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Noninvasive vaginal infections by Staphylococcus aureus strains 
producing the superantigen TSST-1 can cause menstrual toxic 
shock syndrome (mTSS). With the objective of exploring the basis 
for differential susceptibility to mTSS, the relative responsiveness to 
TSST-1 of healthy women has been investigated. Peripheral blood 
mononuclear cells from healthy donors were incubated with puri-
fied TSST-1 or with the T-cell mitogen phytohemmaglutinin (PHA), 
and proliferation was measured. The concentrations of TSST-1 and 
PHA required to elicit a response equivalent to 15% of the maximal 
achievable response (EC15) were determined. Although with PHA, 
EC15 values were comparable between donors, subjects could be 
classified as being of high, medium, or low sensitivity based on 
responsiveness to TSST-1. Sensitivity to TSST-1-induced prolif-
eration was associated with increased production of the cytokines 
interleukin-2 and interferon-γ. When the entire T lymphocyte popu-
lation was considered, there were no differences between sensitivity 
groups with respect to the frequency of cells known to be responsive 
to TSST-1 (those bearing CD3+ Vβ2+). However, there was an asso-
ciation between sensitivity to TSST-1 and certain HLA-class II hap-
lotypes. Thus, the frequencies of DR7DQ2, DR14DQ5, DR4DQ8, 
and DR8DQ4 haplotypes were greater among those with high sen-
sitivity, a finding confirmed by analysis of responses to immortal-
ized homozygous B cell lines. Collectively, the results reveal that 
factors other than neutralizing antibody and the frequency of Vβ2+ 
T lymphocytes determine immunological responsiveness to TSST-1. 
Differential responsiveness of lymphocytes to TSST-1 may form the 
basis of interindividual variations in susceptibility to mTSS.

Key Words: superantigens; T-cell proliferation; cytokines men-
strual toxic shock syndrome; HLA haplotypes.

Staphylococcal toxic shock syndrome (TSS) is an acute 
febrile illness caused by Staphylococcus aureus that is 

accompanied by hypotension and multiple organ involvement 
(Schlievert et al., 1990). When initially recognized in 1978, TSS 
was associated primarily with children and adolescents (Todd 
et al., 1978). The syndrome was identified subsequently as a 
bacterial toxin–mediated disease (Schlievert et al., 1981), and 
the phrase “superantigen” was coined to describe the stimulus 
that caused a substantial expansion of T lymphocytes express-
ing the same T-cell receptor (TcR) Vβ chains that was triggered 
by exposure to extremely small quantities (~0.1 pg/ml) of the 
bacterial exoprotein (Marrack and Kappler, 1990).

Superantigens as a class bind as intact molecules to major 
histocompatibility complex (MHC) class  II gene products 
expressed by professional antigen-presenting cells (APC). 
The association with class  II determinants occurs outside the 
peptide-binding groove, and the superantigen then binds with 
the variable region of the TcR β-chain to form a functional bridge 
between APC and T lymphocytes (Schlievert and Bohach, 
2007). This results in the activation of bound T lymphocytes 
creating a “cytokine storm.” The release of proinflammatory 
cytokines may be very substantial because up to 20% of T 
lymphocytes can become activated by a superantigen. This 
compares with approximately 0.01% of the T lymphocyte pool 
that will respond to a specific antigen.

Staphylococcal TSS is associated with toxic shock syndrome 
toxin-1 (TSST-1), as well as staphylococcal enterotoxins such 
as SEB and SEC, with the later being implicated primarily in 
nonmenstrual toxic shock (McCormick et al., 2001). Menstrual 
toxic shock syndrome (mTSS) is caused by noninvasive vagi-
nal infection by a S. aureus strain producing TSST-1 that has 
affinity for TcR Vβ2 chains. This superantigen has the ability 
to penetrate the vaginal lipid permeability barrier without being 
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associated with bacteremia (Davis et al., 2003). It is commonly 
the case that women who develop mTSS lack, or have only a 
low titer of, neutralizing IgG1 and IgG4 antitoxin antibodies 
(Kansal et al., 2007).

This superantigen-mediated disease has been correlated 
with menstruation and other factors in epidemiological stud-
ies (Davis et al., 1980; Osterholm et al., 1982). However, not 
all women colonized with strains of S.  aureus that produce 
TSST-1 develop mTSS (Parsonnet et al, 2010); the implication 
being that host factors, including anti-TSST-1 antibody titer, 
influence risk and disease progression. Up to 85% of women 
of reproductive age in North America have detectable antibody 
to TSST-1 (Parsonnet et al., 2005), and it is those women who 
lack antibody are believed to be at highest risk of mTSS (Kotb 
et al., 2002).

We have sought here to identify host factors that determine 
immunological responsiveness to TSST-1 and that will also, 
therefore, impact on susceptibility to mTSS. For that purpose, 
we have examined, using venous blood samples, the immuno-
logical characteristics and responsiveness to TSST-1 of healthy 
women. One specific objective was to determine whether it is 
possible to identify differences in sensitivity to TSST-1 and 
to establish the association of relative sensitivity with other 
immunological metrics.

MATERIALS AND METHoDS

Study subjects and clinical design. Seventy-four healthy women with 
regular monthly menstrual cycles, between the ages of 18 and 41 years, were 
initially recruited with informed consent at the Reed Hartmann Research Center 
(Cincinnati, OH). All participants agreed to refrain from antiseptic gargling, 
douching, or sexual intercourse for 48 h prior to sampling. Exclusion criteria 
included current use of antibiotics, antihistamines, corticosteroids, or medi-
cated nasal sprays, current fever, systemic infection or genitourinary infection 
or discharge, or a history of toxic shock, kidney or liver failure, immunosup-
pressive therapy or organ transplantation. Subjects were withdrawn from the 
study if they were found to have elevated serum C-reactive protein (CRP) levels 
(indicative of poor general health) or if (in eight cases) it proved impossible to 
derive estimates of sensitivity from induced proliferative responses. The final 
study cohort therefore comprised 66 subjects who fulfilled all inclusion criteria 
and who displayed proliferative responses suitable to subsequent analyses.

The protocol, informed consent, and other associated documents were 
reviewed and approved by Schulman Associates Institutional Review Board. 
Additionally, due to laboratory analysis being performed at the Cincinnati VA 
Medical Center, review and approval of the protocol were also conducted sec-
ondarily by Department of Veterans Affairs Central Institutional Review Board. 
All subjects underwent an informed consent process, whereby both written and 
oral information were provided concerning study procedures as well as the risks 
and benefits of trial involvement. Subjects were given adequate time to read 
and ask questions, prior to signing an informed consent document. All study 
conduct complied with International Conference on Harmonization (ICH) E6 
consolidated guidelines, the U.S. Code of Federal regulations on Good Clinical 
Practices (21 CFR 10.90, 50, 56) and HIPPA Privacy Law.

Reagents. Purified TSST-1 was provided by Dr Parsonnet (Dartmouth-
Hitchcock Medical Center [DHMC], Lebanon, NH). The purity of TSST-1  
(> 95% pure) was based on both liquid chromatography-mass spectrometry and 
gel electrophoresis analyses (data not shown). Endotoxin contaminants were 
removed by one round of treatment with Polymyxin B sulfate (PMB) agarose 

(Sigma-Aldrich, St Louis, MO). Endotoxin-free TSST-1 in sterile PBS was 
used for further studies.

Sample collection. Nasal, oropharyngeal, and vaginal swabs (e-swab col-
lection and transport system; Becton Dickinson, San Jose, CA) were collected 
and placed into 1 ml of sterile Amies transport medium. Approximately 80 ml 
of venous blood was drawn from each donor into sodium heparin and trans-
ported immediately to Cincinnati VA Medical Center. A further 3 ml of blood 
was collected for serum separation. Serum was transported for measurement of 
CRP levels to Quest Diagnostic Laboratories (Cincinnati, OH).

Isolation and characterization of S.  aureus. Vaginal, nasal, and oro-
pharyngeal swabs were sent to DHMC (Lebanon, NH) under ambient condi-
tions for receipt within 24 h of sampling. One drop of the eluted microbial 
specimen in transport medium was streaked on a sheep red blood cell (RBC) 
blood agar plate (SBAP) (5% Sheep RBC; Remel, Lenexa, KS) and incubated 
overnight at 37°C in ambient air, and culture supernatants were harvested. To 
enrich for TSST-1 positive S. aureus strains, the remaining microbial sample in 
transport buffer was added to 5% enrichment broth (brain heart infusion broth 
supplemented with 10  μg/ml PMB and 10  μg/ml nalidixic acid) (Parsonnet 
et al., 2008) and incubated overnight. One drop was placed onto ChromAgar 
Staph aureus (Becton Dickinson), which includes a chromogenic substrate that 
distinguishes S. aureus from other organisms, and streaked for isolation. Plates 
were incubated overnight at 37°C in ambient air for 24 h, and S. aureus colonies 
were enumerated.

Isolates were also characterized for gene (tst) presence and phenotypic pro-
duction of TSST-1. Isolates were screened by Southern blot hybridization for 
the presence of tst genes by PCR amplification of probes from S. aureus MN8 
(kind gift from J. Parsonnet) as described previously (Monday and Bohach, 
1999). Culture supernatants from bacterial isolates grown on 5% SBAP were 
analyzed for production of TSST-1 by competitive ELISA as described previ-
ously (Parsonnet et al., 1985).

Peripheral blood mononuclear cells and plasma.  Plasma was sepa-
rated from whole blood by centrifugation at 3000 rpm for 20 min, and throm-
bin (1 U/ml; Sigma-Aldrich) was added to obtain serum for use in antibody 
assays. Plasma volume was replaced by Hanks’ Balanced Salt Solution (HBSS; 
Invitrogen, Carlsbad, CA) and peripheral blood mononuclear cells (PBMC) 
isolated using density gradient centrifugation (Fico/Lite-LymphoH; Atlanta 
Biologicals, Lawrenceville, GA). Cells at the interface (PBMC) were collected 
and washed thrice in HBSS.

Proliferation of PBMC. Aliquots of cells (0.2 × 106 cells/well) were seeded 
in triplicate into 96-well round-bottom tissue culture plates (Becton Dickinson) 
in complete RPMI 1640 medium ([RPMI 1640 medium supplemented with 
10% heat inactivated fetal bovine serum [both from HyClone, Logan, UT], 
25mM HEPES, 4mM L-glutamine, 100 U/ml penicillin, and 100  μg/ml 
streptomycin [all from Mediatech Inc., Manassas, VA]). Cells were cultured 
with medium alone, with various concentrations of TSST-1 (0.001–50 ng/ml) 
or with phytohemagglutinin (PHA; 0.625–10 μg/ml) (Sigma-Aldrich) for 72 h 
at 37°C in a humidified atmosphere 5% CO

2
 in air. On the day of harvest, cells 

were pulsed with 1  μCi/well [3H] thymidine (specific activity  =  6.7Ci/mM; 
Perkin Elmer, Waltham, MA); 6 h later, the cells were harvested onto 96-well 
microplates with bonded GF/C filter (Perkin Elmer). Incorporated radioactivity 
was measured in counts per minute (CPM) using a Top Count NXT Microplate 
scintillation counter (Perkin Elmer). Proliferation of PBMC was expressed 
as mean CPM or as the estimated concentration of TSST-1 or PHA required 
to induce a response that was 15% of the maximal response recorded (EC15 
value). The latter was used as a measure of sensitivity to TSST-1 or PHA. 
EC15 values were derived by fitting a four-parameter log-logistic model to the 
PBMC proliferation data using S-Plus 7.0 statistical software (Insightful Corp., 
Seattle, WA). Prior to derivation of EC15 values, net proliferative activity in 
response to either TSST-1 or PHA was calculated by subtraction of background 
CPM of cells incubated in the medium alone (concurrent vehicle controls) from 
those cultured with the stimulant. In the case of eight subjects, the statistical 
model did not converge, and it was not possible to estimate the TSST-1 EC15 
values; data from these subjects were excluded from all further analyses. 
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TOXIC SHOCK AND TSST-1 SENSITIVITY

The remaining 66 subjects were ranked in order of their TSST-1 EC15 values, 
with lower EC15 values indicating a higher level of sensitivity to TSST-1. On 
this basis, subjects were further assigned to one of three categories based on 
high, medium, or low sensitivity to TSST-1. Cutoff points were based on the 
33rd and 66th percentile of the distribution of TSST-1 EC15 values.

Presentation of TSST-1 by homozygous B cell lines. To validate the 
effect of HLA-class II haplotypes on the presentation of TSST-1, we applied 
a complementary approach using an in vitro reductionist system, wherein 
TSST-1 was presented to pure T cells by homozygous B cell lines expressing 
distinct HLA-class II haplotypes as described previously (Nooh et al., 2011). 
T cells depleted of APC were purified by subjecting freshly isolated PBMCs 
(isolated from blood of healthy donors) to one cycle of erythrocyte rosetting 
(Nooh et  al., 2006). The enriched T cells were purified further by negative 
selection using the human pan T-cell isolation kit and autoMACS according 
to the manufacturer’s instructions (Miltenyi Biotec, Auburn, CA). To remove 
any residual APCs, the purified cells were incubated overnight at 37°C/5% CO

2
 

in complete RPMI 1640, and the nonadherent cells, enriched for T lympho-
cytes, were carefully recovered. The purity of the APC-depleted T cells was 
confirmed phenotypically by flow cytometry and functionally by their lack of 
response to PHA. Immortalized, homozygous B cell lines expressing distinct 
HLA-II haplotypes were used as a source of APC. The haplotypes represented 
were DRB1*0102/DQB1*0501 (line PMG), DRB1*1501/DQB1*0602 (line 
MGAR), DRB1*0301/DQB1*0201 (line VAVY), DRB1*0401/DQB1*0302 
(line BM14), DRB1*1102/DQB1*0301 (line JVM), DRB1*1301/DQB1*0603 
(line HHKB), DRB1*1401/DQB1*0503 (line ABO), DRB1*0701/
DQB1*0202 (line MOU), and DRB1*0801/DQB1*0402 (line MADURA). All 
HLA-II homozygous cell lines were purchased from the European Cell Culture 
Collection (UK). To block cellular division of APC, the cells were treated with 
mitomycin C (MMC) (Sigma) as previously described (Nooh et al., 2011). The 
efficacy of MMC treatment was determined by comparing the uptake of [3H] 
thymidine by treated cells with that by untreated cells.

To measure proliferative responses to TSST-1 presented to T cells by 
HLA-II homozygous cell lines, the superantigen was added to culture at a con-
centration of 10 ng/ml. After incubation at 37°C in a humidified atmosphere of 
5% CO

2
 for 72 h, cells were pulsed with [3H] thymidine and harvested to assess 

the magnitude of proliferative response by β scintillation counting.

Characterization of TcR-Vβ expression. PBMC were stained directly 
with different anti-TCRBV antibodies from a Vβ monoclonal antibodies kit 
(IOTest Beta Mark, TCR Vβ Repertoire Kit, PN IM3497, Beckman Coulter, 
Inc., Fullerton, CA), which labels T lymphocytes expressing 24 different TcR-
Vβ families. Expression of Vβ chains on CD3+ and CD4+ T-cell subsets was 
determined using anti-CD3 Allophycocyanin (APC) (clone UCHT1) and anti-
CD4 phycoerythrin-cyanine 7 (clone RPA-T4) antibodies from Ebiosciences 
(San Diego, CA); for single-stained controls, antibodies were from BD 
Biosciences (antihuman CD3-FITC Clone HIT3a; antihuman HLA DR-PE 
Clone L243). Appropriate isotype control antibodies were used. Cells (3 × 105) 
were analyzed for each antibody combination using an FACS Canto equipped 
with three lasers 405, 488, and 633 nm (Becton, Dickinson and Company, 
Franklin Lakes, NJ). Samples were simultaneously labeled with anti-CD3 and 
anti-CD4 monoclonal antibodies to assess frequencies of CD4 and non-CD4 T 
cells expressing specific TcR-Vβ elements.

An initial gate was set around the lymphocytes based on forward and side 
light scatter properties. At least 104 events were counted to ensure accurate 
determination of minor Vβ populations. Data were exported as FCS 3.0 files, 
and final analyses were conducted using FlowJo v7.6 (TreeStar Inc., Ashland, 
OR). Percent relative TcR-Vβ2 expression is expressed for each subject as fol-
lows: percent relative TcR-Vβ2 expression = (percent CD3+ or CD3+CD4+ T 
cells expressing TcR-Vβ2/Total TcR-Vβ expression by CD3+ or CD3+CD4+ 
T cells) × 100.

Cytokine production by PBMC. Aliquots of PBMC (0.4 × 106 cells/well) 
were cultured in 96-well round-bottom tissue culture plates (Becton Dickinson) 
in complete RPMI 1640 medium. Cells were cultured with medium alone, with 
various concentrations of TSST-1 (50, 25, 10, and 1 ng/ml) or with PHA (5, 

2.5, and 1.25 μg/ml). Supernatants were harvested at 24, 36, 48, and 72 h in the 
presence of protease inhibitors (Complete Mini, EDTA-free protease inhibitor 
cocktail tablets prepared as a 25× stock in distilled water and used at a final 
concentration of 1×; Roche, Indianapolis, IN) and frozen at −80°C until trans-
port on dry ice to the University of Manchester (Manchester, UK) for receipt 
within 72 h. Selected supernatants (72 h supernatants for all subjects, and all 
time points for those 10 subjects with the lowest TSST-1 EC15 values, and 
10 subjects with the highest TSST-1 EC15 values) were analyzed by cytokine 
bead array (Pro Human Cytokines Group I multi-cytokine flex kit; Bio-Rad 
Laboratories Ltd, Hemel Hempstead, UK) according to the manufacturer’s 
instructions for the following cytokines/chemokines: interleukin (IL)-1β, IL-2, 
IL-4, IL-6, IL-8, IL-10, IL-17, interferon-γ (IFN-γ), interferon-γ inducible 
protein (IP-10; CXCL10), and tumor necrosis factor (TNF)-α. A customized 
set of fluorescent anticytokine/chemokine multiplex microbeads was supplied 
together with recombinant standards for the generation of a standard curve for 
each cytokine/chemokine, and the assay was performed in a 96-well microtiter 
plate format. Serial dilutions (1 in 3) of the recombinant cytokines/chemokines 
and supernatants (neat or diluted 1:10) in Bioplex sample diluent (Bio-Rad 
Laboratories Ltd) were analyzed. Samples were incubated for 30 s with shak-
ing at 1100 rpm, followed by a further 30 min to 1 h with shaking at 300 rpm, 
followed by 30 min incubation with detection antibody, and a final 10-min incu-
bation with PE-labeled streptavidin. Between each incubation step, the plates 
were washed thrice with assay buffer, and the buffer was removed by vacuum 
filtration. Cytokine/chemokine content was measured using a Bio-Plex 200 
Array Reader Unit (Bio-Rad Laboratories Ltd). The standard curves derived 
with the appropriate recombinant cytokine/chemokine and associated com-
puter software for microplate-based assays (Bio-plex manager 5.0 software; 
Bio-Rad Laboratories Ltd) were used to calculate the chemokine/cytokine con-
centrations in supernatants. Lower limits of detection for each analyte were as 
follows: 20 pg/ml, IL-1β; 50 pg/ml, IL-2; 10 pg/ml, IL-4; 100 pg/ml, IL-6; 40 
pg/ml, IL-8; 50 pg/ml, IL-10, 200 pg/ml, IL-17; 1000 pg/ml, IP-10; 1000 pg/
ml, IFN-γ; and 300 pg/ml, TNF-α.

HLA haplotype characterization. Genomic DNA was extracted from 
whole blood using a Qiagen DNEasy Blood and Tissue DNA isolation kit 
(Qiagen Inc., Valencia, CA) on the EZ-1 robotic system according to the 
manufacturer’s instructions. The DNA quantity and purity were measured as 
a function of A260 and A280 readings using a Nanodrop spectrophotometer 
(Fisher Scientific, Hanover Park, IL). Genotyping for the HLA-DRB1, DRB3, 
4, 5 and HLA-DQA1, DQB1 alleles was performed using a reverse Sequence 
Specific Oligonucleotide (SSO) DNA typing system, the PCR-SSOP Luminex 
method, employing a LABType SSO (One Lambda Inc., Canoga Park, CA) 
according to the manufacturer’s instructions. Briefly, target DNAs were PCR 
amplified using HLA-DRB1, DRB 3,4,5, or HLA DQA1, DQB1 group-specific 
primers. The biotinylated PCR products were denatured and hybridized to 
locus-specific probes conjugated to fluorescently coded microspheres, which 
were analyzed using a flow analyzer, Lumniex LABScan 200 (MiraiBio Group, 
South San Francisco, CA). Determination of HLA alleles was based on the 
reaction pattern compared with patterns associated with published HLA allele 
sequences as analyzed by Fusion software (One Lambda, Inc.). DQA1 typing 
was carried out on all subjects to further verify haplotype assignments (Kotb 
et al., 2002). Assignment of HLA-II haplotype designation of each subject was 
based on known linkage disequilibrium between the DR and DQ loci found in 
healthy individuals of North America.

Determination of anti-TSST-1 antibody titer. A sandwich ELISA 
was used to measure immunoglobulin G (IgG) anti-TSST-1 antibody levels 
in serum. Nonimmune human sera from healthy volunteers (1:4 dilution) 
and Human Immune Globulin Intravenous IgG (Sandoglobulin; Sandoz 
Pharmaceutical Corp., East Hanover, NJ) at a 1:64 dilution served as nega-
tive and positive controls, respectively. Microtiter plates were coated with 
TSST-1 (0.5 μg/ml), and sera diluted serially in PBS were added to the coated 
wells. Plates were then incubated overnight at 20°C and washed. Goat antihu-
man IgG-alkaline phosphatase (ICN Biomedicals, Aurora, OH) was added to 
each well. After incubation for 3 h at 37°C, wells were washed and enzyme 
substrate (1 mg/ml p-nitrophenyl phosphate in 10% diethanolamine buffer; 
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Sigma-Aldrich) was added. Plates were incubated at 24°C until positive con-
trol wells reached an optical density (OD) of 1.0 (405 nm). The OD of sample 
solutions was determined, and dilution curves were plotted for each sample. 
The threshold OD was determined previously by testing sera from patients 
with TSS caused by TSST-1. All such sera (diluted 1:4) yielded an OD of less 
than 0.2 times that of the positive control (Parsonnet et al., 2008). Samples 
with titers of ≤ 1:4 were classified as being “negative” for antibody, and those 
with titers of ≥ 1:32 were considered as “positive.” These classifications are 
based on previous clinical experience with several hundred patients with 
either mTSS or TSST-1-induced nonmenstrual TSS. Of these patients, greater 
than 90% had a titer of ≤ 1:4 and 100% had a titer of < 1:32 (J. Parsonnet, 
unpublished data). Titers of 1:8 and 1:16 were classified as “intermediate” 
(i.e., likely to contain antibodies to TSST-1 but at a titer that may not afford 
protection from mTSS).

Statistical analyses. Endpoints analyzed in this manuscript are “EC15 
TSST-1,” “PHA EC15,” “CPM at 50 ng/ml TSST-1,” “%TcR-Vβ2 CD3+ lym-
phocytes,” “TSST-1 antibody Titer,” and “Percentage bacterial Colonization 
(nasal, and/or oropharyngeal, and/or vaginal).” Based on the 33rd and 
66th percentiles of the distribution of TSST-1 EC15 data, three sensitivity 
groups were established (high, medium, and low); cutoff points were 0.0118 
and 0.0727. For a given endpoint, pairwise comparisons among the three 
sensitivity groups were performed using a t-test statistic where the Type 
I error rate was 0.05 (5%). For each endpoint (except for “Percentage SA 
Colonization—[nasal, and/or oral, and/or vaginal”]), a linear mixed model 
was fitted with sensitivity groups as a fixed factor and cohorts (based on the 
visit date) as random. For the colonization endpoint, a binary outcome was 
created. It was defined as “1” if nasal, and/or oral, and/or vaginal SA colo-
nization was observed; and “0” otherwise. Then a logit generalized linear 
mixed model was fitted with responder groups as a fixed factor and cohorts 
(based on the visit date) as random. Group means were obtained from the 
mixed model along with standard errors. As is customary for ANOVA, 
the pooled variance was used to compute SE. Estimated proportions were 
obtained from the Logit model via the inverse link function. Estimates of all 
contrast comparisons were provided along with their SEs and p values. In 
the case of the Logit model, odds ratios associated to all comparisons were 
reported. All statistical tests were two sided and were carried out at the cus-
tomary α = 0.05 (5%). Computations were performed using the GLIMMIX 
procedure in SAS Version 9.2.

The association between specific HLA DR/DQ alleles/or HLA-II hap-
lotypes and the TSST-1-sensitivity groups, which was based on EC15, was 
determined using the Fisher’s exact tests. The threshold for statistical signifi-
cance was set at p = 0.05, and all tests were two sided. Probability (p) values 
were corrected for multiple comparisons (pc) applying a Bonferroni correc-
tion factor of 16 (total number of DR and DQ alleles compared). Statistical 
analyses were performed using SPSS statistical analysis programme version 
16 (SPSS Inc., Chicago, IL) and the SAS system v9.2 (SAS Institute Inc., 
Cary, NC, USA).

RESuLTS

Study Cohort

A total of 90 subjects was initially screened for entry into the 
study. Of these, 74 fulfilled all criteria for enrolment. Of those 
studied, 66 displayed responses in the proliferation assays that 
were appropriate for further analyses, and these subjects repre-
sented the final study cohort. The exception was that HLA typ-
ing was conducted with 65 subjects. The self-reported racial/
ethnic distribution of the women in the study cohort was as 
follows: white, 68%; black, 32%. The mean age of the study 
cohort was 32.7 years (range 19–41). The mean CRP value was 
0.64 ± 0.94 mg/dl (range 0.10–5.86 mg/dl).

Microbiological Status

For all subjects enrolled into the study, a detailed characteri-
zation of colonization with S. aureus was performed (Table 1). 
For this purpose, swabs were taken from three anatomical sites 
of each subject and colonization was determined. Isolates were 
prepared for determination of production of TSST-1 protein 
and for expression of tst. Colonization frequencies of both 
toxigenic and nontoxigenic strains were in each instance com-
pared with the frequency of “positive” (> 1:32) serum IgG 

TABLE 1
S. aureus Colonization in Three Anatomical Locations and Serum Antibody to TSST-1 Prevalence for the General Study Population

Subject description Number of subjects % of Total % With positive antibody titer (≥ 32)

All subjects n = 66 100% 61% (40/66)
Not colonized with S. aureus n = 23 (23/66) 35% 65% (15/23)
Colonized with S. aureusa n = 43 (43/66) 65% 70% (30/43)
Colonized with at least one TSST-1 negative strain in any of 

three anatomical sitesb

n = 34 (38/43) 88% 74% (28/38)

Colonized with at least oneTSST-1 positive strain in any of 
the three anatomical sitesc

n = 9 (9/43) 21% 78% (7/9)

Cocolonized with both TSST-1 positive and negative strains 
in any of the three anatomical sitesd

n = 4 (4/43) 9% 50% (2/4)

Colonized with TSST-1 positive strains in all anatomical sites n = 1 (1/43) 2% 100% (1/1)

Note. Sixty-six healthy females of reproductive age were swabbed at three anatomical locations that have been reported to be sites most frequently reported to 
harbor S. aureus, both toxigenic and nontoxigenic strains. Colonization was determined by using appropriate media to isolate S. aureus for phenotypic charac-
terization. Membrane agar overlay techniques were used to identify potential phenotypic production of TSST-1 and confirmed with PCR for identification of the 
presence of tst. Colonization frequency for both toxigenic and/or nontoxigenic strains was compared with anti-TSST-1 serum antibody titers.

aIt includes both TSST-1 positive and negative strains.
bNontoxigenic strains of S. aureus.
cToxigenic strains of S. aureus.
dBased on analysis of strains isolated from nasal, oropharyngeal, and vaginal swab samples.
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anti-TSST-1 antibody titers. Collectively, these data reveal that 
the subjects enrolled into the study were unremarkable with 
regard to S. aureus colonization status and generally represent-
ative of North American women in this age range (Parsonnet 
et al., 2005).

Proliferation of PBMC in Response to TSST-1 and PHA

Proliferative responses mounted by PBMC in response to a 
range of concentrations of TSST-1 and PHA were measured as 
a function of [3H] thymidine incorporation after 72 h in culture. 
For each subject, and at each concentration of TSST-1 or PHA 
(a potent polyclonal T-cell mitogen), a value for net proliferation 
was derived by subtraction of CPM recorded for the concurrent 
(medium alone) control, from the CPM values obtained in the 
presence of stimulant. Using the net CPM data, EC15 values 
(the estimated concentration of TSST-1 or of PHA required 
to elicit a proliferative response equivalent to 15% of the 
maximal proliferative response recorded with that subject) were 
calculated. With eight subjects, it was not possible to derive 
EC15 values. With the remaining 66 subjects for whom EC15 
values for both TSST-1 and PHA could be derived, individuals 
were assigned to groups according to the EC15 value obtained 
with TSST-1. This assignment was based on the 33rd and 
66th percentiles of the distribution of TSST-1 EC15 values. 
Expressing superantigen-specific proliferative responses as a % 
maximum PHA response (from the same subject) was calculated 
as well and correlated with EC15 values (data not shown). Use 
of % maximum PHA response has been used previously for 

assessing proliferative responses to superantigens (Kotb et al., 
2002). The EC15 values for TSST-1 and PHA derived for all 
subjects are displayed in Figure  1, which also illustrates the 
assignment of subjects to high-, medium-, and low-sensitivity 
groups based on proliferative responses to TSST-1. There was 
a substantial and statistically significant difference between 
the groups with respect to proliferative responses induced by 
TSST-1. The key observation was, however, that irrespective 
of the relative responsiveness of PBMC to TSST-1, there were 
no differences between high-, medium-, and low-sensitivity 
groups with respect to proliferation in response to PHA (Fig. 1). 
On the basis of these data, it was concluded that the variable 
responsiveness of subjects to TSST-1 in vitro was independent 
to the overall proliferative capacity of PBMC (as measured with 
PHA), and that the results observed were reflective of a varying 
potential of lymphocytes from different individuals to be 
activated by TSST-1. In subsequent investigations, comparisons 
were drawn between these high–, medium–, and low–TSST-1 
sensitivity groups with respect to phenotypic and immunological 
characteristics.

The mean EC15 values for each sensitivity group with TSST-1 
(in ng/ml) and for PHA (in µg/ml) are shown in Table 2. As indi-
cated above, there were no significant differences between high-, 
medium-, and low-sensitivity groups for TSST-1 with respect to 
responsiveness to PHA. Also, there were no significant differ-
ences between these groups when proliferative responses to a fixed 
concentration of TSST-1 (50 ng/ml) are considered. However, it 
is apparent from Table 2 that the EC15 values (± SE) for TSST-1 

FIG. 1. Individual EC15 TSST-1 and PHA PBMC proliferation data represented by TSST-1-sensitivity groups. PBMC were isolated from 66 healthy female 
donors and were cultured with medium alone or stimulated with various concentrations of TSST-1 (0.001–50 ng/ml) or PHA (0.625–10 μg/ml). On the day of 
harvest, cells were pulsed with 1 μCi/well [3H] thymidine; 6 h later, the cells were harvested and incorporated radioactivity was measured in CPM. Proliferation 
of PBMC was expressed as raw CPM or in terms of the estimated concentration of TSST-1 (○) or PHA (● ) needed to induce a response that was 15% of maximal 
(EC15 values). Based on the 33rd and 66th percentiles of the distribution of TSST-1 EC15 data, three sensitivity groups were established (high, medium, and 
low). Bars represent means ± SE for each group. *Significantly different from high- and medium-sensitivity groups (p < 0.01). **Significantly different from 
high-sensitivity group (p < 0.05).
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in the high-, medium-, and low-sensitivity groups were, respec-
tively, 0.005 ± 0.051, 0.040 ± 0.051, and 0.317 ± 0.051, each 
being significantly different from the other two.

Association of TSST-1 Sensitivity Status with Vβ2 
Expression

There is a well-established association between TSST-1 and 
TcR-Vβ2. The correlation between the frequency of cells dis-
playing Vβ2 alleles within the peripheral T-cell pool of indi-
vidual donors and relative responsiveness in vitro to TSST-1 
was therefore explored. For this purpose, the distribution of 
Vβ2 alleles on both CD3+ and CD3+CD4+ T lymphocyte popu-
lations was considered for each sensitivity group. The results 
obtained with CD3+CD4+ T lymphocyte pool are summarized 
in Figure 2. There were clear interindividual differences with 
respect to the frequency of Vβ2+ cells within the CD3+CD4+ 
T-cell populations (from less than 4% to greater than 13%). 
An observation was, however, that compared with subjects 
assigned to the low-sensitivity group, those in the high- 
sensitivity group had a significantly higher (p  <  0.02) mean 
frequency of CD3+CD4+ Vβ2+ T lymphocytes. However, there 
were no significant differences between the sensitivity groups 
when the relative frequencies of Vβ2 alleles on the total (CD4+ 
and CD8+) CD3+ T-cell pool were compared.

Association of TSST-1 Sensitivity with MHC Class II Alleles

We have reported previously a strong influence of HLA-
class  II allelic variations on human T-cell responses to several 
streptococcal superantigens (Kotb et al., 2002; Nooh et al., 2007). 
Here, we investigated possible effects of HLA-II allelic variations 
on immune responses to TSST-1 (Table 3). Because the number 
of subjects in the present study was low, we used an additional 
complementary strategy for testing possible effects of HLA-II 
allelic variations. Specifically, a reductionist in vitro system was 
used, wherein TSST-1 (at 10 and 0.1 ng/ml) was presented to T 
lymphocytes by homozygous B cell lines of different HLA-II 

haplotypes (Fig. 3). Clear differences in the vigor of proliferative 
response were observed using this approach. In the presence of 
10 ng/ml TSST-1, responses by T lymphocytes were too potent 
resulting in cell death. Therefore, our attention focused on 
responses to generated in response 0.1 ng/ml TSST-1.

Although it was found that the DR13DQ6 haplotype 
was significantly associated with high TSST-1 sensitivity 
(p < 0.05) (Table 3), this could not be verified experimentally 
using a B cell line expressing this haplotype (Fig.  3). The 
frequencies of DR7DQ2, DR14DQ5, DR4DQ8, and DR8DQ4 
haplotypes were also higher among the high–TSST-1 
sensitivity group (Table 3), suggesting that these alleles may 
present TSST-1 in a manner that elicits more potent responses. 
These associations were similarly observed by in vitro studies 
in which homozygous B cell lines that expressed DR7DQ2, 
DR14DQ5, DR4DQ8, or DR8DQ4 haplotypes elicited more 
vigorous proliferative responses to TSST-1 compared with 
most cell lines expressing other haplotypes (Fig. 3).

The strongest correlation between HLA-II haplotypes and 
TSST-1 sensitivity was DR3DQ2 that showed a highly signifi-
cant (p < 0.05) association with the medium-sensitivity group 
(Table  3). The DR3DQ2 homozygous B cell line showed a 
moderate proliferative response (Fig.  3). Furthermore, when 
tested for DR or DQ association with the TSST-1-sensitivity 
groups, both DR17 and DQ2 showed significant associations 
with the medium-sensitivity group (pc < 0.0416 and pc < 0.024, 
after Bonfernoni correction for multiple comparisons).

The DR15DQ6 haplotype that is strongly associated with 
protection against streptococcal TSS was also present at a higher 
frequency (74%) between the medium- and low-sensitivity 
groups to TSST-1. The possible protective effect of this haplotype 
against TSS is supported by in vitro studies in which presentation 
of TSST-1 by B cells expressing DR15DQ6 stimulated only 
relatively weak proliferative responses compared with other 
HLA-II haplotypes including the DR14DQ5 haplotype, which 
is known to increase significantly the risk of streptococcal TSS 
(Kotb et al., 2002; Nooh et al., 2007).

TABLE 2
Immune Response of PBMC to TSST-1 and PHA

Mean TSST-1 EC15 (ng/ml) Response to 50 ng/ml TSST-1 (CPM) Mean PHA EC15 (µg/ml)

High sensitivity 0.005 ± 0.051 32450 ± 2007 1.370 ± 0.232
Medium sensitivity 0.040 ± 0.051 36087 ± 2140 1.611 ± 0.223
Low sensitivity 0.317 ± 0.051a 32307 ± 2184 1.939 ± 0.230b

Entire subject group 0.121 ± 0.029 33615 ± 1640 1.640 ± 0.180

Note. PBMC were isolated from 66 healthy female donors and were cultured with medium alone or stimulated with various concentrations of TSST-1 (0.001–
50 ng/ml) or PHA (0.625–10 mg/ml). On the day of harvest, cells were pulsed with 1 μCi/well [3H] thymidine; 6 h later, the cells were harvested and incorporated 
radioactivity was measured in CPM. Proliferation of PBMC was expressed as raw CPM or in terms of the estimated concentration of TSST-1 or PHA needed 
to induce a response that was 15% of maximal (EC15 values). Based on the 33rd and 66th percentiles of the distribution of TSST-1 EC15 data, three sensitivity 
groups were established (high, medium, and low). The data are presented as means and SE of the means for each of the endpoint measured. SE is based on pooled 
variance.

aSignificantly different from high- and medium-sensitivity groups (p < 0.01).
bSignificantly different from high-sensitivity group (p < 0.05).
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IgG Anti-TSST-1 Antibody Titers and Sensitivity to TSST-1 
In Vitro

It has been shown that the titer of plasma IgG anti-TSST-1 
antibody has an important impact on responsiveness to TSST-1 
in vivo, presumably through an influence on the bioavailability 
of the superantigen. As part of these investigations, we consid-
ered whether there was any correlation between the titer of IgG 
anti-TSST-1 antibody in the plasma of donors and the respon-
siveness of PBMC to TSST-1 in vitro. The results of these anal-
yses are summarized in Figure 4. Not unexpectedly, there was 
substantial interindividual variation in anti-TSST-1 antibody 
titre. The highest titre observed was 1:1024. However, there 
were no differences between the high-, medium-, and low-
sensitivity groups with respect to anti-TSST-1 antibody levels.

Cytokine Responses to TSST-1 and PHA

Finally, experiments were performed to compare and con-
trast the production by PBMC of selected cytokines in response 
to TSST-1 and PHA stimulation and relative sensitivity to 
TSST-1-induced proliferation. On the basis of pilot studies 
using a range of TSST-1 doses (0.01–10 ng/ml), 10 ng/ml was 

selected as the most appropriate dose with respect to maximiz-
ing cytokine expression (particularly IL-2 and IFN-γ) across 
all donors. In the first series of experiments, the production of 
IL-2, IL-6, IL-8, and IFN-γ was measured following culture of 
PBMC with either TSST-1 (10 ng/ml) or PHA (5 µg/ml) for 72 h 
(the duration of culture used for the evaluation of proliferative 
activity). The results obtained for IL-2 and IFN-γ are illustrated 
in Figure 5. The most dramatic observation was that under these 
conditions, IL-2 production in response to PHA was minimal. 
In contrast, although there was considerable interindividual 
variability, levels of IL-2 production induced by TSST-1 were 
on average considerably higher. Production of IL-2 in response 
to PHA was uniformly low in all TSST-1-sensitivity groups. 
There were, however, differences between these groups with 
respect to IL-2 production in response to TSST-1, with signifi-
cantly higher levels recorded in the high- and medium-sensi-
tivity groups compared with the low-sensitivity group (Fig. 5). 
A not dissimilar pattern was observed with IFN-γ. Against a 
background of interindividual variability, levels of IFN-γ were, 
in general, higher in response to TSST-1 compared with PHA. 
In common with the picture seen with IL-2, the production of 
IFN-γ was significantly higher in the high- and medium-sensi-
tivity groups than in the low-sensitivity group.

The production of IL-6 and IL-8 are summarized in Figure 6. 
There was again, in both instances, interindividual differences 
in levels of cytokine production. In the case of IL-8, mean 
values induced by TSST-1 were comparable with those seen 
following stimulation with PHA. Moreover, there were no 
significant differences between sensitivity groups with regard 
to the production of IL-8. Patterns recorded for IL-6 production 
were broadly similar, and there were no differences between 
sensitivity groups in response to TSST-1 (Fig. 6).

The investigations summarized above considered cytokine 
production at only a single time point following stimulation 
with TSST-1 or PHA. To determine whether the patterns seen 
were simply a reflection of differential kinetics of cytokine 
production in response to TSST-1 and PHA, supplementary 
experiments were performed using extended time-course 
analyses. For this purpose, the production of IL-2, IL-6, and 
IFN-γ was measured following stimulation of PBMC with 
either 10 ng/ml of TSST-1 or 5 µg/ml PHA for 24, 36, 48, or 
72 h. In these investigations, the kinetics of cytokine production 
by PBMC from 20 selected subjects were characterized. These 
were the 10 subjects who displayed the highest sensitivity 
to TSST-1 with regard to proliferative activity and the 10 
subjects who displayed the lowest levels of sensitivity. The 
results of these experiments are summarized in Figure 7. The 
results recorded for IL-2 production reveal that the differences 
observed at 72 h between TSST-1- and PHA-stimulated PBMC 
were not simply a reflection of differential kinetics. Thus, IL-2 
release in response to TSST-1 was uniformly higher than in 
response to PHA at all time points considered. Again consistent 
with the results obtained after 72 h in culture, IL-2 production 
was significantly higher with donors from the high-sensitivity 

FIG. 2. Vβ2 expression by CD3+CD4+ T cells among sensitivity groups. 
PBMC were isolated from blood of healthy subjects, and the % of T cells 
expressing TcR-Vβ2 elements was analyzed by flow cytometry using antibod-
ies to various TcR-Vβ elements, as detailed in Materials and Methods section. 
Shown is the % relative expression of Vβ2 in CD3+/CD4+ T cells. *Significant 
difference was seen in % relative Vβ2 expression by CD3+CD4+ T cells between 
high- and low-sensitivity groups (p < 0.02) as determined by one-way ANOVA.
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group at all time points examined (Fig. 7). The production of 
IFN-γ in response to PHA at all time points was uniformly low. 
Substantial production of IFN-γ in response to TSST-1 was 
seen only at 72 h and then only with PBMC from donors in 
the high-sensitivity group. Differences between the high- and 
low-sensitivity groups were consistent, however, because IFN-
γ production was significantly higher with the former at 36, 48, 
and 72 h. Finally, and in contrast to the picture seen with IL-2 
and IFN-γ, the production of IL-6 was higher with PHA than in 
response to TSST-1, although at all time points considered that 
donors from the high-sensitivity group produced significantly 
higher levels of this cytokine in response to TSST-1 than did 

donors from the low-sensitivity group (Fig. 7). Results obtained 
with IL-1β, IL-4, IL-10, IL-17, interferon-γ (IFN-γ) inducible 
protein (IP-10), and TNF-α are not presented. Levels of these 
cytokine were very low and/or showed no differences between 
PHA- and TSST-1-stimulated PBMC.

DISCuSSIoN

mTSS is a rare complication associated with the presence 
of vaginal S. aureus strains that produce TSST-1 in the neutral 
pH environment of the vagina during menstruation. In those 

FIG. 3. Association with HLA haplotypes and presentation of TSST-1 by immortalized homozygous B cell lines expressing MHC class II haplotypes. T 
lymphocytes depleted of APC were prepared from healthy donors and stimulated with two different concentrations of TSST-1 (10 and 0.1 ng/ml) in the pres-
ence of MMC-treated homozygous B lymphoblastoid cell lines expressing defined HLA-II haplotypes. Proliferative responses were measured as described in 
Materials and Methods section. Data shown are from cultures stimulated in the presence of TSST-1 (0.1 ng/ml) and are represented as mean ± SD. #Experiment 
using DR15DQ6 was done separately. The table below displays the % of subjects within high, medium, and low sensitivities for each of the HLA-II haplotypes 
considered.

TABLE 3
Association of HLA Haplotypes Among Sensitivity Groups

DR1 DQ5 DR15 DQ6 DR3 DQ2 DR4 DQ8 DR11 DQ7 DR13 DQ6 DR14 DQ5 DR7 DQ2 DR8 DQ4

High sensitivity 40 26 9 46 38 61a 50 60 60
Medium sensitivity 20 30 82b 31 24 8 25 40 20
Low sensitivity 40 44 9 23 38 31 25 0 20

Note. PBMC were isolated from 66 healthy female donors, and genomic DNA was extracted from whole blood for genotyping. The data are presented as percent 
for each sensitivity group.

aSignificantly different from low- and medium-sensitivity groups (p < 0.05).
bSignificantly different from high- and low-sensitivity groups (p < 0.005).
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rare instances, when the toxin penetrates the vaginal mucosa of 
women lacking sufficient serum titers of neutralizing antibody, 
this serious but recognizable and treatable disease can develop. 
Over the last 30 years, extensive investigations of the chemi-
cal and biological features of TSST-1 have demonstrated the 
importance of the interplay between the host, environmental 
conditions, and microbial virulence factors in the pathogenesis 
of the disease (Kansal et al., 2007; Parsonnet et al., 2010; Squier 
et al., 2008; Kotb et al., 2002). The presence of even minute 
amounts of superantigen in the blood can rapidly increase the 
expression of many cytokines to levels that are toxic. Among 
these, it is IL-2, IFN-γ, TNF-α, and TNF-β that are believed 
to play the most important roles in driving superantigen-medi-
ated toxicity and adverse health effects. The magnitude of the 
response and the damage it can cause are modulated by the 
level of pre-existing neutralizing antibodies that block the ini-
tial binding of the superantigen to the MHC-II determinants 
and/or to unique sequences within the variable region of the β 
chain of the α/β TcR (Pontzer et al., 1991). As it is well estab-
lished that TSST-1 interacts specifically with T lymphocytes 
displaying the TcR-Vβ2 element, the frequency of Vβ2+ T 
cells among the total T lymphocyte pool can also influence the 
magnitude of the inflammatory cytokine response and, conse-
quently, the severity of toxic shock. Similarly, as demonstrated 
by Kotb et al. (2002), allelic variations in MHC class determi-
nants can profoundly affect the type and severity of responses 

to superantigen. Although these parameters have been estab-
lished in TSS caused by Streptococcus pyogenes, their roles in 
influencing TSS caused by S. aureus have not been explored 
previously. It was the purpose of the investigation described 
here to consider the relevance of these, and of other factors, in 
S. aureus TSST-1-mediated TSS.

In that context, a major objective of this study was to iden-
tify host susceptibility factors for development of TSST-1-
mediated mTSS. It is widely acknowledged that women with 
high titers of anti-TSST-1 IgG1 and IgG4 antibodies are nor-
mally protected from the development of disease (Kansal et al., 
2007; Parsonnet et al., 2005, 2008, 2010), due to the ability of 
such antibodies to neutralize TSST-1 superantigen. However, 
it is possible that additional host factors, other than TSST-1-
neutralizing antibodies, are able to modulate disease severity 
although the nature of these has not previously been identified. 
The investigations described here represent the first systematic 
characterization of the inherent immunological factors that 
may affect relative sensitivity to TSST-1 and to mTSS. For this 
purpose, women were enrolled into this study independently of 
a consideration of their anti-TSST-1 antibody titer. Although 
it has been demonstrated previously that T cells from mTSS 
patients remained reactive to TSST-1 during the acute phase 
of the disease (Rasigade et al., 2011), this is the first study to 
examine the relative sensitivity to TSST-1 among a cohort of 
healthy women.

FIG. 4. Relationship between antibody titer and sensitivity groups. A portion of the blood collected from each of the 66 healthy female donors was collected 
into a tube containing a clot activator and gel for serum separation. A sandwich ELISA was used to measure human TSST-1 IgG antibodies. Data are shown for 
individual subjects and mean and SE for the complete cohort and for the subjects divided into three groups according to proliferative activity (high, medium, and 
low sensitivity) as described in the legend of Figure 1.
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FIG. 5. Production of IL-2 and IFN-γ by TSST-1 and PHA activated PBMC. PBMC were isolated from 66 healthy female donors and were cultured 
with medium alone or stimulated with 10 ng/ml TSST-1 (○) or with 5 μg/ml PHA (● ) for 72 h. Supernatants were analyzed for IL-2 (A) and IFN-γ (B) 
content by Luminex. A stimulation index (the ratio of cytokine expression by TSST1- or PHA-stimulated cells compared with baseline production by cells 
cultured with medium alone) was calculated for each individual donor. Data are shown for individual subjects and mean and SE for the complete cohort 
and for the subjects divided into three groups according to PBMC proliferative activity to TSST-1 (high, medium, and low sensitivity) as described in the 
legend to Figure 1. *Significant difference was seen in cytokine production between the selected high- and low-sensitivity group supernatants (p < 0.05) 
as determined by t-test.
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FIG. 6. Production of IL-8 and IL-6 by TSST-1 and PHA activated PBMC. PBMC were isolated from 66 healthy female donors and were cultured 
with medium alone or stimulated with 10 ng/ml TSST-1 (○) or with 5 μg/ml PHA (● ) for 72 h. Supernatants were analyzed for IL-8 (A) and IL-6 (B) 
content by Luminex. A stimulation index (the ratio of cytokine expression by TSST1- or PHA-stimulated cells compared with baseline production by cells 
cultured with medium alone) was calculated for each individual donor. Data are shown for individual subjects and mean and SE for the complete cohort 
and for the subjects divided into three groups according to PBMC proliferative activity to TSST-1 (high, medium, and low sensitivity) as described in the 
legend of Figure 1. *Significant difference was seen in cytokine production between the selected high- and low-sensitivity group supernatants (p < 0.05) 
as determined by t-test.
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FIG. 7. Kinetics of cytokine production by TSST-1 and PHA activated PBMC: comparison of high and low responder groups. PBMC were isolated from 
healthy female donors and were cultured with medium alone or stimulated with 5 μg/ml PHA (A, C, E) or with 10 ng/ml TSST-1 (B, D, F) for 24 to 72 h. Selected 
supernatants were analyzed for IL-2 (A, B), IFN-γ (C, D), and IL-6 (E, F) content by Luminex. A stimulation index (the ratio of cytokine expression by TSST1- 
or PHA-stimulated cells compared with baseline production by cells cultured with medium alone) was calculated for each individual donor at each time point. 
Data are shown for the 10 subjects that showed the highest sensitivity (● ) and for the 10 subjects that showed the lowest sensitivity (○) with respect to PBMC 
proliferative activity to TSST-1 as described in the legend of Figure 1. *Significant difference was seen in cytokine production between the selected high- and 
low-sensitivity group supernatants (p < 0.05) as determined by t-test.
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Perhaps the most relevant and important observation made 
here is that there exist substantial interindividual differences in 
the responsiveness of PBMC to TSST-1 drawn from healthy, 
asymptomatic women, regardless of their colonization status. It 
was possible to assign all subjects studied here to one of the three 
groups (high, medium, and low sensitivity) based on significant 
differences in the vigor of proliferative responses to TSST-1 in 
vitro as defined by calculating their EC15 response (Fig. 1) or % 
maximum PHA response (data not shown). Differences among 
the three TSST-1-sensitivity groups were not simply a reflection 
of variations in their innate T-cell responsiveness to mitogenic sig-
nals, inasmuch as there were no significant differences between 
high–, medium–, and low–TSST-1 sensitivity groups with regard 
to proliferation induced by the polyclonal T-cell mitogen PHA.

As indicated previously, it is now well established that 
TSST-1 drives the expansion of T lymphocytes bearing the Vβ2 
TcR (Choi et  al., 1989; White et  al., 1989), and in fact, the 
selective expansion of Vβ2+ T lymphocytes is used as an early 
and definitive diagnosis of TSST-1-mediated mTSS (Matsuda 
et  al., 2003). It could be argued, therefore, that differential 
responses induced in lymphocytes drawn from asymptomatic 
subjects might be a reflection of individual variations in the 
pool size of Vβ2+ T lymphocytes. Although this may be a con-
tributory factor, the results reported here suggest that differen-
tial numbers of Vβ2+ T lymphocytes may not be the sole reason 
for variable proliferative responses to TSST-1. Also, although 
there was some association between proliferation induced by 
TSST-1 and the frequency of CD3+CD4+Vβ2+ T lymphocytes, 
this was no longer apparent when the entire CD3+ pool was 
considered. This implies that in healthy subjects, the vigor of 
proliferative responses to TSST-1, and the extent to which the 
Vβ2+ pool size will expand, is not governed solely by the initial 
frequency of responsive (Vβ2+) T lymphocytes and that varia-
tions in other host factors are involved.

Based on previous studies on streptococcal TSS, a possible 
explanation for the variable lymphocyte responses to TSST-1 
observed in this study was that they reflected differences in 
HLA-II alleles and haplotypes (Kotb et al., 2002; Nooh et al., 
2007). Latham et  al. (1983) analyzed HLA genotypes of 
patients with TSS and reported that there was no correlation 
of specific HLAs with the immunosusceptibility of individuals 
to TSS; however, the number of patients enrolled in this study 
was small (n = 47).

In addition to determining HLA-class II allelic type for each 
subject enrolled in this study, a complementary in vitro method 
was employed that utilized immortalized B cell lines homozy-
gous for different HLA-II haplotypes to present TSST-1 to T 
lymphocytes. We found that the DR13DQ6 haplotype was sig-
nificantly associated with the high–TSST-1 sensitivity group 
(p < 0.05), but this association could not be confirmed using the 
relevant B cell line expressing this haplotype. However, the fre-
quencies of the DR7DQ2, DR14DQ5, DR4DQ8, and DR8DQ4 
haplotypes were somewhat higher among the high–TSST-1 sen-
sitivity group subjects, suggesting that these haplotypes may be 

associated with higher TSST-1 responses. Although these data 
suggest a possible association between specific HLA-class  II 
allelic variants and differential sensitivity to TSST-1, it has to 
be acknowledged that the number of subjects examined here 
were too few in number to draw any firm conclusions about 
such associations.

However, our ex vivo functional studies using the immor-
talized B cell lines revealed that presentation of TSST-1 by 
each of the DR7DQ2, DR14DQ5, DR4DQ8, and DR8DQ4 
haplotypes provoked more vigorous proliferative responses to 
TSST-1 compared with cell lines expressing other haplotypes.

Interestingly, we observed a higher frequency of DR15DQ6 
haplotype (74%) among the groups displaying moderate or low 
sensitivity to TSST-1. Consistent with that, B cells expressing 
DR15DQ6 induced only a weak proliferative response to TSST-
1. The data suggest that this haplotype may be protective with 
respect to TSST-1-mediated mTSS. This finding is particularly 
interesting insofar as this haplotype was reported previously to 
confer strong protection against streptococcal TSS (Kolb et al., 
2002; Nooh et al., 2007). On the basis of these data, it is con-
cluded that allelic variations are likely to influence the effec-
tiveness of immune stimulation–provoked TSST-1, in the same 
way they modulate responses to streptococcal superantigens 
(Kotb, 2004; Kotb et al., 2002, 2003; Nooh et al., 2007).

It is believed that the trimolecular complex of superantigens 
binding to HLA-II molecules and to specific TcR-Vβ elements 
on T lymphocytes is responsible for triggering cytokine produc-
tion that is often referred to as cytokine storm in the TSS clinical 
literature (Faulkner et al., 2005; Nooh et al., 2011; Schlievert 
and Bohach, 2007). In the present study, it was found that IL-2 
and IFN-γ production, but not IL-6 and IL-8, was significantly 
higher in the high- and medium-sensitivity groups compared 
with the low-sensitivity group. In contrast, IL-2 and IFN-γ pro-
duction was minimal in cells stimulated with PHA rather than 
TSST-1. These differences between PHA and TSST-1 were not 
attributable simply to differential kinetics of T lymphocyte acti-
vation. Thus, an analysis of IL-2 revealed that production of this 
cytokine in response to TSST-1 was significantly higher with 
individuals from the high-sensitivity group at all time points 
examined. In the case of IFN-γ, production was recorded only at 
73 h and then only for the high-sensitivity group. What is appar-
ent, however, is that interindividual variability is significantly 
less with PHA than with TSST-1 when considering either pro-
liferative responses or cytokine production. These differences 
may reflect variation in the mode by which these two classes 
of molecules elicit lymphocyte activation. Thus, HLA-II varia-
tions are known to modulate responses to superantigen, but not 
to PHA. Interestingly, Melkus et al. (2006) showed significant 
increases in the systemic concentrations of IL-2, IFN-γ, IL-6, 
and TNF-α in humanized mice treated with TSST-1. Broadly 
consistent with the data recorded here, Melkus et  al. (2006) 
observed maximum cytokine production at 18 h.

Collectively, the results reported here indicate that there are 
factors other than the pre-existing titer of neutralizing antibody 
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that confer susceptibility or resistance to mTSS induced by 
exposure to TSST-1. Of particular importance appears to be 
the responsiveness of T lymphocytes to the TSST-1 antigen 
that in turn is influenced by the HLA haplotype. Interestingly, 
the vigor of those responses is not dependent solely upon 
the pool size of responsive (Vβ2+) T lymphocytes. It is pro-
posed that consideration of the titer of neutralizing antibody, 
together with the relative responsiveness of T lymphocytes 
to TSST-1 and possible role of specific HLA-II haplotypes, 
may provide improved predictors of those most at risk of 
developing mTSS.
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