHR) 20, 21 and stimulates mucus hyper-production 89 

22, 23, whereas IL-5 induces pulmonary eosinophilia 24, 25.  The Th2 cytokines can also be 90 

produced by type 2 innate lymphoid cells (ILC2) 26, 27.  Nonetheless, at least in a mouse 91 

model, Th2 cells remain the principal cell type responsible for asthma caused by allergen 92 

specific recall response 28. 93 

 94 

Given the central role of Th2 cells in asthma, how allergen specific CD4 T cells 95 

differentiate into Th2 cells is key to understanding asthma pathogenesis, and ultimately to 96 

the treatment and prevention of asthma.  In this regard, some clinical allergens such as 97 

the house dust mite protein Der p2 and the cat dander protein Fel d1 and the mold 98 

allergen Alternaria extract possess self adjuvant activities that promote Th2 99 
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differentiation 29-31. In contrast, some allergens such as the short ragweed extract and the 100 

experimental allergen ovalbumin (OVA) are considered immunologically “inert”, and 101 

Th2 response to airway exposure to these allergens requires exogenous adjuvant in the 102 

mouse model of asthma 30. 103 

 104 

However, regardless of the immunological properties of the allergens, not everyone 105 

exposed to allergens, even to allergens with self-adjuvant activities, develops asthma.  106 

Therefore, other factors, both genetic and environmental, are required for the 107 

development of Th2 responses to allergens that are strong enough to cause clinical 108 

disease.  For prevention, environmental factors are particularly relevant because they are 109 

amenable to manipulation.  One environmental factor that may condition an individual to 110 

become susceptible to asthma is exposure to staphylococcal enterotoxins (SEs).    Indeed, 111 

IgE antibodies against SEs, which are indication of prior history of SE exposure, are 112 

frequently detected in asthmatic patients 32-34.  An individual can be exposed to SEs as 113 

environmental contaminants.  Colonization by Staphylococcus aureus could also 114 

potentially lead to SE exposure as the majority of S. aureus strains isolated from humans 115 

contain SE genes 35.   In fact, meta-analysis of epidemiological studies found a 116 

statistically significant increased risk of S. aureus colonization in asthmatic patients 34,  117 

and a recent large-scale study of the U.S. population confirmed a positive association 118 

between S. aureus colonization and asthma between 6 – 30 years of age 36.  However, 119 

despite ample epidemiological evidence, the immunological basis for the positive 120 

association is poorly understood.  The detection of IgE antibodies to SEs implies that SEs 121 

behave as conventional antigens/allergens to which antibody responses are generated.  It 122 
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has also been suggested that expansion of T cells in the lungs stimulated by the 123 

superantigen activity of SEs may contribute to asthma pathogenesis 37.   In this study, we 124 

used staphylococcal enterotoxin A (SEA) to further investigate the mechanism for the 125 

immunological role of SEs in the mouse model of allergic asthma.  There have been no 126 

previous studies that specifically investigated how SEA-activated allergen nonspecific 127 

Treg cells or CD4 Tcon cells might influence Th subset differentiation of naïve allergen 128 

specific CD4 Tcon cells.   Our central hypothesis is that apart from being conventional 129 

foreign antigens, SEs can act as natural adjuvants to modulate immune responses to other 130 

allergens by activating allergen nonspecific CD4 T cells to produce Th-polarizing 131 

cytokines.   We further hypothesized that SE-activated allergen nonspecific Treg cells 132 

and CD4 Tcon cells might exert different Th-polarizing effects on allergen specific CD4 133 

Tcon cells.  Indeed, we found that SEA-activated allergen nonspecific Treg cells but not 134 

CD4 Tcon cells induced Th2 differentiation of allergen specific naïve CD4 Tcon cells. 135 

Thus, our study together with previous epidemiological studies provides evidence that 136 

respiratory exposure to SEs concurrent with allergen exposure could be a common factor 137 

that confers susceptibility to asthma. 138 

 139 

METHODS 140 

Mice  141 

All mice used in this study except Balb/c.Thy1.1, which was obtained from Dr. D. 142 

Fowell, were purchased from Jackson Laboratory and bred and maintained in the local 143 

animal facilities.  Balb/c.Thy1.1 is a Balb/c congenic strain, which expresses Thy1.1 144 

instead of Thy1.2 of the Balb/c mice.  Animal studies were performed in compliance with 145 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

protocols approved by Institutional Animal Care and Use Committees of Marshall 146 

University and Indiana University. 147 

 148 

In vitro cell culture 149 

Antigen nonspecific naïve CD4 Tcon cells or Treg cells were isolated by FACS from 150 

Balb/c.Thy1.1.Foxp3.GFP (CD4+CD62Lhigh KJ126- GFP- or GFP+) or B6.Foxp3.GFP 151 

(CD4+CD62Lhigh TCR Vβ5- GFP- or GFP+) mice, both of which contain a green 152 

fluorescent protein (GFP) gene knocked in and co-expressed with Foxp3 gene 38.  OVA 153 

specific naïve CD4 Tcon cells were isolated by FACS from DO11.10.Foxp3.GFP 154 

(CD4+CD62Lhigh KJ126+GFP-, Balb/c genetic background) or OTII.Foxp3.GFP 155 

(CD4+CD62Lhigh TCR Vβ5+ GFP-, B6 genetic background) mice, which express two 156 

different transgenic OVA-specific TCRs and a GFP gene controlled by the Foxp3 157 

promoter 38.   Antigen presenting cells (APC) were T and NK cell depleted spleen cells 158 

irradiated with 3000 rads of X-rays.  OVA specific naïve CD4 Tcon cells were mixed 159 

with APC and naïve nonspecific Treg or CD4 Tcon cells as indicated at 1:1:1 ratios at 1 x 160 

106 cells/ml for each cell type in RPMI-1640 plus 10% FBS, 0.5 µg/ml OVA323-339 161 

peptide and 5 ng/ml IL-12 (gift of Biogen).  The cells were plated in U-bottom 96-well 162 

plate, and SEA (Toxin Technology) was added to the wells as indicated at the final 163 

concentration of 5 µg/ml.  On day 6 of culture, the cells were washed then stimulated 164 

with PMA (50 ng/ml) and ionomycin (1 µM) in the presence of 2 µM monensin (Sigma 165 

Aldrich) for 6 hrs.  The cells were harvested and analyzed as described 39, 40.  Briefly, the 166 

cells were first stained for surface markers, then fixed and permeabilized and stained for 167 
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intracellular IL-13 and IFN-γ.   The cells were analyzed on a FACSaria II, and the data 168 

were processed with the FlowJo software (BD Bioscience).  169 

 170 

ELISA 171 

ELISA was carried out as previously described 41 to measure IL-4 concentrations in 172 

culture supernatants.  IL-4 capture and detection antibodies were purchased from BD 173 

Pharmingen. 174 

 175 

Allergen sensitization and challenge 176 

Mice (3 – 4 mice/experimental group) were i.t. instilled with 100 µg OVA protein 177 

(Sigma-Aldrich) or 8 µg (protein content) of cat dander extract (CDE) (Greer Laboratory) 178 

with or without 0.5 µg SEA in 60 µl PBS.  In experiments for OVA tetramer staining of 179 

endogenous T cells, 2.5 µg OVA323-339 was included in OVA sensitization to increase the 180 

tetramer specific T cell population because the tetramer is designed to detect TCR 181 

specific for this peptide.  Mice (3 – 4 mice/experimental group) also received i.p. 182 

injection of diphtheria toxin (DT) (EMC Millipore) at 50 ng/g body weight on 2 183 

consecutive days prior to allergen sensitization to deplete Treg cells in B6.Foxp3DTR  184 

mice that express the humanized DT receptor under the control of the Foxp3 promoter 42.  185 

To reconstitute the Treg cell-depleted B6.Foxp3DTR mice with DT resistant Treg cells, 5 x 186 

105 Treg cells isolated from B6. Foxp3.GFP mice were i.v. injected into B6.Foxp3DTR 187 

mice one day prior to sensitization with OVA plus SEA.  On day 7 after sensitization, 188 

mice were subject to i.t. challenge with the same doses of OVA or CDE; the challenge 189 

was repeated 2 times every other day.  For Treg cell depletion prior to allergen challenge, 190 
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mice (3 mice/experimental group) received 2 consecutive daily injections of DT prior to 191 

the first challenge.  Three days after the last challenge, BALF was collected by flushing 192 

the lungs with 0.75 ml PBS plus 1% FBS 3 times from mice under anesthesia.  193 

Afterwards, blood was drained from the lungs by intracardiac extraction.  Lungs and 194 

mediastinal lymph nodes (MLN) were collected, and lungs were fixed in neutral 195 

formalin.  BALF cell differentials, 2 x 105 BALF cells were used to prepare BALF cell 196 

smear using a Cytospin Cytofuge.  The slides will be fixed and stained with Diff-Quick 197 

solutions (Fisher Scientific).  Eosinophils, macrophages, lymphocytes and neutrophils 198 

were counted under a microscope.  At least 200 cells were counted for each slide.  Lung 199 

tissues were analyzed for inflammatory infiltration by hematoxylin and eosin (H&E) 200 

staining, and mucus production was determined by Periodic acid–Schiff (PAS) staining. 201 

 202 

Airway hyperresponsiveness (AHR) assay 203 

AHR was measured by airway resistance and compliance 43, which produces less 204 

variation than the whole body plethysmography method.  Three days after the last 205 

allergen challenge, an individual mouse was anesthetized, and a small cannula was 206 

inserted into the trachea.  Total of 4 mice/ experimental group were analyzed 207 

simultaneously.  The mice were mechanically ventilated by the Buxco Elan Series RC 208 

instrument (200 breath per min; 0.2 ml tidal volume), and challenged with included 209 

inhalation of increasing concentrations of aerosolized solutions (10 µl) of methacholine 210 

(6.25, 12.5, 25, 50 mg/ml, 3 minutes for each challenge).  Pulmonary resistance was 211 

measured after each dose.  Statistical significance of difference was determined by 212 

Student’s t-test. 213 
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 214 

Tetramer analyses of OVA specific T cell responses 215 

Mice sensitized with OVA protein and peptide with or without SEA were challenged 216 

with OVA protein and peptide for about 10 hrs.  Tetramer staining was carried out as 217 

previously described 44.  Briefly, BALF and MLN cells from the mice were incubated 218 

with a mixture of PE labeled OVA-2C:IAb and OVA-3C:IAb tetramers (gifts of Dr. M. 219 

Jenkins) at the final concentration of 10 nM of each tetramer in complete cell culture 220 

medium supplemented with 2 µM monensin (Sigma-Aldrich) at room temperature for 1 221 

hr.  After washing, the cells were surface stained with fluorochrome-conjugated 222 

antibodies against CD4, CD8 and TCRβ�at 4oC.  The cells were then fixed, 223 

permeabilized and stained for IL-13 and IFN-γ and analyzed by flow cytometry as 224 

described 44. 225 

 226 

RESULTS 227 

Regulation of OVA specific Th differentiation by SEA-activated CD4 T cells  228 

Staphylococcal enterotoxins (SEs) are superantigens that can acutely activate polyclonal 229 

CD4 T cells to release cytokines 45, which in turn could instruct Th differentiation of 230 

allergen specific CD4 Tcon cells.  To test this, we took advantage of the OVA specific 231 

TCR transgenic mice DO11.10, which express a Vβ�.2 TCR that is unresponsive to 232 

staphylococcal enterotoxin A (SEA) 46.  OVA specific naïve CD4 Tcon cells were 233 

isolated from DO11.10.Foxp3.GFP mice (Balb/c background), and antigen nonspecific 234 

naïve Treg cells and CD4 Tcon were isolated from Balb/c.Thy1.1.Foxp3.GFP mice.  In 235 

mix culture experiments, the OVA specific naïve CD4 Tcon cells and antigen nonspecific 236 
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naïve Treg cells were stimulated with OVA323-339 peptide and SEA, respectively, in the 237 

presence of APC and IL-12, a major cytokine produced by APC in response to S. aureus 238 

infection 47.  After the differentiation culture, we analyzed the OVA specific CD4 Tcon 239 

cells by intracellular staining of the Th1 cytokine IFN-γ and the Th2 cytokine IL-13.   As 240 

shown in Fig 1A (right panel), in the presence of SEA-activated Treg cells, IFN-γ 241 

expression was almost completely abolished whereas IL-13 expression was induced, 242 

demonstrating a polarization to Th2 differentiation of the OVA specific CD4 Tcon cells.  243 

As expected, without Treg cells the OVA specific CD4 Tcon cells showed robust Th1 244 

differentiation (Fig 1A, left panel).  Treg cells must be stimulated by SEA to modulate 245 

the Th differentiation of the OVA specific CD4 Tcon cells because Treg cells did not 246 

affect the Th differentiation without SEA stimulation (Fig S1).  When antigen 247 

nonspecific CD4 Tcon instead of Treg cells were used in the mix culture experiments, no 248 

IL-13 expression was induced in the OVA specific CD4 Tcon cells and IFN-γ expression 249 

was modestly enhanced (Fig 1B).  250 

 251 

Expression of IL-4 by Treg cells activated by SEA 252 

IL-4 is the most potent polarizing cytokine for Th2 differentiation.  To investigate 253 

whether SEA can stimulate IL-4 expression by Treg cells, naïve Treg cells derived from 254 

Balb/c.Foxp3.GFP mice were stimulated with APC plus SEA and IL-12.  After 4 days, 255 

IL-4 was detected in the culture supernatant by ELISA (Fig 2A).  The IL-4 was produced 256 

by Treg cells because SEA-stimulated non-Treg cells did not produce IL-4 (Fig 2A).  We 257 

further analyzed acute expression of IL-4 at single cell level by intracellular cytokine 258 

staining.  Ex vivo spleen cells of Balb/c.Foxp3.GPF mice were stimulated with SEA.  259 
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Significant numbers of IL-4 producing cells (~ 4.5%) were detected in the Treg cell 260 

population (Fig 2B).  To further demonstrate the activation of Treg cells by SEA, we 261 

analyze the expression of the T cell activation markers CD69 and CD62L, which are up 262 

and down regulated following T cell activation, respectively.   Splenic Treg cells of 263 

Balb/c.Foxp3.GFP mice i.v. injected with SEA showed up-regulation of CD69 and down-264 

regulation of CD62L as compared with splenic Treg cells from mice i.v. injected with 265 

PBS (Fig 2C). 266 

 267 

Induction of asthma by sensitization with OVA plus SEA 268 

The experimental allergen OVA is immunologically “inert” in the sense that it does not 269 

have intrinsic adjuvant activity 30, and therefore is ideal for studying the immune 270 

modulatory or “adjuvant” activity of SEA in allergen sensitization.  For this purpose, 271 

Balb/c mice were i.t. sensitized with OVA alone or OVA plus SEA.  One week later, the 272 

mice were i.t. challenged with OVA or PBS 3 times and analyzed for asthma features.  273 

As shown in Fig 3A and Fig S2, very few (< 2 x 105) total BALF cells were detected in 274 

mice sensitized and challenged with OVA alone, and those few BALF cells were 275 

predominantly macrophages (> 80%).  In contrast, in mice sensitized with OVA plus 276 

SEA and challenged with OVA alone, total BALF cells dramatically increased (> 8 x 277 

105), and eosinophils became the dominant cell type (> 60%) whereas the percentage of 278 

macrophages declined (< 40%).  The increases of BALF cellularity and eosinophils were 279 

OVA specific because they were not observed in mice sensitized with OVA plus SEA 280 

and challenged with PBS.  H&E staining of lung tissue sections also showed 281 

inflammatory infiltration only in the mice sensitized with OVA plus SEA and challenged 282 
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with OVA (Fig 3B).  PAS staining of the lung tissue sections showed massive mucus 283 

production in mice sensitized with OVA plus SEA and challenged with OVA, whereas 284 

only modest mucus staining was observed in mice sensitized and challenged with OVA 285 

alone (Fig 3C).  Airway hyperresponsiveness to bronchial methacholine challenge is a 286 

key pathophysiological feature of asthma.  Like mucus production, heightened airway 287 

resistances to increasing doses of inhaled methacholine were detected in mice sensitized 288 

with OVA plus SEA and challenged with OVA, compared with mice sensitized and 289 

challenged with OVA alone (Fig 3D). 290 

 291 

Effects of transient Treg cell depletion prior to allergen sensitization 292 

To further investigate whether Treg cells activated by SEA at the time of allergen 293 

exposure promote asthma pathogenesis in the mouse model of asthma, we wished to use 294 

the B6.Foxp3DTR mice in which Treg cells can be transiently depleted by i.p. injection of 295 

diphtheria toxin (DT) 42.  The cell depletion in these mice is specific for Treg cells but not 296 

other cells 48.   Since the B6.Foxp3DTR mice are on the B6 background, we first confirmed 297 

that like the mice of the Balb/c background Treg cells of B6 background also induced 298 

Th2 differentiation of allergen specific CD4 Tcon cells.  The OTII mice express a 299 

transgenic Vβ5 TCR specific for OVA that like the DO11.10 TCR is nonreactive to SEA 300 

46, 49.  In vitro mix cultures were performed like in Fig 1A.  In the presence of SEA-301 

activated Treg cells of B6.Foxp3.GFP mice, the OTII CD4 Tcon cells acquired a Th2 302 

phenotype as demonstrated by the expression of IL-13 but not IFN-γ (Fig S3).  303 

 304 
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We then proceeded to deplete Treg cells in B6.Foxp3DTR by 2 consecutive daily i.p. 305 

injections of diphtheria toxin (DT) prior to the day of OVA plus SEA inoculation.  Two 306 

DT injections deplete > 95% of Treg cells in the B6.Foxp3DTR but not wild type B6 mice 307 

on day 3, and the Treg cell population recovers thereafter 42.  For comparison, a group of 308 

B6 mice also received the DT injections. B6 mice without DT injections were also 309 

included in the study.  As shown in Fig 4A, like Balb/c mice, B6 mice sensitized and 310 

challenged with OVA alone had very few inflammatory cells in the BALF, and most of 311 

these cells were macrophages.  In contrast, B6 mice sensitized with OVA plus SEA and 312 

challenged with OVA showed dramatic increase of BALF cellularity, and eosinophils 313 

became the dominant cell type in the BALF.  As expected, DT treatment of B6 mice prior 314 

to sensitization with OVA plus SEA resulted in no remarkable changes in the BALF 315 

cellularity and cell differentials.  In stark contrast, DT treatment of B6.Foxp3DTR mice 316 

sensitized with OVA plus SEA and challenged with OVA abolished inflammatory 317 

infiltration in the BALF so that the BALF cellularity and cell differentials were similar to 318 

those of the B6 mice sensitized and challenged with OVA alone.  We further compared 319 

the histological features of the DT treated B6 and B6.Foxp3DTR mice (Fig 4B).  Lung 320 

sections of the DT treated B6 mice showed substantial inflammatory infiltration as 321 

revealed by H&E staining.  Substantial mucus production was also detected in the lungs 322 

of these mice by PAS staining.  However, it must be pointed out that both mucus staining 323 

and H&E staining of inflammatory cells were weaker than those of the Balb/c mice in 324 

Figure 3 perhaps due to strain variation.   Unlike in the DT treated B6 mice, H&E and 325 

PAS staining showed little inflammatory infiltration and mucus production in the lungs of 326 

DT treated B6.Foxp3DTR mice (Fig 4B).  Similarly, DT treated B6 but not B6.Foxp3DTR 327 
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mice showed elevated airway resistance in response to bronchial challenge with inhaled 328 

methacholine (Fig 4C).  In contrast to Treg cell transient depletion prior to sensitization, 329 

Treg cell transient depletion prior to challenge greatly increased BALF cellularity, and 330 

the BALF cells were co-dominated by both eosinophils and lymphocytes (Fig S4).  Thus, 331 

SEA-activated Treg cells acted specifically in the allergen sensitization phase to promote 332 

asthma pathogenesis. 333 

 334 

Increase of severity of CDE-induced asthma by SEA 335 

OVA is an experimental and immunologically inert allergen.  To further investigate 336 

whether SEA can also impact asthma in the mouse model induced by a different allergen 337 

that is clinically related and with self-adjuvant activity, we used cat dander extract 29 to 338 

induce asthma in B6.Foxp3DTR mice.  When used alone to sensitize the mice without Treg 339 

cell deletion, CDE was sufficient to induce inflammatory infiltration after challenges with 340 

CDE as judged by high BALF cellularity (~1 x 106).  The BALF cells in these mice 341 

consisted of a substantial number of eosinophils (> 30%), but macrophages were the 342 

more abundant cell population (> 65%) (Fig 5A).  When the mice were sensitized with 343 

CDE plus SEA and challenged with CDE alone, BALF cellularity increased almost 5-344 

fold and eosinophils became the dominant cell population (> 72%) over macrophages 345 

(~16%) (Fig 5A).  However, when Treg cells were transiently depleted prior to 346 

sensitization, the enhancement of BALF cellularity and eosinophilia was largely 347 

abolished, and they were only slightly above those of the mice sensitized with CDE alone 348 

(Fig 5A).  In airway resistance assays, B6 mice sensitized with CED alone or CDE plus 349 

SEA both showed strong airway resistance in response to bronchial challenge with 350 
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inhaled methacholine. Nonetheless, a significantly greater response at a high dose of 50 351 

mg/ml of methacholine was observed in mice sensitized with CDE plus SEA (Fig 5B).  352 

 353 

Characteristics of early allergen specific T cell responses 354 

Although Th2 responses to allergen are believed to be critical for triggering the clinical 355 

symptoms of asthma, T cells of the in vivo immune responses expressing endogenously 356 

generated  allergen specific TCR (as opposed to transgenic TCR) following allergen 357 

challenge have not been well characterized.  To address this issue, we used a mixture of 358 

OVA-2C:I-Ab and OVA-3C:I-Ab tetramers, which bind to TCRs recognizing 2 distinct 359 

epitopes within the OVA223-339 peptide 50, to detect endogenous OVA specific T cells in 360 

the OVA/SEA sensitization model.  To increase the number of tetramer positive T cells, 361 

we supplemented OVA protein with OVA323-339 peptide in both sensitization and 362 

challenge.  Within 8 – 9 hrs following the first OVA challenge, we found that outside the 363 

MLN, the T cells were most abundant in the BALF.  Within the TCRβ+ cells in the 364 

BALF, the OVA tetramer+ cells were predominantly CD4- although CD4+ tetramer+ cells 365 

were also present, and this was the case for mice either with or without Treg cell transient 366 

depletion prior to sensitization (Fig 6A middle panels).  As expected, almost all the CD4- 367 

tetramer+ were also CD8-.  For detecting OVA-induced cytokine expression, we fixed and 368 

permeabilized the BALF cells immediately following tetramer and surface marker 369 

staining, then stained intracellular IFN-γ and IL-13.  More than a quarter of the CD4- 370 

tetramer+ BALF T cells were stained positive for IL-13 in mice without Treg cell 371 

transient depletion prior to sensitization.  IL-13+ cells were also detected in the CD4+ 372 

tetramer+ BALF T cells in the same mice but to a lesser extent (~5%).  In both cell 373 
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populations, no IFN-γ was detected (Fig 6A, upper left and right panels).  The negative 374 

staining of IFN-γ was not due to technical failure because IFN-γ was robustly stained 375 

positive controls.  Unlike in the Treg cell sufficient mice, in mice with Treg cell transient 376 

depletion prior to sensitization neither IL-13 nor IFN-γ was detected in either the CD4- or 377 

the CD4+ tetramer+ BALF T cells (Fig 6A, lower left and right panels).    378 

 379 

The MLN cells were subjected to the same analyses of tetramer staining and cytokine 380 

expression (Fig 6C).  Modest numbers of tetramer+ T cells were detected in mice without 381 

Treg cell transient depletion.  However, the number of tetramer+ T cells increased 382 

dramatically in the MLN of mice with Treg cell transient depletion prior to sensitization 383 

such that all the CD4+ T cells were tetramer+.  Unlike in the BALF, tetramer+ T cells in 384 

the MLN were predominantly CD4+ although CD4- populations were also detected in 385 

both types of mice (Fig 6C, middle panels).  Unlike in BALF, IL-13 was not detected in 386 

the tetramer+ T cells in the MLN (Fig 6C, left and right panels). 387 

 388 

We further determined whether reconstituting the Treg cell-depleted mice with Treg cells 389 

could restore Th2 cytokine expression.  Treg cells isolated from B6.Foxp3.GFP mice 390 

were adoptively transferred to the B6.Foxp3DTR mice on the same day of the second DT 391 

injection.  The mice were sensitized with OVA plus SEA and challenged with OVA as 392 

described above.  BALF cells derived from the Treg cell constituted and non-constituted 393 

mice were analyzed by OVA tetramer and cytokine staining.  Similar to mice untreated 394 

with DT, IL-13 expression was detected in CD4 negative OVA tetramer positive T cells 395 
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from the Treg cell-constituted and DT treated mice but not the non-constituted mice (Fig 396 

7). 397 

 398 

DISCUSSION 399 

Although ILC2 cells may also contribute to Th2 cytokine production, Th2 cells are the 400 

principal cells responsible for asthma caused by antigen specific recall response to 401 

allergen challenge 28.   However, the fundamental question of why certain individuals but 402 

not others develop strong Th2 responses sufficient to drive asthma pathogenesis remains 403 

unanswered.  Here we showed that SEA promoted asthma caused by sensitization with 404 

the inert experimental allergen OVA, which when administered alone, does not induce 405 

asthma but instead induces tolerance 51, 52.  SEA also exacerbated asthma caused by the 406 

clinical allergen CDE, which by itself was able to induce asthma with mild eosinophilia.  407 

In both cases, the asthma-promoting activity of SEA was dependent on the activation of 408 

Treg cells by SEA at the time of allergen sensitization.  Like SEA, other SEs are also 409 

superantigens, therefore should be able to activate polyclonal Treg cells and promote 410 

asthma pathogenesis.  A recent large-scale epidemiological study found that 40.7% of 411 

asthmatics (vs 28.0% of non-asthmatics) were serum positive for anti-SE IgE indicative 412 

of prior exposure to SEs, and there is a strong positive association between anti-SE IgE 413 

and asthma (odds ratio of 2.10) 53.  However, this study measured IgE antibodies against 414 

only 3 SEs.  So far, a total of 24 SEs (including the classical SEs, SE-like toxins and 415 

TSST-1) have been identified 54.  If antibodies against all 24 SEs were measured, the 416 

percentage of asthmatics positive for anti-SE antibodies could be much higher.  Thus, 417 
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while exposure to SEs may not always lead to asthma, SE exposure concurrent with 418 

allergen exposure could be a common factor for susceptibility to asthma. 419 

 420 

To dissect the immunological mechanisms for the association between SEs and asthma, 421 

we have shown that SEA, by activating antigen nonspecific Treg cells, promotes Th2 and 422 

concomitantly suppresses Th1 differentiation of OVA specific CD4 T cells.  We further 423 

demonstrated that SEA-activated Treg cells produced IL-4.   Although IL-4 is by far the 424 

most potent Th2-polarizing factor, the cellular sources of IL-4 for promoting Th2 425 

responses in various in vivo conditions remain elusive 55.  Basophils have been shown to 426 

produce IL-4 in response to the food allergen papain 56, 57, which may also cause 427 

occupational asthma in workers in the food processing industry 58.  While we could not 428 

exclude the contribution of IL-4 derived from other cell types, our studies showed that 429 

SE-activated Treg cells could be another source of IL-4 for inducing Th2 responses to 430 

inhaled allergens that are more commonly associated with asthma than papain.  It should 431 

also been pointed out that in addition to promoting Th2 differentiation, our in vitro 432 

culture experiments also showed that SEA-activated Treg cells attenuated Th1 433 

differentiation of OVA-specific CD4 Tcon cells.  Similar function of Treg cells in 434 

modulating Th1/Th2 balance may explain the excessive production of Th1 cytokines in 435 

immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome 436 

caused by the loss-of-function mutation of the Foxp3 gene hence the lack of Treg cells 59.  437 

In fact, the ratio of GATA3 (Th2 master regulator7) to T-bet (Th1 master regulator60) was 438 

lower in Foxp3 deficient mice than in wild type mice 61.  Furthermore, Treg cells with 439 
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defects in the micro RNA miR-146a and the Itch E3 ubiquitin ligase cause excessive Th1 440 

and Th2 responses, respectively62, 63. 441 

 442 

The frequency and ability of Treg cells to produce IL-4 may explain some discrepancies 443 

of epidemiological findings in humans.  The positive association between asthma and S. 444 

aureus colonization and/or SE exposure is most evident in adolescents and young adults 445 

36, 53, whereas one study found that neonatal colonization with S. aureus is not associated 446 

with asthma later in life 64.  A potential explanation for the discrepancy could be the 447 

degrees of the maturity of the immune system.  In mice, it is known that there is a lack or 448 

paucity of Treg cells in neonates (35, 36).  In humans, a general lack of Treg cells may 449 

not be a feature of the neonatal immune system, but there are clear variations of Treg cell 450 

frequencies among individuals.  In fact, higher frequencies of Treg cells in neonates are 451 

positively associated with asthma in later life 65, which is consistent with our finding that 452 

SE-activated Treg cells promote allergen specific Th2 differentiation in the sensitization 453 

phase.  Studies of the ability of human Treg cells to produce IL-4 upon stimulation by 454 

SEs will further clarify the role of Treg cells in asthma. 455 

 456 

The throat is the primary site of S. aureus colonization in the respiratory tracks 66, 67.  457 

Therefore, trachea and lower airways are natural sites of exposure to SEs excreted by the 458 

throat-colonizing bacteria or inhaled as environmental contaminants.  Our studies 459 

demonstrated that a single i.t. inoculation of allergen plus SEA was an effective model of 460 

allergen sensitization for asthma.  The 70% lethal dose of SEA in mice is 0.3 µg/g body 461 

weight 68, so the SEA dose used in this study for asthma induction (~ 0.025 µg/g body 462 
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weight) is a safe dose.  The lethal dose of SEA in humans or primates has not been 463 

determined, there is also a lack of information on the precise levels of SEA resulted from 464 

S. aureus colonization or septic shock.  In addition, human T cells are much more 465 

sensitive to SEs than mouse T cells.  Therefore, it is difficult to draw comparison 466 

between our experimental dose of SEA and the exposure levels in humans.  Nonetheless, 467 

using our mouse model and OVA:IAb tetramers, we unveiled several unique features of 468 

early allergen specific T cell responses in the airways and MLN.  Within less than 10 hrs 469 

of the first allergen challenge, OVA specific T cells in BALF were dominated by CD4- 470 

population while significant numbers of CD4+ T cells were also detected. Unlike in the 471 

BALF, in the MLN, CD4+ T cells were the dominant OVA specific T cells although 472 

OVA specific CD4- T cells were also found. Whether the CD4- T cells in the BALF, as 473 

well as in the MLN, were derived from CD4+ T cells that had lost CD4 expression upon 474 

allergen stimulation or they were originally CD4- remains a question.  Nonetheless, this 475 

finding suggests that targeting CD4 may not be an effective strategy for mitigating 476 

allergen specific T cell responses in asthmatic patients. 477 

 478 

OVA-stimulated IL-13 expression was detected mostly in the OVA specific CD4- T cell 479 

population and to a lesser extent in the CD4+ T cell population in the BALF of Treg cell 480 

sufficient mice but not of mice with Treg cell transient depletion prior to allergen 481 

sensitization.  This demonstrated a key role of Treg cells for in vivo Th2 responses.  In 482 

contrast, OVA-stimulated IL-13 expression was not detected in the T cells of the MLN of 483 

mice regardless of Treg cell transient depletion.  Here we propose two alternative 484 

explanations for the difference in Th2 cytokine expression between BALF and MLM T 485 
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cells.  In the first alternative, we assume that the T cells in the BALF are originated from 486 

MLN, and that priming of allergen specific T cells in the MLN occurs over a period of 487 

time.  Since release of cytokines such as IL-4 by SEA-activated Treg cells is a transient 488 

event, only the early wave(s) of allergen specific T cells are subject to Th2 polarization 489 

by the SEA-activated Treg cells.  Such early-activated T cells are more likely to exit the 490 

MLN and migrate to the airways.   In contrast, the T cells remaining in the MLN are 491 

likely those primed at later time points when the Th2 polarizing effect of SEA-activated 492 

Treg cells has dissipated so that these T cells remain undifferentiated therefore do not 493 

produce IL-13.  In the second alternative, we suspect that the T cells in the BALF are 494 

primed in situ and preferentially differentiate into Th2 cells due to the direct exposure of 495 

antigen nonspecific Treg cells to SEA.  In support of this scenario, Constant and 496 

colleagues have shown that antigen-loaded dendritic cells do indeed stay in the lung and 497 

prime T cells in situ without the involvement of lymph nodes and spleen 69. 498 

 499 

In conclusion, we have presented experimental evidence that SEs act as natural adjuvants 500 

by activating allergen nonspecific Treg cells to promote Th2 responses to allergens, 501 

thereby promote asthma pathogenesis in the mouse model of asthma.  These findings 502 

suggest that attenuating the activation of Treg cells by SEs in the allergen sensitization 503 

phase could help prevent asthma and possibly other allergic diseases. 504 

 505 
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 723 

Figure Legends 724 

Fig. 1.  Regulation of Th differentiation of OVA specific CD4 T cells by SEA.  (A) OVA 725 

specific naïve CD4 Tcon cells (CD4+CD62LhighKJ126+GFP-) from DO11.10.Foxp3.GFP 726 

mice were stimulated with APC plus OVA323-339 peptide, IL-12 and SEA in the presence 727 

or absence of naïve Treg cells (CD4+CD62LhighKJ126-GFP+) from 728 

Balb/c.Thy1.1.Foxp3.GFP mice.  Cells were analyzed for cytokine expression on day 6 729 

of culture.  (B) Experiments were set up as in (A) except that naïve antigen nonspecific 730 

CD4 Tcon cells of Balb/c.Thy1.1.Foxp.GFP mice were used in the co-cultures.  After the 731 
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differentiation culture, the cells were stimulated with PMA and ionomycin and analyzed 732 

for intracellular cytokine expression by flow cytometry.  Dot plots of IL-13 and IFN-γ 733 

expression in CD4+KJ126+GFP- cells of representatives of 3 experiments are shown.  734 

Numbers in the dot plots are the percentages of cells.  735 

 736 

Fig. 2.  IL-4 expression by SEA-activated Treg cells.  (A) Naïve Treg cells from 737 

Balb/c.Foxp3.GFP mice mixed with APC or APC alone were stimulated SEA in the 738 

presence of IL-12.  On day 4, IL-4 in the culture supernatants was measured by ELISA. 739 

(B) Ex vivo spleen cells of Balb/c.Foxp3.GFP mice were either un-stimulated or 740 

stimulated with SEA in the presence of monensin for 6 hrs.  IL-4 expression was detected 741 

by intracellular cytokine staining.  Dot plots of Treg cells (CD4+GFP+) are shown.  (C) 742 

Balb/c.Foxp3.GFP mice were i.v. injected with either PBS (-SEA) or 2 µg SEA (+SEA), 743 

6 – 7 hrs later spleen cells were stained for cell surface marker.  Dot plots of CD69 and 744 

CD62L staining on gated Treg cells (CD4+GFP+) are shown.  Numbers in the dot plots 745 

indicate the percentages of cells.  Representatives of one of two experiments are shown. 746 

 747 

Fig. 3.  Analyses of asthma features of OVA sensitized mice.  (A) Balb/c mice were i.t. 748 

sensitized with OVA alone or together with SEA, and i.t. challenged with OVA or PBS 749 

as indicated.  On day 3 after the last challenge, BALF were collected from the mice.  750 

Total BALF cells and percentages of eosinophils and macrophages were determined.  751 

Averages and standard deviations of 3 mice per group of a representative of 3 752 

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

PAS staining of lung sections of mice sensitized with OVA or OVA plus SEA and 754 
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challenged with OVA in (A).  (D) Mice sensitized with OVA or OVA plus SEA were 755 

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

subject to bronchial challenge with increasing doses of methacholine. Pulmonary 757 

resistance at each dose of methacholine challenge was measured.  Averages and standard 758 

deviations of 4 mice per group in 1 of 2 experiments are shown. 759 

 760 

Fig. 4.  Effects of Treg cell transient depletion prior to sensitization with OVA plus SEA 761 

on asthma.  (A) Wild type B6 mice or B6.Foxp3DTR mice (FDR) received 2 consecutive 762 

daily i.p. injections of DT prior to the day of sensitization with OVA plus SEA.  Mice 763 

were challenged with OVA as in Figure 3 A.  Total cell numbers and percentages of 764 

eosinophils and macrophages in the BALF were determined.  Averages and standard 765 

deviations of 3 mice per group of a representative of 3 experiments are shown.  (B) 766 

Sections of lungs of the same mice as in (A) were subject to H&E or PAS staining.  (C) 767 

Mice treated as in (A) were subject to bronchial methacholine challenges, and pulmonary 768 

resistances were measured.  Averages and standard deviations of 4 mice per group in 1 of 769 

2 experiments are shown. 770 

 771 

Fig. 5.  Effects of SEA and Treg cell transient depletion on CDE-induced asthma.  (A) 772 

B6.Foxp3DTR mice were treated with or without 2 consecutive i.p. injection of DT prior to 773 

i.t. sensitization with CDE alone or plus SEA, and challenged with CDE.  Total cell 774 

numbers and percentages of eosinophils and macrophages in the BALF were determined.  775 

Averages and standard deviations of 3 mice per group are shown.  (B) B6.Foxp3DTR mice 776 

sensitized with CDE alone or plus SEA and challenged with CDE as in (A) were subject 777 
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to bronchial challenge with increasing doses of methacholine.  Pulmonary resistances 778 

were measured.  Averages and standard deviations of 4 mice per group are shown.  779 

Statistical significance of difference was determined by Student’s t-test. 780 

Representatives of 2 experiments are shown. 781 

 782 

Fig. 6.  Characterization of early T cell response to allergen challenge.  (A) B6.Foxp3DTR 783 

mice (FDR) were treated with or without 2 consecutive daily i.p. injections of DT prior to 784 

i.t. sensitization with OVA and  OVA323-339 peptide plus SEA, then i.t  challenged once 785 

with OVA and OVA323-339 peptide for  8 – 9 hrs.  The BALF cells were sequentially 786 

stained with PE-labeled OVA-2C:IAb and OVA-3C:IAb tetramers and a cocktail of 787 

antibodies against surface markers.  The cells were then fixed, permeabilized and stained 788 

for IL-13 and IFN-γ.  Middle panels are dot plots of CD4 and OVA tetramer staining 789 

gated on the TCRβ+ single T cells.  Dot plots of IL-13 and IFN-γ staining of the CD4-   790 

(left) and CD4+ tetramer+ (right) cells are shown.   (B) BALF cells of B6 mice sensitized 791 

and challenged with keyhole limpet hemocyanin (KLH) were stained with the OVA 792 

tetramers and CD4,  as negative control of tetramer staining.  (C) MLN cells of the same 793 

mice as in (A) were treated and analyzed as in (A).   (D) MLN cells of the same mice as 794 

in (B), as negative control of tetramer staining of MLN cells.  Numbers in all plots are 795 

percentages of the cell populations.  Representatives of 3 experiments are shown. 796 

 797 

Fig. 7.  Restoration of IL-13 expression by Treg cell reconstitution.  B6.Foxp3DTR mice 798 

(FDR) were treated with 2 consecutive daily i.p. injections of DT prior to i.t. sensitization 799 

with OVA and  OVA323-339 peptide plus SEA.  On the day of the second DT injection, 800 
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mice received either adoptive transfer of Treg cells derived from B6.Foxp3.GFP mice 801 

(FDR + DT + Treg) or PBS (FDR + DT).  The mice were then sensitized and challenged, 802 

and BALF cells were analyzed as in Fig 5.  Middle panels are dot plots of CD4 and OVA 803 

tetramer staining gated on the TCRβ+ T cells.  Dot plots of IL-13 and IFN-γ staining of 804 

the CD4-  (left) and CD4+ tetramer+ (right) cells are shown.  Numbers in all plots are 805 

percentages of the cell populations.  Representatives of 2 experiments are shown. 806 
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Supplemental Figure Legends 1 

 2 

Figure S1.  In vitro Th differentiation of OVA specific CD4 Tcon cells in the absence of 3 

SEA.  OVA specific naïve CD4 Tcon derived from DO11.10.Foxp3.GFP mice were 4 

mixed with or without antigen nonspecific naïve Treg cells derived from 5 

Balb/c.Thy1.1.Foxp3.GFP mice.  The cells were stimulated with APC plus OVA323-339 6 

peptide and IL-12.  On day 6 of culture, cells were stimulated with PMA and ionomycin.  7 

IFN-� and IL-13 were measured by intracellular cytokine staining.  Dot plots of 8 

CD4+KJ126+GFP- populations are shown.  Numbers are percentages of cells in each 9 

quadrant. 10 

 11 

Figure S2.  BALF cell differential staining.  Balb/c mice were i.t. sensitized with OVA 12 

or OVA plus SEA, and challenged with either OVA or PBS as indicated.  BALF smear 13 

slides were stained with Diff-Quick solutions.  Microscopic pictures of the stained slides 14 

are shown. 15 

 16 

Figure S3.  In vitro Th differentiation of OVA specific CD4 Tcon cells of 17 

OTII.Foxp3.GFP mice. OVA specific naïve CD4 Tcon cells derived from 18 

OTII.Foxp3.GFP mice were mixed with or without antigen nonspecific naïve Treg cells 19 

derived from B6.Foxp3.GFP mice.  The cells were stimulated with APC plus OVA323-339 20 

peptide, SEA and IL-12.  On day 6 of culture, cells were stimulated with PMA and 21 

ionomycin.  IFN-γ and IL-13 were measured by intracellular cytokine staining.  Dot plots 22 
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of the OTII CD4 Tcon cells (CD4+TCR Vβ5+) are shown.  Numbers are percentages of 23 

cells in each quadrant. 24 

 25 

Figure S4.  Effects of Treg cell deletion after sensitization and prior to allergen challenge 26 

on asthma.  B6.FoxpDTR mice were i.t. sensitized with OVA or OVA plus SEA for 1 27 

week.  Prior to i.t. challenge with OVA, mice were i.p. injected with or without DT to 28 

deplete Treg cells.  The mice were then i.t. challenged 3 times with OVA.  BALF from 29 

the mice were collected.  Total numbers of cells, percentages of eosinophils, 30 

macrophages and lymphocytes in the BALF are shown. 31 

 32 

 33 

 34 
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