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Staphylococcal enterotoxin B-derived haptens promote
sensitization

Shao-Bo Yang1’7, Tong-Li Li>*7, Xiao Chen?, Yun-Fang An?, Chang-Qing Zhao®, Jun-Bao Wen', Dao-Fa Tian’,
Zhong Wen®, Min-Qiang Xie® and Ping-Chang Yang®

T helper 2 (Th2) polarization is a major pathological feature in allergic diseases; its etiology is not fully understood. This study aims to
elucidate the adjuvant effect of the microbial product-derived small peptides in the initiation of antigen-specific Th2 polarization. In
this study, a clinical survey of patients with chronic rhinosinusitis (CRS) and food allergy (FA) was carried out. The Staphylococcal

enterotoxin B (SEB)-derived small peptides (Ssps) were examined in the human stool extracts. The formation of Ssp/antigen adducts
was tested in a protein—protein combination assay. The bone marrow-derived dendritic cells (BMDCs) were employed to test the role of
Ssp/ovalbumin (OVA) adducts in the dendritic cell (DC) maturation. A mouse model was developed to test the role of Ssp/OVA adducts
in the initiation of Th2 polarization in the intestine. The results showed that 54 (18.2%) patients with FA were diagnosed among 296
patients with SEB* CRS; only eight (2.9%) FA patients were identified among 272 patients with SEB~ CRS. Ssps were detected in the
stool protein extracts from FA patients with SEB* CRS, but not in those with SEB™ CRS. Ssp/OVA adducts induced DC maturation,
speeded up DC migration, activated CD4* T cells in the regional lymph nodes and induced skewed Th2 polarization in the local tissue.
We conclude that patients with SEB* CRS are prone to suffering from FA. SEB can be degraded to Ssps in the gastrointestinal tract. The

Ssps can bind macromolecular antigens to form adducts to promote the antigenicity of the antigens and induction of the
antigen-specific Th2 polarization and inflammation in the local tissue.
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INTRODUCTION

The prevalence of allergic disease has rapidly increased over the past
several decades. The pathogenesis of allergy is unclear. One of the
major pathological features of allergy is the skewed antigen-specific
T helper 2 (Th2) polarization in the local tissue.' How the local tissue
is sensitized to specific antigens has not yet been fully understood.
Based on animal model studies, the ingestion of a purified antigen,
such as ovalbumin (OVA), generally induces the immune tolerance to
the specific antigen,” while exposure to a mixture of an antigen and an
adjuvant induces sensitization to the specific antigen.” Therefore, it
seems that the presence or absence of adjuvants is a checkpoint for the
induction of immune tolerance or sensitization; the underlying
mechanisms have not yet been fully elucidated.

Adjuvants are substances that can promote immune responses.
They can be mixed with vaccines to strengthen the immune reaction
in the recipients to a specific antigen.* Aluminum hydroxide is an
adjuvant that has been used in human vaccination as well as animal
studies.””” Other reported adjuvants include tetanus, diphtheria, per-
tussis vaccine and Staphylococcal enterotoxin B (SEB), for example.

One of the mechanisms by which adjuvants facilitate the immuniza-
tion is that adjuvants can act as a depot for the specific antigen, pre-
senting the antigen over a relatively long time, thus sustaining the
providing antigenic stimulation before the body clears the antigen.
On the other hand, haptens also act to promote the induction of
immune responses.®

Some small molecules can covalently attach to protein molecules
with large molecular weight; these small molecules are designated
haptens; the large protein molecules are named carriers.”'® Such a
process may result in upregulation of the antigenicity of the carriers,
or both of the carriers and haptens. A number of haptens have been
recognized relating the pathogenesis of allergic diseases including
some plant derivatives (such as urushiol'"), some drugs (such as peni-
cillin'?) and chemicals (such as trinitrobenzene sulfonic acid'?). The
role of hapten in the animal model of allergic dermatitis has been well
recognized,'* in which haptens fulfill the role of adjuvants. As afore-
mentioned, some bacterial products are used as adjuvants in the estab-
lishment of animal models of allergic diseases.>”'> Whether the
microbial products act in the same way as hapten is unknown. We
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previously observed that patients with chronic rhinosinusitis (CRS)
and S. aureus infection were prone to suffer from immune disorders in
the intestine.'®!” CRS is a common disease; the S. aureus infection is
common in CRS. High levels of SEB were detected in the sinuses of
patients with CRS.'”*® To understand the mechanism of sinusitis-
derived SEB in the induction of intestinal allergy, we performed a
clinical survey and found that among SEB™ CRS patients, significantly
more food allergy (FA) patients were observed. The SEB-derived small
peptides (Ssps) were identified in the stool of patients with both FA
and CRS; the Ssps had a strong adjuvant property in the induction of
intestinal allergy in an animal model.

MATERIALS AND METHODS

Human subjects

This study was carried out between 2005 and 2010. The hospitals
where we recruited the patients, the diagnosis of CRS and the ethic
statements are presented in the Supplementary Material.

Mice

BALB/c mice (6- to 8-week-old) were purchased from Charles River
Laboratories (Saint-Constant, QC, Canada). TLR2 ™/~ and C57BL/6]
(B6) mice were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA). Mice were maintained in a specific pathogen-free envi-
ronment. The experimental procedures were approved by the Animal
Care Committee at McMaster University.

Detection of Ssps in human stool samples

The stool samples were collected from patients with FA and CRS. The
diagnostic procedures are presented in the Supplementary Material.
The demographic data are presented in Supplementary Table 1. About
1 g of stool was collected from each subject. The stool was processed by
the sulfate ammonium precipitation assay. Bio-Rad protein assay was
used to determine the protein content. The usage of human specimens
in the study was approved by the Human Research Ethic Committee at
our universities.

Detection of SEB in the sinuses

The maxillary sinus punctuations via the inferior meatus were per-
formed under local anesthesia. Proteins were extracted from the suc-
tions from the sinuses and were further analyzed for the levels of SEB
by ELISA.

Ammonium sulfate precipitation of protein from stool samples
The stool samples were resuspended in 0.1 M phosphate-buffered
saline at 1 g/10 ml, shaked at 4 °C for 20 min and centrifuged at
17 500 r.p.m. for 15 min, and then the supernatant was collected
and added saturated ammonium sulfate to saturation and then ster-
ling slowly at 4 °C overnight. The precipitated pellets were resuspended
in phosphate-buffered saline. The protein content was determined by a
Bio-Rad protein assay.

Western blotting

A total of 50 pg denatured proteins was separated in 12.5% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis gel and transferred
onto nitrocellulose membrane. The membranes were then incubated
with the primary antibodies (0.5-1 pg/ml) or isotype IgG (using as a
negative control) overnight at 4 °C. Reactions were developed using
the Pierce ECL chemiluminescence substrate kit (Thermo Fisher
Scientific Inc., Rockford, IL, USA). Results were recorded with X-
ray film. Bands were semiquantified by densitometry. The intensity
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of the specific band was normalized to the intensity of the B-actin
band.

SEB peptide sequencing

The peptide of SEB identified by Western blotting was cut from the gel
and sequenced by mass spectrometry for the amino acid sequence with
published procedures.*’

Partial gastric digestion of SEB
A mimic gastric digestion was performed for SEB. Digestion mixtures
consisted of 0.1 ml SEB (100 pg/ml) and 50 ul 0.4 M HCI with 8 g/l of
NaCl and 6.8 g/l of pepsin. Digestion was performed at 37 °C for
15 min with shaking. The digestion was stopped with 40 pl of 0.3 M
Na,COs.

Some experimental procedures are presented in the Supplementary
Material.
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Figure 1 Ssp binding assay. (a) Protein extracts were prepared from the stool or
sinus discharge of patients with chronic sinusitis and food allergy. The samples
were analyzed by Western blotting. The immune blots show SEB-positive stain-
ing. Source of samples: lanes 1 and 2: patients with food allergy and sinusitis; lane
3: patients with food allergy, no sinusitis; lane 4: healthy subjects; lane 5: gastric
fluid assay; lane 6: isotype staining control. (b) The bars indicate the Ssp/OVA
binding assay. SEB: SEB (2 ng/ml) was added. The data represent three experi-
ments. The data in (b) were presented as mean=s.d. *P<0.05, compared with
‘SEB’ group. OD, Optical density; OVA, ovalbumin; SEB, Staphylococcal enter-
otoxin B; Ssp, SEB-derived small peptide.



RESULTS

SEB* CRS correlates with FA

S. aureus infection is common in CRS.?® SEB is one of the virulence
factors of S. aureus. Our previous studies indicate that SEB is asso-
ciated with the pathogenesis of intestinal immune disorders.>'® Thus,
we carried out a clinical study to investigate the relation between CRS-
derived SEB and FA. The results showed that 52.11% (296/568) CRS
patients had SEB (635.74*157.43 pg/mg protein from sinus suction
sample) in the secretions of the sinuses (group A); SEB was below the
detectable levels in the other 272 (47.89%) patients (group B). Fifty-
four patients in group A were diagnosed FA (54/296; 18.24%), while
only eight patients in group B had FA (8/272; 2.94%), which was
significantly less than that in group A (P<<0.01; by % test). The data
imply that the sinusitis with S. aureus infection may contribute to the
pathogenesis of FA.

Ssps bind to macromolecular protein antigens

Based on the consideration that the CRS-derived SEB might be swal-
lowed down to the gastrointestinal tract, we measured the SEB levels in
stool samples of the 51 FA patients with SEB™ CRS. The results showed
that high levels of SEB (ranged from 35.5 to 228.4 pg/mg protein;
averaged 108.5+26.4 pg/mg protein) were detected in those patients.
In the stool samples obtained from the 45 non-CRS FA patients, the
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levels of SEB (from 0 to 18.6 pg/mg protein; averaged as 1.5*3.1
pg/mg protein) were significantly lower than patients with SEB™
CRS (P<0.01; by t-test).

The swallowed SEB may be degraded by the proteolytic enzymes in
the gastrointestinal tract. We then collected stool samples from
patients with both FA and CRS. Proteins were extracted from the stool
samples and analyzed by Western blotting. The results showed that
SEB was detected at 31 kDa in samples of stool and sinuses in patients
with FA and CRS, but not in those with non-CRS and FA or healthy
subjects. In addition, another positive band with a molecular weight
about 2.5 kDa was detected in the samples from patients with both FA
and SEB™ CRS, which was also detected in samples treated with gastric
fluid assay (Figure 1a). The results imply that the CRS-derived SEB
may be degraded into small peptides while passing through the gastro-
intestinal tract.

We noted that the molecular weight in several SEB-positive bands
from the stool samples was about 2.5 kDa (Figure 1a). In contrast to
most protein antigens, these short peptides of SEB can be designated
‘small’ peptides. According to the definition of hapten, haptens are
small molecules that can attach a large molecular carrier to form
adducts.” We postulated that the Ssps might have the properties of
the hapten to bind macromolecular proteins covalently. To test the
hypothesis, we analyzed the peptide at 2.5 kDa by mass spectrometry.
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Figure 2 Ssp/OVA adducts facilitate DC maturation. BMDCs were exposed to Ssp, or OVA, or Ssp/OVA adducts in the culture for 48 h. The BMDCs were collected and
intracellularly stained with indicated antibodies and analyzed by flow cytometry. The histograms indicate the frequencies of CD80*, CD83™, CD86™" and MHC |1 cells
inthe BMDCs. *, BMDCs were isolated from TLR ™/~ mice; the rest BMDCs were isolated from B6 mice (the littermates). The data represent three experiments. BMDC,
bone marrow-derived dendritic cell; DC, dendritic cell; MHC, major histocompatibility complex; OVA, ovalbumin; Ssp, Staphylococcal enterotoxin B-derived small

peptide; TLR, Toll-like receptor.
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The results showed that the peptide consisted of 21 amino acids, which
corresponded to the 1-21 amino acids in the sequence of SEB. This Ssp
was then synthesized (Peptide 2.0, Chantilly, VA, USA). Using OVA as
a model antigen, we carried out a protein—protein combination assay.
The results showed that the Ssp had an affinity to bind OVA
(Figure 1b). The results from Ssp were further confirmed by
Western blotting (Supplementary Figure 1).

Ssp/Ag adducts promote dendritic cell (DC) maturation
We next observed if Ssps facilitated the antigen uptake by DCs. Based
on the properties of Ssps in binding macromolecular proteins, as
shown in Figure 1b and Supplementary Figure 1, using OVA as a
model antigen, we added OVA or Ssps/OVA adducts to the culture
of bone marrow-derived dendritic cell (BMDC) at 37 °C for 6 h. As
shown by flow cytometry, BMDCs did absorb the non-conjugated
OVA, but at a low rate. In contrast, the absorption of Ssp/OVA by
BMDC was significantly increased in an Ssp dose-dependent manner.
Since SEB can activate the Toll-like receptor (TLR) 2,222 we won-
dered if TLR2 was involved in the absorption of Ssp/OVA. In separate
experiments, we prepared BMDCs from TLR™/~ mice and then
exposed to Ssp/OVA adducts. Indeed, the absorption of Ssp/OVA
was downregulated to the control level (Supplementary Figure 2).
To observe the effect of Ssp/OVA adducts on DC migration,
BMDCs were generated and exposed to Ssp/OVA adducts in the cul-
ture for 48 h. As shown by flow cytometry, the levels of the maturation
marker, CD80, CD83, CD86 and MHCII, were increased significantly.
To elucidate the effect of TLR2 on the Ssp/OVA adduct-induced DC
maturation, a batch of BMDC was isolated from TLR2 '~ mice, and

exposed to Ssp/OVA adducts. Indeed, the TLR2-deficient BMDCs
showed similar results to control BMDCs (Figure 2). We also assessed
the levels of IL-12 in the culture. The results showed that the Ssp/OVA
adducts did not increase the production of IL-12 by the BMDCs (data
not shown).

Ssp/OVA adducts modulate immune responses

To determine whether the Ssp/OVA adducts could modify DC’s func-
tions in vivo, we treated naive B6 mice or TLR2-deficient mice by
gavage-feeding with Ssp/OVA adducts or OVA alone. The mice were
killed on the next day; the Mesentery lymph node (MLN) were excised;
the FITC™ DCs in MLN were analyzed by flow cytometry. The results
showed that 3.37%=*1.2% OVA-containing DCs were counted in the
MLN of mice fed with OVA alone (Supplementary Figure 3a), signifi-
cantly more in mice fed with Ssp/OVA adducts (9.16%*2.5%;
Supplementary Figure 3b), and significantly less in TLR2-deficient
mice (2.64%*1.1%; Supplementary Figure 3c). The results indicate
that Ssp/OVA adducts can promote the DC migration to the draining
lymph nodes after capturing the antigen. TLR2 plays a critical role in
the process.

Next we fed mice with OVA or Ssp/OVA adducts daily for 5 days. As
analyzed by flow cytometry, the frequency of Th2 cells was increased
while the frequencies of Th1 cells and Foxp3™ T regulatory cells were
decreased significantly in the MLNs, which did not occur in TLR2-
deficient mice (Figure 3). The results indicate that the Ssp/OVA can
promote the Th2 polarization in the MLN instead of inducing
immune tolerance.
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Figure 3 Ssp/OVA adducts modulate the immune response in the MLN. The dot plots indicate the frequencies of CD4*1L-4" T cells (a), CD4*IFN-y* T cells (b) and
CD4"CD25"Foxp3™ Tregs (¢) in mouse MLN. a5, b5 and c5 are isotype controls. The bars in a6, b6 and c6 indicate the summarized data in the dot plots (mean=s.d.).
*P<0.01, compared with panel 1. The data represent five experiments. IFN, interferon; MLN, Mesentery lymph node; OVA, ovalbumin; Ssp, Staphylococcal

enterotoxin B-derived small peptide.
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Exposure to Ssp/antigen adducts induce sensitization in the
intestine

To further characterize the properties of the Ssp/OVA adducts, we
treated BALB/c mice with the Ssp/OVA adducts following the proce-
dure in Figure 4a. The treatment with Ssp/OVA adducts resulted
in intestinal sensitization to the OVA manifesting increase in serum
OVA-specific IgE (Figure 4b) and B-hexosaminidase activity (Figure 4c),
and skewed antigen-specific Th2 responses (Figure 4d and e) in the
small intestine of mice treated with Ssp/OVA adducts, but not in those
treated with saline (naive control), or Ssp alone, or OVA alone.

DISCUSSION
In the present study, we observed that CRS patients with S. aureus
infection were prone to suffer from FA. One of the enterotoxins from
S. aureus, SEB, was degraded into small peptides while passing through
the gastrointestinal tract. The small peptides derived from SEB (we
designated these as Ssps) could bind to other macromolecular proteins,
such as OVA, to form adducts. The Ssp/OVA adducts could be captured
by DCs, facilitate DC maturation, promote DC migration, modulate T
cell responses in the MLNs and induce intestinal sensitization in mice.
SEB is one of the enterotoxins secreted by S. aureus; the latter is a
common pathogen colonizing on the surface of the body. SEB may be
ingested into the digestive tract via contaminated food, or mixing in
the discharge of rhinosinusitis to be swallowed down to the gastro-
intestinal tract. Our previous studies™'® indicate that concurrent expo-
sure to SEB and food antigen can induce the skewed antigen-specific
Th2 inflammation in the intestine, in which T cell immunoglobulin
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mucin domain (TIM)-4 plays a critical role in the induction of skewed
Th2 polarization.>** Others found that mixed SEB and food antigens
can compromise the established oral tolerance and induce the food
antigen-specific Th2 inflammation in the intestine.>* In addition, SEB
involvement in the pathogenesis of allergic disorders in the airway and
skin has been well recognized.>*® The present study has expanded the
existing knowledge about the role of SEB in the pathogenesis of allergic
disorders; the degraded SEB has a strong adjuvant effect on the induc-
tion of intestinal sensitization.

It is known that most tissues in the body have proteases that can
degrade proteins. The proteases are rich in the intestine. Thus, it is
logical to infer that the ingested microbial products, such as SEB,
can be degraded in the gastrointestinal tract. Indeed, our results
confirmed the inference by showing that SEB was degraded into a
number of small peptides in the protein extracts which were isolated
from stool of patients with CRS and FA. Considering that both
haptens and SEB are involved in the pathogenesis of allergy,” ™’
we deducted that SEB might be degraded in the intestine before it is
involved in the development of sensitization; the degraded SEB, or
the Ssps, were peptides with low molecular weight as shown by the
present data, which implicated that the Ssps might act as a hapten.
The subsequent experimental results proved the deduction; the Ssps
could bind to a macromolecular model antigen, OVA, in a dose-
dependent manner. However, the whole molecule of SEB did not
bind OVA to form adducts.

DCs have the capacity to initiate the immune response by captur-
ing, processing, presenting antigens and producing the costimulatory
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Figure 4 Ssp/OVA adducts induce intestinal sensitization. B6 mice were treated with the procedures as depicted in (a). The bars in (b) and (c) indicate the serum levels
of OVA-specific IgE (b) and B-hexosaminidase activity (beta-hexo; ¢). (d) The histograms indicate the T cell proliferation. d1, mice were treated with saline. d2, mice
were treated with OVA. d3, mice were treated OVA/Ssp adducts. d4, TLR2-deficient mice were treated OVA/Ssp adducts. d5 is a staining control. d6, the bars indicate
the summarized data of d1-d4. (e) The bars indicate the cytokines levels of IL-13, IL-5 and IL-4 in the culture supernatants of the cells in (d) (sampled at the end of the
culture; determined by ELISA). The y axis indicates the treatments in mice. Each group consisted of six mice. The data represent six experiments. * P<0.01, compared
with saline group. OVA, ovalbumin; Ssp, Staphylococcal enterotoxin B-derived small peptide; TLR, Toll-like receptor.
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molecules. DCs express all the described TLRs that can recognize the
stimulation of microbes and their products. In the present study, the
BMDC:s expressed high levels of MHC II and the costimulatory mole-
cules upon exposure to Ssps or Ssp/OVA adducts. This fact indicates
that the BMDCs recognize the stimulation of Ssps. The knockdown of
TLR2 abrogated the maturation of BMDCs, indicating that TLR2
mediated the stimulation of Ssp to the BMDCs. DCs have a unique
feature that upon capture of an antigen, DCs mature quickly and do not
capture other antigens. The forming adducts of Ssp and OVA can
overcome this characteristic of DC; both OVA and Ssp can be captured
by DCs simultaneously. Thus, the Ssp-activated DCs get the opportun-
ity to boost the process of the captured antigen and Ssp concurrently.

The interaction between CD80/CD86 (on DCs) and CD28 (on
CD4™ T cells) can trigger a T cell immune response, which may occur
in the draining lymph nodes. Our data show that after stimulation by
Ssp/OVA adducts, the BMDCs not only matured quickly, but also
migrated to the MLNs; this phenomenon implicates that these DCs
may present the antigens to CD4™ T cells in the MLNs. The naive
CD4™" T cells can be dictated to develop to either Th1 or Th2 cells. In
the present study, abundant OVA-specific Th2 cells were detected in
the MLNs and in the lamina propria, indicating that the exposure to
Ssp/OVA adducts can induce the antigen-specific Th2 polarization in
the intestine. The reexposure to the specific antigens resulted in the
Th2 pattern intestinal inflammation. The remaining question here is
by what mechanism the Ssp/OVA adducts only induce the skewed Th2
response, but not the Th1 response. The proposed answer may be that
exposure to SEB induces DCs to produce TIM-4.2° When the
mature DCs present the antigen/major histocompatibility complex
II complex to T cells, the TIM-4 is also presented to the T cells. The
interaction of TIM-4 and TIM-1 (on T cells) can drive naive CD4" T
cells to differentiate into Th2 cells.>**

In summary, the present data indicate that patients with SEB* CRS
are prone to FA; the ingested SEB can be degraded to small peptides
(Ssp) in the intestine. The Ssps have the properties of haptens to form
adducts with macromolecular antigens. Exposure to the Ssp/antigen
adducts can induce DC maturation, initiate CD4" T cell responses in
the intestine and induce the antigen-specific Th2 cell polarization and
inflammation in the intestine.
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