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Major histocompatibility complex (MHC) class II engagement by toxic shock syndrome toxin 1 (TSST-1)
transduces signals leading to proinflammatory cytokine gene expression (tumor necrosis factor alpha [TNF-
a]) in human monocytes. To study the proinflammatory role of MHC class II molecules expressed by bronchial
epithelial cells (BEC), primary human BEC were isolated from surgical bronchial samples, expanded in vitro,
and cultured in the presence or absence of gamma interferon (IFN-y) for 48 h. '>*I-TSST-1 binding to BEC
pretreated with IFN-y was inhibited up to 97% by anti-MHC class II monoclonal antibody 3B12, indicating that
in BEC also MHC class II molecules were targets for the staphylococcal exotoxin. As analyzed by a quantitative
reverse transcriptase PCR, a 1-h stimulation of BEC with TSST-1 resulted in a vigorous expression of TNF-a
and interleukin-8 (IL-8) genes. TNF-« and IL-8 expression was optimal in BEC pretreated with 50 IU of IFN-vy/
ml, whereas TSST-1 stimulation of BEC pretreated with 200 IU of IFN-y/ml failed to enhance either TNF-a
or IL-8 transcripts. In a time course study, peak expression of TNF-« and IL-8 mRNA was reached 6 h after
TSST-1 stimulation. These results demonstrate that bacterial superantigen TSST-1 binds to MHC molecules
on BEC and induces TNF-a and IL-8 gene expression upon engagement of MHC class II molecules on BEC, thus
contributing to the perpetuation of bronchial mucosa inflammation via chemokine or cytokine gene expression.

Human bronchial epithelial cells (BEC) have a major role in
the lower-airway mucosal immune or inflammatory response
(29). They not only provide a physiological barrier against
pathogens but also take part in the recruitment of immune
effector cells such as neutrophils and eosinophils (7, 27). Fur-
thermore, BEC express and secrete proinflammatory cytokines
(interleukin-1 [IL-1], IL-6, tumor necrosis factor alpha [TNF-
a], granulocyte-macrophage colony-stimulating factor [GM-
CSF]) or chemokines (eotaxin, MCP-1, IL-8, RANTES) under
various in vitro and in vivo proinflammatory conditions (4, 10,
12, 13, 17, 23, 28). TNF-a appears to play a critical role in the
induction of the inflammatory response against pathogens and
modulates neutrophil chemotaxis and BEC adhesion molecule
expression (7). IL-8 is a potent chemotactic factor for neutro-
phils and eosinophils (9, 22). Its expression in bronchial epi-
thelial cells is enhanced by asthma (13) or during bacterial or
viral infections (14).

Gamma interferon (IFN-vy) induces major histocompatibility
complex (MHC) class II molecule expression on BEC in vitro
(20, 21). In vivo, the expression of MHC class II molecules is
enhanced by asthma and lung neoplasia, allowing BEC to
function as antigen-presenting cells and to interact with T cells
(8, 19, 21). MHC class II engagement by the staphylococcal
superantigen toxic shock syndrome toxin 1 (TSST-1) or by
specific monoclonal antibodies (MAbs) generates intracellular
signals leading to the expression of proinflammatory cytokine
genes in human primary T cells and monocytes (6, 24, 25, 30).
Since upper-airway epithelial cells express MHC class I mol-
ecules in conditions of acute or chronic inflammation, we have
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examined here whether exposure of MHC class II'" BEC to the
staphylococcal exotoxin TSST-1 may further enhance BEC
proinflammatory response.

MATERIALS AND METHODS

Reagents. Recombinant human IFN-y and dispase I were purchased from
Boehringer Mannheim, Rotkreuz, Switzerland; TSST-1 was purchased from
Toxin Technology (Sarasota, Fla.); penicillin-streptomycin, trypsin, Hanks’ bal-
anced salt solution (HBSS), bovine fibronectin, bovine collagen I, and ampho-
tericin B were purchased from Gibco-BRL, Gaithersburg, Md.; bovine serum
albumin and digitonin were purchased from Fluka, Buchs, Switzerland; LHC
basal medium, LHC8 medium, retinoic acid, and epinephrine were purchased
from Biofluids Inc., Rockville, Md.; DNase I was purchased from Sigma (St.
Louis, Mo.); fluorescein isothiocyanate (FITC)-conjugated anti-cytokeratin
MADb was purchased from DAKO, Zug, Switzerland; and phycoerythrin (PE)-
conjugated anti-DR MAb was purchased from Becton Dickinson (San Jose,
Calif.). Human IL-8 plasmid was a gift from J.-J. Mermoud, Glaxo IMB, Geneva,
Switzerland.

Isolation of primary human bronchial epithelial cells. Tumor-free bronchial
samples were obtained from three patients undergoing pneumonectomy for
bronchial cell carcinoma. The research protocol was approved by the Hospital
Review Board, and informed consent was obtained from all subjects before tissue
sampling. Bronchial mucosa was first excised, trimmed, and extensively washed
in HBSS containing penicillin (100 U/ml)-streptomycin (100 pg/ml) and ampho-
tericin B (100 U/ml). To dissociate BEC, a piece (4 by 4 mm) of bronchial tissue
was incubated for 3 h in 0.5 ml of LHC basal medium supplemented with
penicillin-streptomycin, 30 U of dispase I/ml, and 2 g of DNase I/ml in a six-well
culture plate (Nunc, Roskilde, Denmark) pretreated with coating solution con-
sisting of LHC basal medium containing bovine fibronectin (10 pg/ml), bovine
collagen I (30 pg/ml), and bovine serum albumin (10 pg/ml). Epithelial cells were
scraped, harvested, and centrifuged at 400 X g for 5 min at 4°C. Then they were
washed in HBSS and resuspended in LHC9 medium (LHC8 medium supple-
mented with 0.33 nM retinoic acid and 0.5 g of epinephrine/ml) in a six-well
plate pretreated with coating solution. LHC9 culture medium was changed after
48 h and twice a week thereafter. At confluence, BEC were washed twice in
Ca?*- and Mg®"-free HBSS and detached from plastic by being incubated for 15
min at 37°C in EGTA-trypsin (0.025%). After two washes in HBSS, cells were
plated onto a 24-well culture plate in LHC9 medium (10° cells/ml) for another
48 h. BEC were at this step preincubated with IFN-y and then with TSST-1, or
left untreated, as described in Results. MHC class II and cytokeratin expression
on BEC was assessed by flow cytometry (EPICS II; Coulter, Hialeah, Fla.) or
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alternatively by direct immunofluorescence with a fluorescence microscope
(Wild Leitz, Wetzlar, Germany). For cytokeratin expression, BEC were first fixed
in 1% paraformaldehyde for 30 min at 4°C and then permeabilized for 10 min at
room temperature with digitonin (0.1 mg/ml) prior to incubation with 0.1 ml of
FITC-conjugated anti-cytokeratin MAb.

TSST-1 labeling and binding assay. TSST-1 (10 wg) was labeled with 40 pnCi
of 12T (>7.4 GBg/ml; Hartmann Analytica, Braunschweig, Germany) by using
chloramine-T and purified from free '*I on a Sephadex G-25 column (NAP-5;
Pharmacia, Uppsala, Sweden). For binding assays, 5 X 10° BEC pretreated for
48 h with 200 U of IFN-y/ml (or left untreated for control BEC) were incubated
for 60 min in 24-well culture plates with >*I-labeled TSST-1 (50,000 cpm). In
competition experiments, BEC were preincubated for 30 min with anti-MHC
class II MADb 3B12 (immunoglobulin G1 [IgG1]) (24), with control anti-MHC
class T MAb BBM1 (American Type Culture Collection, Manassas, Va.), or with
isotype control myeloma protein MOPC21 (IgG1; Cappel, Aurora, Ohio) prior
to incubation with '>I-TSST-1. After five washes in LHC9 medium, BEC were
detached from plastic by being incubated for 15 min at 37°C in EGTA-trypsin
(0.025%) and precipitated in 10% trichloroacetic acid. After centrifugation, pel-
let radioactivity was measured in a scintillation vy counter. Nonspecific binding was
determined from parallel tubes containing a 1,000-fold excess of unlabeled toxin.

Quantitative IL-8 RT-PCR. A quantitative reverse-transcriptase PCR (RT-
PCR) assay was carried out as described previously (31). Total cellular RNA was
isolated as described by Chomczynski and Sacchi (3). The sample concentration
was measured by spectrophotometry at 260 nm, and RNA quality was checked on
a 1% agarose gel. The RT reaction mixture (1 pl of 3’ primer [50 pmol/ml], 1 pul
of avian myeloblastosis virus [AMV] buffer [SO0 mM Tris-HCI, pH 8.3, 500 mM
KCI, 50 mM MgCl,], 0.8 ml of 25 mM dithiothreitol, 0.8 wl of 10 mM de-
oxynucleoside triphosphate, 8 U of RNasin, and 0.3 U of AMV RT), 1 pl of total
cellular RNA, 1 ul of internal standard (PSSB plasmid), and up to 20 pl of H,O
were incubated at 42°C for 60 min, heated at 95°C for 2 min, and then quickly
chilled on ice. PCR amplification was carried out in a 50-ul final volume by
mixing 20 pl of RT mixture with 30 pl of PCR buffer (500 mM Tris-HCL [pH
8.3], 500 mM KClI) containing 50 pmol of 5" primers, 0.25 p.Ci of [a-**P]dCTP,
and 0.5 U of Tag DNA polymerase (Perkin-Elmer, Branchburg, N.J.). After 3
min of denaturation at 94°C, samples were subjected to 25 amplification cycles.
The PCR conditions involved denaturation at 95°C for 1 min, annealing at 54°C
for 40 s, and extension at 72°C for 1 min. PCR products from PSSB RNA
amplified with IL-8 primers were 284 bp long and were designed to be longer
than PCR products from target mRNA (263 bp). PCR products were denatured
and separated on a sequencing gel. mRNA-derived signals were quantified on a
gamma counter (Instant Imager; Packard Instruments, Meriden, Conn.). The
amount of specific mRNA, expressed as copies per microliter, was calculated
from the following formula: a X r/b where a corresponds to the number of copies
of the internal standard, b corresponds to the concentration of the RNA sample,
and r corresponds to the ratio between TNF-a- or IL-8-specific mRNA and
internal standard signals in counts per minute. Sample results were finally ex-
pressed as the fold induction over that of the control sample.

Quantitative TNF-oo RT-PCR. The assay was carried out as described previ-
ously (6, 31). PCR products from pAW109 RNA (Perkin-Elmer) amplified with
TNF-a primers were 301 bp long and were designed to be shorter than PCR
products from target mRNA (325 bp). PCR product processing and result anal-
ysis were performed as described above for the IL-8 RT-PCR assay.

RESULTS

IFN-y induces HLA-DR expression on primary bronchial
epithelial cells. BEC were expanded for 2 weeks as described
in Materials and Methods (in the absence of fetal calf serum to
impair fibroblast growth) and, as indicated (see Fig. 1 legend),
were pretreated with IFN-y for 48 h or left untreated. To
assess the epithelial origin of cells isolated from surgical sam-
ples as well as HLA-DR expression, cells were permeabilized
and stained with anti-cytokeratin and anti-DR MAb (Fig. 1).
More than 95% of the BEC were cytokeratin bright, and <1%
of the cells incubated with IFN-y expressed HLA-DR in the
absence of simultaneous expression of cytokeratin, indicating
that culture contamination by mucosal fibroblasts was negligi-
ble. IFN-vy-induced HLA-DR expression was dose dependent.
In the absence of IFN-v, less than 5% of the BEC expressed
MHC class II molecules. A 48-h incubation with 50 IU of
IFN-y/ml resulted in HLA-DR expression in 68% of the BEC;
expression peaked at 92% of the BEC in the presence of 200
IU of IFN-y/ml.

TSST-1 binds to MHC class II molecules on BEC. BEC
pretreated for 48 h with 200 U of IFN-y/ml (or left untreated
for control BEC) were incubated as described in Materials and
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FIG. 1. IFN-y induces a dose-dependent expression of HLA-DR. Untreated
BEC (a) or BEC preincubated for 48 h with IFN-y at 50 U/ml (b) or 200 U/ml
(c and d) are shown. HLA-DR expression was analyzed by single (a, b, and c) or
double color flow cytometry (d; HLA-DR-PE versus cytokeratin-FITC). Follow-
ing IFN-y exposure, HLA-DR was expressed by 68 (b) and 92% (c) of BEC.

Methods with '**I-TSST-1. '**I-TSST-1 binding to IFN-y-pre-
treated BEC was inhibited up to 97% by preincubation with
increasing concentrations of anti-DR, -DP, and -DQ MAb
3B12 (Fig. 2). In contrast, incubation with anti-class I MAb
BBM1 (IgG1; 100 wg) or with isotype control myeloma protein
MOPC21 (IgG1; 100 pg) did not result in more than 6%
binding inhibition, comparable to a 5% nonspecific inhibition
deduced from incubation with cold TSST-1. In absence of BEC
pretreatment with IFN-y, only 8% of the total >’ I-TSST-1
bound to control BEC. This strongly suggested that MHC class
II molecules were unique binding sites for TSST-1 on BEC and
made unlikely the presence of another receptor.
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FIG. 2. TSST-1 binds to MHC class IT molecules on BEC. BEC pretreated
for 48 h with IFN-y at 200 U/ml were incubated with '**I-labeled TSST-1 alone
or with anti-class II MADb 3B12, anti-class I MAb BBM1 (100 pg/ml), and isotype
control myeloma protein MOPC21 (100 pg/ml) as competitors. Nonspecific
binding was assessed from competition with cold TSST-1 (10 pg) in excess.
Results from duplicate samples are expressed as percent inhibition of '*I-
labeled toxin binding to IFN-y-pretreated BEC.

Engagement of MHC class II by TSST-1 induces TNF-« and
IL-8 mRNA expression. Human macrophages express HLA-
DR and secrete TNF-a and IL-1 upon engagement of HLA-
DR molecules by TSST-1 (6, 30). To determine whether
HLA-DR expression induced by IFN-vy on primary BEC could
also result in the production of the proinflammatory cytokine
TNF-a or chemokine IL-8 upon MHC class II molecule en-
gagement by TSST-1, BEC isolated from surgical samples from
two patients were incubated with TSST-1 (10 pg/ml) for 1 h,
with or without pretreatment with increasing concentrations of
IFN-y. After extraction (3), total RNA was analyzed by quan-
titative RT-PCR assay for TNF-a and IL-8 transcripts (Fig. 3).
Induction of TNF-« transcripts upon TSST-1 stimulation, cal-
culated as described in Materials and Methods, was the most
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FIG. 3. Engagement of MHC class II molecules by TSST-1 on BEC induces
TNF-a and IL-8 gene expression. Results of a representative experiment show-
ing expression of TNF-a (A) and IL-8 mRNA (B) by BEC as measured by
quantitative RT-PCR are presented. BEC isolated from patient 2 were pre-
treated with IFN-y for 48 h, as indicated, and then were incubated for 1 h with
medium alone (unstimulated) or TSST-1 (10 pg/ml). Int. std., internal standard.
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FIG. 4. Quantitative RT-PCR analysis of TNF-a (A and C) and IL-8 mRNA
(B and D) expression by MHC class II" BEC upon TSST-1 exposure. BEC lines
were derived from patients 1 (A and B) and 2 (C and D). Sample results were
compared to the internal standard, corrected for RNA concentration, and ex-
pressed as fold induction over that of TSST-1-unstimulated but IFN-y-pretreated
BEC (see Materials and Methods).

vigorous in cells preincubated with IFN-y (50 IU/ml) and was
enhanced, in comparison to that for unstimulated cells, by
11.1-fold and 5.8-fold in patients 1 and 2, respectively (Fig. 4A
and C). IL-8 gene expression followed a similar IFN-y dose
dependence (4.3-fold and 14.8-fold induction over that for
unstimulated cells) (Fig. 4B and D). A dose-dependent effect
of IFN-y alone on cytokine gene expression was present and
was more pronounced on mRNA expression of TNF-a than on
that of IL-8 (Fig. 3). However, when BEC were stimulated with
200 TU of IFN-y/ml, TNF-a or IL-8 mRNA was not further
enhanced by additional stimulation with TSST-1. In contrast,
even in the absence of IFN-y pretreatment, a small but repro-
ducible induction in IL-8 gene expression was detectable upon
TSST-1 stimulation. In a time course study, a primary bron-
chial epithelial cell line isolated from patient 3 was preincu-
bated with the optimal concentration of 50 IU of IFN-y/ml for
48 h and then was stimulated with TSST-1 (10 pg/ml) for the
indicated periods of time (Fig. 5). TNF-ao mRNA induction
was detectable after 3 h (3.1-fold induction), peaked at 6 h
(8.2-fold induction), and decreased rapidly thereafter. IL-8
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FIG. 5. Time-course analysis of TNF-a and IL-8 mRNA expression upon BEC stimulation by TSST-1. After exposure to IFN-y (50 U/ml) for 48 h, BEC isolated
from patient 3 were incubated for 3, 6, 12, and 24 h with medium alone (unstimulated) or with TSST-1 (10 wg/ml). Samples were analyzed as described for Fig. 3.

transcript induction followed a parallel pattern of expression
(respectively, 1.9- and 6.4-fold induction).

DISCUSSION

We have shown in this paper that MHC class II molecules
bind TSST-1 and that their engagement by TSST-1 on BEC
pretreated with IFN-y at the optimal concentration of 50
IU/ml induced a vigorous expression of TNF-a and IL-8 genes,
which peaked about 6 h after the initial stimulation. Several
studies have demonstrated that bronchial epithelial cells are
potential sources of proinflammatory mediators such as IL-18,
IL-8, TNF-a, and GM-CSF (4, 10, 12, 13, 17, 23, 28). These
cytokines are synthesized and constitutively released from
bronchial epithelial cell cultures, and their production is en-
hanced by TNF-« or IL-1B (1, 5). In vivo, MHC class II mol-
ecules are expressed by epithelial cells of the upper and low-
er respiratory airways in inflammatory conditions including
asthma, chronic inflammatory lung disease, lung carcinoma,
and allergic rhinitis (8, 18, 19, 21). In nonallergic subjects,
MHC class II molecule expression by nasal epithelial cells was
directly correlated with the number of neutrophils and lym-
phocytes in the nasal brushing (18). In vitro, nonprofessional
antigen-presenting cells, such as epithelial cells from the air-
ways or from the gut, are able to express MHC class II mole-
cules upon incubation with IFN-y and as such acquire the
capacity to present antigen to T cells or to induce T-cell tol-
erance (8, 11, 20). We demonstrate here, furthermore, that
MHC class II molecules upregulated on IFN-y-pretreated
BEC are the only significant targets of TSST-1, in view of a
97% specific inhibition obtained by BEC preincubation with
anti-MHC class II MADb 3B12, and with regard also to a 5%
nonspecific binding (Fig. 2). This makes highly unlikely the
existence on BEC of a second receptor for TSST-1 whose
engagement would lead to signal transduction.

Our data show that BEC preincubated with IFN-vy can fur-
ther enhance their proinflammatory activity upon engagement
of MHC class II molecules by bacterial superantigens. IFN-vy-
induced MHC class II expression was clearly dose dependent
(Fig. 1). However, optimal induction of TNF-a and IL-8 genes

occurred in TSST-1-stimulated BEC pretreated with 50 IU of
IFN-y/ml, a concentration which does not correspond to the
peak of MHC class II molecule expression obtained with con-
centrations of from 200 to 400 IU of IFN-y/ml. This was mainly
due to an IFN-y dose-dependent TNF-a and IL-8 mRNA
expression which could not be further enhanced by stimulation
with TSST-1 (Fig. 3). This may have resulted also, in part, at
least, for IL-8 gene expression, from an inhibitory effect of
IFN-y at high concentration, as previously documented (2).
We thus demonstrate that MHC class I molecules on BEC not
only may contribute to antigen presentation (8, 19-21), but
also may transduce signals, leading to the generation of proin-
flammatory mediators. Over the past years, several studies
have clearly demonstrated that MHC class II molecules en-
gaged by TSST-1 on monocytes (16), B cells (6a), NK cells
(25), and activated human T cells (25) were able to trans-
duce signals leading to early and late activation events. BEC
should be added to the list. In monocytes, engagement of
MHC class II molecules by TSST-1 not only induced a
transcriptional activation of the TNF-a gene but also
strongly stimulated TNF-a translation and secretion (6). In
human activated T cells, MHC class II molecule cross-link-
ing by anti-DR antibodies resulted in the production of IL-2,
IFN-y, IL-3, and TNF-a mRNA transcripts (24). The
present data suggest that IL-8 gene expression in BEC was
also the consequence of a direct transcriptional and/or post-
transcriptional regulation of the IL-8 gene by signals trans-
duced via MHC class II molecules. Indeed, since IL-8 and
TNF-a transcripts both peaked 6 h after BEC stimulation by
TSST-1, it seems unlikely that IL-8 gene expression merely
resulted from autocrine TNF-a stimulation (10, 17, 26). Our
observations on BEC are reminiscent of recent findings
showing that engagement of MHC class II molecules on
IFN-v-treated fibroblast-like synoviocytes by staphylococcal
enterotoxin A selectively induced the production of inter-
stitial collagenase (15). We here show furthermore that li-
gation of MHC class II molecules by bacterial superantigens
in an open, nonsterile environment such as the lower respi-
ratory tract may lead to the amplification of a local preex-
isting inflammatory response.
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Taken together, we demonstrate in this paper not only that
BEC may play the role of nonprofessional antigen-presenting
cells (8, 19-21) but also that the expression of MHC class II
molecules may contribute to sustaining the proinflammatory
activity of the epithelial lining. Since numerous inflammatory
conditions such as bronchial asthma and neoplasia may en-
hance MHC class II molecule expression by epithelial cells,
interaction with bacterial pathogens able to secrete superanti-
gens may be of clinical relevance and may contribute to the
induction of a cascade of proinflammatory mediators and to
neutrophil or eosinophil chemotaxis.
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