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Among the exotoxins produced by Staphylococcus
aureus and Streptococcus pyogenes, the superanti-
gens (SAgs) are the most potent T-cell activators
known to date. SAgs are implicated in several seri-
ous diseases including toxic shock syndrome (TSS),
Kawasaki disease, and sepsis. However, the immu-
nopathogenesis of TSS and other diseases involving
SAgs are still not completely understood. The com-
monly used conventional laboratory mouse strains
do not respond robustly to SAgs in vivo. Therefore,
they must be artificially rendered susceptible to TSS
by using sensitizing agents such as D-galactosamine
(D-galN), which skews the disease exclusively to the
liver and, hence, is not representative of the disease
in humans. SAg-induced TSS was characterized us-
ing transgenic mice expressing HLA class II mole-
cules that are extremely susceptible to TSS without
D-galN. HLA-DR3 transgenic mice recapitulated TSS
in humans with extensive multiple-organ inflam-
mation affecting the lung, liver, kidneys, heart, and
small intestines. Heavy infiltration with T lympho-
cytes (both CD4� and CD8�), neutrophils, and mac-
rophages was noted. In particular, the pathologic
changes in the small intestines were extensive and
accompanied by significantly altered absorptive
functions of the enterocytes. In contrast to massive
liver failure alone in the D-galN sensitization model
of TSS, findings of the present study suggest that gut
dysfunction might be a key pathogenic event that
leads to high morbidity and mortality in humans
with TSS. (Am J Pathol 2011, 178:2760–2773; DOI:
10.1016/j.ajpath.2011.02.033)
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The gram-positive cocci Staphylococcus aureus and
Streptococcus pyogenes cause a spectrum of diseases
ranging from localized minor skin infections to life-threat-
ening systemic illnesses.1 The virulence of these organ-
isms and the nature and outcome of diseases caused
by these bacteria are determined by their many exo-
toxins.2 Important among them are the superantigen
exotoxins.3,4 Superantigens (SAgs) are the most potent
naturally occurring biological activators of T lympho-
cytes. Unlike conventional antigens, unprocessed SAgs
bind directly to cell surface major histocompatibility com-
plex class II (MHC-II) molecules outside of the peptide-
binding groove. Subsequently, they activate both CD4�

and CD8� T cells by binding to certain variable-region
�-chain families of the T-cell receptor (TCR V�) and
cross-linking the TCR. The broad specificity of SAgs only
to the TCR V� families rather than to the paratope of TCR
results in activation of a large pool of T cells (30% to 70%
of total T cells). Therefore, unlike conventional antigens,
SAgs cause MHC-II–dependent, MHC-unrestricted, CD4
and CD8 co-receptor–independent, TCR V�–specific but
antigen-nonspecific T-cell activation.3,5 Activated T cells
produce a variety of cytokines and chemokines, which
both directly and indirectly amplify this inflammatory cas-
cade and trigger production of additional cytokines and
chemokines from a variety of other sources. This process
results in a massive cytokine/chemokine storm called
systemic inflammatory response syndrome (SIRS), which
ultimately leads to multiple-organ dysfunction syndrome
(MODS) and culminates in high mortality if intervention is
not prompt.6,7

S. aureus and S. pyogenes produce nearly 30 different
SAgs.3,4 While the mechanisms that regulate production
of these exotoxins in vivo are not fully understood, several
SAgs are produced in vivo after infection, and SAgs con-
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tribute to the pathogenesis of the associated disease.8-10

The severity of disease is probably determined by the
quantitative and qualitative characteristics of the SAg.
Toxic shock syndrome (TSS) is one of the most serious
clinical syndromes caused by S. aureus and S. pyogenes
and their SAgs. TSS can be either menstrual or nonmen-
strual.11 The incidence of menstrual TSS is declining
worldwide as a result of discontinuation of the tampons
associated with it and increased awareness among
tampon users. However, menstrual TSS continues to
be a significant health concern.12,13 In addition, non-
menstrual TSS, sepsis, and other serious infectious dis-
eases caused by these bacteria continue to pose sub-
stantial problems.7,14-16 Exposure to SAgs produced ex
vivo by organisms growing in surgical tampons also can
cause TSS.17 Additional systemic diseases believed to
be caused by SAgs and that share immunopathogenesis
similar to TSS include Kawasaki disease18 and neonatal
TSS-like exanthematous disease,19 among others. In ad-
dition, SAgs are highly expressed by the methicillin-re-
sistant S. aureus strains associated with community and
hospital settings.9,20-22

In addition to their clinical significance, SAgs are also
important from a biodefense initiative. One of the SAg
exotoxins released by S. aureus, staphylococcal entero-
toxin B (SEB), is a designated biological weapon. Weap-
onized SEB is intended for aerosol use or for contaminating
food and drinking water.23,24 Many countries including the
United States have developed bioweapons containing
SEB. Although development of bioweapons containing
SEB has been disbanded in the United States, the pos-
sibility that SEB might be used as one of several bio-
weapons remains. Realizing the potential for malicious
use of SEB in biological warfare or bioterrorism, the NIH
has included SEB in category B of priority pathogens in
its biodefense initiative. Malicious use of weapon-grade
SEB can cause significant morbidity and mortality in de-
fense personnel, emergency health care workers, and
the general public. Exposure to weaponized SEB causes
symptoms similar to TSS because weaponized SEB also
causes potent immune activation.

Despite the clinical significance of staphylococcal
SAgs, no specific therapies are available to treat staph-
ylococcal TSS. However, intravenously administered im-
munoglobulins are effective in treating streptococcal
TSS,25 and recently, antibiotics such as linezolid have
been effective in treatment of staphylococcal TSS in
some patients.26 Nevertheless, the lack of effective ther-
apies could be attributed to incomplete understanding of
the immunopathogenesis of TSS. This could be due in
part to lack of good animal models. Rabbits have been
used in staphylococcal toxin research including staphy-
lococcal enterotoxins even before their superantigenicity
was established.27 However, even the rabbit model of
TSS seems to require sensitization with lipopolysaccha-
ride to induce death,28,29 or require continuous infusion
of SAg for 7 days.30 Moreover, even in the rabbit model of
TSS, extensive investigation of the temporal changes in
systemic cytokine and chemokine concentrations, an in-
depth immunopathologic characterization of multiple-or-

gan disease, and ultimately the correlation between sys-
temic inflammatory response, multiple-organ disease,
and the outcome of TSS have not been performed. Ad-
ditional inherent drawbacks associated with rabbit or
other animal models in biomedical research such as hus-
bandry difficulties, availability of reagents and antibod-
ies, and ease of gene manipulation led to development of
mouse models of TSS.

Existing knowledge of the pathogenesis of TSS caused
by SAgs is based on studies using conventional mice
such as BALB/c or C57BL/6. However, poor binding of
SAgs to murine MHC-II molecules results in weak activa-
tion of T cells in mice.31 As a result, SIRS induced by
SAgs is substantially subdued in conventional mice, ren-
dering them resistant to TSS.11,31 Therefore, conventional
mice are artificially made susceptible to TSS by using
sensitizing agents such as D-galactosamine (D-galN), ac-
tinomycin, or lipopolysaccharide.32 D-galN, the com-
monly used sensitizing agent for inducing TSS, is ex-
tremely toxic even when administered alone,33 and
induces liver injury mimicking viral hepatitis.34,35 D-galN
and actinomycin profoundly sensitize hepatocytes to tu-
mor necrosis factor-� (TNF-�)–mediated injury.36 There-
fore, murine TSS is characterized by massive liver failure
alone, with dramatically elevated serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)
concentrations, whereas TSS in humans is characterized
by MODS. Therefore, TSS in conventional mouse models
is not truly reflective of the disease in humans and cannot
be extrapolated to humans. For example, in studies using
D-galN–sensitized mouse models, TNF-� blockade com-
pletely prevented SAg-induced TSS and death in con-
ventional mice.37 However, TNF-� blockade is ineffective
or even counterproductive in S. aureus–induced sepsis in
humans.38 These discrepancies warrant an animal model
that better recapitulates the disease in humans.

SAgs bind to human MHC [called human leukocyte
antigen (HLA)]–II molecules with much higher affinity
than to murine MHC-II molecules.39 Therefore, substitu-
tion of endogenous mouse MHC-II molecules, which are
poor binders of SAgs, with HLA class II (HLA-II) mole-
cules, which are more efficient binders of SAgs, converts
the otherwise poor responders to robust responders to
SAgs. Challenging HLA-II transgenic mice with SAgs
thorough several different routes elicits robust SIRS and
renders them highly susceptible to TSS.40-49 One of our
HLA-II transgenic lines that expresses HLA-DR3 is ex-
tremely sensitive to SEB. HLA-DR3 transgenic mice read-
ily die of SEB-induced TSS without D-galN sensitization.
This provides a unique opportunity to dissect the immu-
nopathogenesis of SAg-induced TSS without D-galN sen-
sitization, recapitulating the situation in humans. Further,
HLA-DR3 transgenic mice are susceptible also to
D-galN–sensitized TSS. Therefore, HLA-DR3 transgenic
mice provide a unique tool for comparison of the immu-
nopathogenesis of TSS with and without D-galN sensiti-
zation. The present study demonstrates marked differ-
ences between the immunopathogenesis of TSS induced
with and without D-galN sensitization and how D-galN–
sensitized models have likely confounded understanding

of the pathogenesis of TSS.
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Materials and Methods

Mice

AE.HLA-DR3 transgenic mice expressing functional HLA-
DRA1*0101 and HLA-DRB1*0301 transgenes on the
complete mouse MHC-II–deficient background were
used in the present study.42,50,51 HLA-DR3 transgenic
mice lacking CD4� T cells (HLA-DR3.CD4�/�) and CD8�

T cells (HLA-DR3.CD8�/�) were also used. AE.HLA-DR3
mice transgenically expressing the luciferase (Luc) gene
under the nuclear factor �B (NF-�B) promoter were gen-
erated by mating AE.HLA-DR3 mice and NF-�B-Luc mice
[B10.Cg-H2k Tg (NF-�B/Fos-Luc); 26Rinc/J; stock No.
006100 (Jackson Laboratory, Bar Harbor, ME)].52 Endog-
enous MHC-II–null (AE), HLA-DR3�, and NF-�B–Luc�

offspring were selected and backcrossed to AE.HLA-
DR3 transgenic mice to establish the AE.HLA-DR3.NF-
�B–Luc line (hereafter referred to as DR3.Luc mice). Mice
were bred within the barrier facility of the Mayo Clinic
Immunogenetics Mouse Colony (Rochester, MN) and
were moved to a conventional facility after weaning. All of
the experiments were approved by the Mayo Clinic
Institutional Animal Care and Use Committee. The As-
sociation for Assessment and Accreditation of Labora-
tory Animal Care accreditation number is 000717, and
the Office of Laboratory Animal Welfare assurance
number is A3291-01.

Reagents

Endotoxin-reduced highly purified SEB (Toxin Technol-
ogy Inc., Sarasota, FL) was dissolved in 1 mg/mL PBS
and stored frozen at �80°C in aliquots. The purity of SEB
was verified using SDS-PAGE and a staphylococcal en-
terotoxin identification visual immunoassay (SET VIA; TE-
CRA International Pty Ltd., New South Wales, Australia).
D-galN and fluorescein isothiocyanate (FITC)–conju-
gated DEAE-dextran (4 kDa) were obtained from Sigma-
Aldrich Corp. (St. Louis, MO). D-Luciferin was obtained
from Gold Biotechnology, Inc. (St. Louis, MO).

Induction of TSS

Mice were assigned to one of three treatment groups: 10
�g SEB alone (low dose), 10 �g SEB immediately fol-
lowed by 30 mg DgalN (SEB�D-galN), or 50 �g SEB
alone (high dose) or 30 mg D-galN alone. All agents were
dissolved in 200 �L PBS and administered via intraperi-
toneal injection. Mice were monitored frequently for
symptoms of TSS as recommended by the Institutional
Animal Care and Use Committee. As recommended,
moribund animals were removed from the study. At the
end of the experiment, survival curves were plotted.

Serum Biochemical Studies, Cytokine
Quantification, and Histopathologic Analysis

Groups of HLA-DR3 transgenic mice were challenged
with SEB as described and were sacrificed at 3, 6, 9, 12,

24, 48, or 72 hours. At the time of sacrifice, blood from
experimental mice was collected in serum separation
tubes (BD Biosciences, Franklin Lakes, NJ), and serum
samples were separated and stored frozen at �80°C in
aliquots. Serum ALT, AST, and creatinine concentrations
were determined by the Mayo Clinic clinical chemistry
laboratory. Serum samples from three or four mice from
each group were pooled for biochemical studies. The
cytokine concentrations in individual serum samples
were determined using a multiplex bead assay (Bio-Plex;
Bio-Rad Laboratories, Inc., Hercules, CA) per the manu-
facturer’s protocol and using their software and hard-
ware. Tissues collected in buffered formalin were paraf-
fin-embedded, cut, and stained with H&E per standard
procedure for histopathologic analysis.

Immunofluorescence

Immediately after mice were sacrificed, tissues were also
collected in optimal cutting compound (OCT) (Tissue-
Tek; Sakura Finetek USA, Inc., Torrance, CA) and stored
frozen at �80°C. Five-�m sections were cut using a cryo-
stat, fixed in cold acetone, and stained with fluorochrome-
conjugated antibodies using standard techniques. Sec-
tions were mounted using the SlowFade Gold Antifade
Reagent with DAPI (Invitrogen Corp., Carlsbad, CA) and
were analyzed the next day.

Detection of Apoptosis using TUNEL Assay

Apoptosis in tissue preparations was ascertained in thin
sections of paraffin-embedded blocks on microscopic
glass slides using the In Situ Cell Death Detection kit
following the manufacturer’s directions (Roche Diagnos-
tics Corp., Indianapolis, IN). As a positive control for the
TUNEL reaction, sections were incubated with DNase I to
introduce DNA strand breaks before adding the reaction
mix. Negative control sections were treated the same as
samples except that terminal deoxyribonucleotidyl trans-
ferase was omitted from the reaction mix. After staining,
sections were evaluated using an Olympus AX70 research
microscope (Olympus America Inc., Center Valley, PA). Im-
ages were acquired using an Olympus DP70 camera.

Gut Permeability

Changes in intestinal permeability were determined using
4-KDa FITC-labeled dextran.53 Two hours after injection
with low-dose SEB, D-galN, or low-dose SEB�D-galN,
mice were deprived of food for 3 hours. In the high-dose
SEB group, 24, 48, and 72 hours after SEB challenge,
mice were deprived of food for 3 hours. Naïve mice were
also deprived of food for 3 hours. All mice then underwent
gavage with FITC–labeled dextran (0.6 mg/g body
weight). Subsequently, all mice were sacrificed 3 hours
after gavage, and blood was collected via cardiac punc-
ture. (Note: Because mice treated with low-dose SEB�D-
galN rapidly die of TSS, gut permeability status was de-
termined at 8 hours after SEB injection in this group).
Serum samples were separated using centrifugation and
stored frozen at �80°C until analysis. Serum FITC-dex-

tran content was determined indirectly by measuring
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FITC fluorescence using a microplate reader (excitation,
490 nm; emission, 525 nm).

In Vivo Imaging of Luciferase Activity

Naive and SEB-challenged (50 �g per mouse) DR3.Luc
transgenic mice were injected intraperitoneally with 200 �L
D-luciferin (15 mg/mL stock) at indicated times. After 12 to
15 minutes, mice were placed in the anesthesia chamber
delivering isoflurane. While under anesthesia, mice were
transferred to the imaging chamber and imaged using the
Xenogen IVIS Imaging System 200 Series with the XGI-8
Gas Anesthesia System using Living Image software, ver-
sion 2.6 (Xenogen Corp., Alameda, CA). Fur was also re-
moved before imaging. In some experiments, mice were
sacrificed 10 minutes after D-luciferin injection. Individual
organs were harvested and placed in small Petri dishes for
imaging.

Statistical Analysis

Survival curves and statistical significance of other re-
sults were determined using PRISM version 3.0a software
(GraphPad Software Inc., San Diego, CA).

Results

Temporal Differences between Occurrence of
TSS with and without D-galN Sensitization

Age-matched HLA-DR3 transgenic mice were chal-
lenged with 10 �g SEB alone (low dose), 30 mg D-galN
alone, 10 �g SEB�D-galN, or 50 �g SEB alone (high
dose). Mice were observed daily for a week. Mice chal-
lenged with low-dose SEB alone seldom died of TSS
(Figure 1). Similarly, D-galN alone was rarely lethal. How-
ever, a combination of low-dose SEB�D-galN was uni-
formly lethal. Although the animals that received low-
dose SEB�D-galN remained healthy during the first 4 to 5
hours, thereafter they rapidly became hypothermic and
lethargic, and invariably died of TSS by 9 hours. In the
D-galN sensitization model, even 5 and 2 �g SEB were
uniformly lethal, with similar time kinetics (data not
shown). In contrast, mice that received 50 �g SEB alone

Figure 1. Incidence of SEB-induced mortality in HLA-DR3 transgenic mice
with and without D-galN sensitization. Twelve- to 14-week-old HLA-DR3
transgenic mice (6 to 11 mice per group) were treated as indicated. Mice
were monitored once every 3 hours through 9 hours, and daily thereafter.

Survival curves and statistical significance were generated using PRISM soft-
ware (version 3.0a; GraphPad Software Inc., San Diego, CA).
(high dose) gradually exhibited hypothermia, diarrhea,
and body weight loss.54 In the high-dose SEB model,
mice generally began dying after 48 hours, and most of
the animals died by 72 hours. The remaining few animals
continued to lose weight, and seldom survived beyond 6
days. Death almost always occurred during the overnight
hours. No significant difference was observed in patterns
of death between male and female mice. There was a
significant difference (P � 0.0001) in the survival pattern
induced by high-dose SEB without D-galN sensitization
and low-dose SEB with D-galN sensitization.

Distinct Serum Biochemical Profiles between
TSS with and without D-galN Sensitization

Serum samples for biochemical studies were collected
from treated mice. Because mice treated with low-dose
SEB�D-galN were dead by 9 hours, serum samples were
collected every 3 hours through 9 hours, using different
groups of mice for every 3-hour interval. Because mice
treated with high-dose SEB without D-galN survived for up
to 72 hours, serum samples were collected every 3 hours
through 12 hours and then every 24 hours through 72
hours. ALT and AST concentrations in mice that received
D-gal alone or low-dose SEB alone were not significantly
different from those in naïve mice (Figure 2). In contrast,
mice that received low-dose SEB with D-galN sensitiza-
tion demonstrated the highest elevation in serum ALT and
AST concentrations. There was a sudden spike in ALT
and AST concentrations at 9 hours, at which time most of
the animals had died of TSS. Serum ALT and AST con-
centrations in mice that received high-dose SEB were not
elevated and were comparable to those in mice chal-
lenged with low-dose SEB alone or D-galN alone. This
suggested that only the combination of SEB and D-galN
is highly hepatotoxic. Serum creatinine concentrations
were comparable in all SEB-treated groups irrespective
of D-galN sensitization status (Figure 2). Even the nonle-
thal low-dose SEB alone and the lethal high-dose SEB
groups demonstrated similar serum creatinine concen-
trations at all time points (additional data not shown). This
excludes the possibility of kidney dysfunction as a likely
cause of death in the high-dose SEB group. Conversely,
inasmuch as only SEB�D-galN–sensitized mice had
highly elevated ALT and AST concentrations and rapidly
died of SEB-induced TSS, liver dysfunction could be a
possible cause of death in this group of mice.

Distinct Cytokine Profiles between TSS with and
without D-galN Sensitization

Serum concentrations of a panel of cytokines and chemo-
kines were measured. Serum cytokine and chemokine
concentrations in mice challenged with D-galN alone at 3
hours were not very different from those of naïve mice,
which suggests that D-galN by itself does not possess
immune activating potential (Figures 3 and 4). Compared
with naïve mice, mice challenged with a nonlethal low
dose of SEB alone demonstrated significantly elevated

concentrations of almost all cytokines and chemokines
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by 3 hours, as has been demonstrated previously.50,55

The serum concentrations of various cytokines and
chemokines changed over time (Figures 3 and 4). In mice
that received the lethal combination of D-galN and low-
dose SEB, the serum concentrations of various cytokines
and chemokines were not significantly different from
those in mice that received low-dose SEB alone (except
IL-4, which was reduced in the combination group com-
pared with the low-dose SEB alone group) at 3 hours (un-
paired Student’s t-test). However, some cytokines were sig-
nificantly changed at 6 hours (unpaired Student’s t-test). For
example, inclusion of D-galN significantly increased the se-
rum concentrations of IL-2, IL-17, and interferon-� (IFN-�).
At 9 hours, there were no significant differences in the
concentrations of these and other cytokines and chemo-

Figure 2. Serum biochemical changes in HLA-DR3 transgenic mice under-
going SEB-induced TSS with and without D-galN sensitization.Twelve- to
14-week-old HLA-DR3 transgenic mice were challenged as indicated. Groups
of mice (three or four mice per group) were sacrificed at indicated times.
Serum ALT, AST, and creatinine concentrations were determined in serum
samples pooled from each group. The entire experiment was repeated at
least three times, with similar results.
kines between the low-dose SEB�D-galN and the low-
dose SEB alone groups except for IL-5, which was re-
duced in the combination group. Thus, inclusion of
D-galN reduced the serum concentrations of Th2-type
cytokines such as IL-4 and IL-5, and at the same time
increased serum concentrations of proinflammatory-type
cytokines such as IL-2, IL-17, and IFN-�. There were no
significant differences in serum concentrations of TNF-�
between the low-dose SEB�D-galN and the low-dose
SEB alone groups (unpaired Student’s t-test). Serum con-
centrations of cytokines and chemokines in HLA-DR3
transgenic mice challenged with the lethal high-dose
SEB were not significantly different from those in mice
challenged with the nonlethal low-dose SEB except for
IFN-� at 9 hours. However, when compared with mice
challenged with low-dose SEB�D-galN, serum concentra-
tions of IL-2, IL-6, IL-17, and IFN-� were significantly lower in
mice challenged with high-dose SEB, and serum concen-
trations of IL-4 and IL-5 were higher. These observations
indicated that in the high-dose SEB model, even though
death generally occurred after 48 hours, serum cytokine
and chemokine concentrations were not persistently ele-
vated and that inclusion of D-galN reduced the serum con-
centrations of Th2-type cytokines such as IL-4 and IL-5 and
at the same time increased the serum concentrations of
the proinflammatory-type cytokines such as IL-2, IL-17,
and IFN-�. Overall, there were some differences in serum
cytokine and chemokine profiles between TSS caused by
SEB with and without D-galN sensitization, which implies
possible differences in immunopathogenesis.

CD4� and CD8� T-Cell Subsets in
Pathogenesis of SEB-Induced TSS
without D-galN Sensitization

Whether both CD4� and CD8� T-cell subsets are required
for precipitating TSS with and without D-galN sensitization
was investigated. In the presence of D-galN sensitization,
both HLA-DR3.CD4�/� and HLA-DR3.CD8�/� mice were
equally susceptible (mortality, 6 of 6 in each group) to TSS
induced by low-dose SEB. The disease course was iden-
tical to that observed in HLA-DR3 transgenic mice with
both CD4� and CD8� T-cell subsets present (data not
shown). However, in the absence of D-galN sensitization
in the mice with high-dose SEB-induced TSS, none of six
HLA-DR3.CD4�/� mice and only 1 of 6 HLA-DR3.CD8�/�

mice were susceptible. This further confirmed that the
pathogenesis of TSS with and without D-galN sensitiza-
tion differs.

Distinct Histopathologic Profiles between TSS
with and without D-galN Sensitization

Histopathologic changes associated with TSS caused by
SEB with and without D-galN sensitization were studied.
Inasmuch as mice treated with SEB�D-galN rarely survived
longer than 10 hours, histopathologic analyses were per-
formed at 9 hours in the D-galN–sensitized mice. Compared
with the normal liver sections from naïve mice, liver sections
from mice that received D-galN alone exhibited mild hepa-

titis with focal areas of infiltration with mononuclear cells, as
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had been demonstrated in previous studies34,35 (Figure 5).
Mice that received SEB alone also demonstrated perivas-
cular infiltration with mononuclear cells. However, mice that
received both SEB and D-galN demonstrated extensive
hemorrhagic hepatitis with large areas of mononuclear cell
infiltration (Figure 5). This correlated with markedly elevated
serum ALT and AST concentrations. Whereas lung sections
from naïve mice were normal, lungs from mice treated with
D-GalN alone, SEB alone, and SEB�D-galN demonstrated

Figure 3. Temporal changes in systemic cytokine levels during SEB-induced
Groups of mice (four to six mice per group) were sacrificed at indicated tim
system (Bio-Plex; Bio-Rad Laboratories, Inc., Hercules, CA). Bars represent m
statistical significance using PRISM software (version 3.0a; GraphPad Softwar
‡P � 0.05 with 10 �g SEB.
comparable minor inflammatory changes with perivascular
cuffing (Figure 5). Kidney sections from mice from all
groups were relatively normal (Figure 5). These histopatho-
logic findings along with the serum biochemical analyses
reiterate that massive liver failure is probably the major
cause of death in mice treated with low-dose SEB�D-galN.
Because death in the SEB alone (high-dose) group always
occurred after 72 hours, histopathologic analyses were per-
formed at 24, 48, and 72 hours in this cohort.

Compared with normal lung sections from naïve mice,

elve- to 14-week-old HLA-DR3 transgenic mice were challenged as indicated.
serum cytokine levels were determined using a multiplex suspension array
E values for four to six mice. Unpaired Student’s t-test was used to determine
an Diego, CA). �P � 0.05 with 10 and 50 �g SEB; †P � 0.05 with 50 �g SEB;
TSS. Tw
es, and
ean � S
lung sections from mice that received 50 �g SEB began
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to exhibit inflammatory changes at 24 hours and thereaf-
ter (Figure 6). There was visible perivascular cuffing
and mononuclear cell infiltration in the alveolar spaces
at 24 hours. Immunofluorescence staining revealed in-
filtration of both CD4� and CD8� T lymphocytes. The

Figure 4. Temporal changes in systemic chemokine levels during SEB-
induced TSS. Twelve- to 14-week-old HLA-DR3 transgenic mice were chal-
lenged as indicated. Groups of mice (four to six mice per group) were
sacrificed at indicated times, and serum cytokine levels were determined
using a multiplex suspension array system (Bio-Plex; Bio-Rad Laboratories,
Inc., Hercules, CA). Bars represent mean � SE values for four to six mice.
Unpaired Student’s t-test was used to determine statistical significance using
PRISM software (version 3.0a; GraphPad Software Inc., San Diego, CA). *P �
0.05 with SEC 50 �g.

Figure 5. Immunopathology in D-galN–sensitized model of TSS with low-
dose SEB. Twelve- to 14-week-old HLA-DR3 transgenic mice were chal-
lenged as indicated, with SEB alone, D-galN alone, or SEB�D-galN. Mice

were sacrificed at 9 hours, and organs were collected in buffered formalin
and processed for H&E staining. Scale bars � 100 �m.
degree of inflammatory infiltrates increased over time,
and by 72 hours, the lungs exhibited extensive inflamma-
tory changes. The alveoli were collapsed, with wide-
spread mononuclear cell infiltration largely composed of
CD4� and CD8� T cells (Figure 6). The kidneys also
demonstrated similar temporal changes in inflammation
and mononuclear cell infiltration (Figure 7). Perivascular
and periglomerular infiltration with CD4� and CD8� T
cells were present (Figure 7). In the liver, infiltration with
mononuclear cells was minimal at 24 hours (Figure 8). At
48 and 72 hours, there was extensive infiltration with
CD4� and CD8� T cells, largely around the central vein
(Figure 8). However, parenchymal infiltration with T cells
was also observed (Figure 8). Most important, unlike the
liver sections from mice treated with low-dose SEB�D-
galN, liver sections from mice receiving 50 �g SEB alone
did not demonstrate massive hemorrhagic hepatitis. The
presence of macrophages (CD11b�) and neutrophils (7/
4�) was readily detected in the inflammatory infiltrates in
the lung and liver but not in the kidneys (see Supplemen-
tal Figure S1 at http://ajp.amjpathol.org). Large-scale
apoptosis was not detected in liver, lungs, or kidneys of
mice receiving high-dose SEB (see Supplemental Figure
S2 at http://ajp.amjpathol.org). In general, tissues col-
lected from the high-dose SEB group at 9 hours demon-
strated minimal inflammatory changes (data not shown).
Inflammatory changes were also demonstrated at 72
hours in heart tissue in mice treated with high-dose SEB
but not in other groups (Figure 9) (additional data not
shown). Infiltration of the myocardium with CD4� T lym-
phocytes was detected (Figure 9). Overall, SEB-induced

Figure 6. Pulmonary immunopathology in high-dose SEB-induced TSS
without D-galN sensitization. Twelve- to 14-week-old HLA-DR3 transgenic
mice were either untreated or challenged with 50 �g SEB. Mice were sacri-
ficed at indicated times, and lungs were collected in either buffered formalin

or OCT compound and processed for H&E or immunostaining, respectively.
Scale bars � 100 �m.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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TSS without D-galN sensitization in HLA-II transgenic
mice resulted in multiple-organ inflammation similar to
that described in TSS in humans. Whereas in the SEB�D-
galN murine model of SEB-induced TSS, the disease was
restricted largely to the liver.

Figure 7. Renal immunopathology in high-dose SEB-induced TSS without D-galN
sensitization. Twelve- to 14-week-old HLA-DR3 transgenic mice were either un-
treated or challenged with 50 �g SEB. Mice were sacrificed at indicated times, and
kidneys were collected in either buffered formalin or OCT compound and pro-
cessed for H&E or immunostaining, respectively. Scale bars � 100 �m.

Figure 8. Hepatic immunopathology in high-dose SEB-induced TSS without
D-galN sensitization. Twelve- to 14-week-old HLA-DR3 transgenic mice were
either untreated or challenged with 50 �g SEB. Mice were sacrificed at indicated

times, and livers were collected in either buffered formalin or OCT compound
and processed for H&E or immunostaining, respectively. Scale bars � 100 �m.
Gut Disease in TSS with and without D-galN
Sensitization

The gut is a major secondary lymphoid organ rich in T
lymphocytes and antigen-presenting cells. As a result,
systemic exposure to SAgs would directly stimulate T
cells in the gut. Thus, the gut might also experience
pathologic changes. However, to our knowledge, gut
disease has not been reported in D-galN–sensitized
models of TSS. Therefore, the extent of gut disease
was studied in the high- and low-dose models of SEB-
induced TSS. Small and large intestines from naïve
mice and mice treated with D-galN alone, low-dose
SEB alone, and SEB�D-galN were relatively normal,
with occasional apoptotic cells in mice treated with
SEB alone and SEB�D-galN (Figure 10). In contrast,
small intestines from mice receiving high-dose SEB
alone exhibited extensive pathologic changes. The villi
demonstrated extensive degenerative changes. At 24
hours, degenerative changes were observed in the
epithelial layer. Apoptotic cells were clearly visible (in-
set, Figure 11). At 48 hours, extensive cellular debris
was observed in the intestinal lumen, and the epithelial
integrity was lost. At 72 hours, the height of the villi was
dramatically reduced, and blunting of the villi was
readily noticeable (Figure 11). Infiltration with CD4�

and CD8� T cells was evident (Figure 11). Macro-
phage and neutrophil infiltration was also detected
(see Supplemental Figure S3A at http://ajp.amjpathol.
org). TUNEL staining confirmed the presence of apop-
tosis at 24 hours but not at 48 and 72 hours (Figure
S3B), which suggests early apoptosis followed by ne-
crosis. This suggests that the small intestines are par-
ticularly affected during TSS.

Figure 9. Cardiac immunopathology in high-dose SEB-induced TSS without
D-galN sensitization. Twelve- to 14-week-old HLA-DR3 transgenic mice were
either untreated or challenged with 50 �g SEB. Mice were sacrificed at
various time, and hearts were collected in either buffered formalin or OCT

compound and processed for H&E or immunostaining, respectively. Figure
shows heart collected at 72 hours. Scale bars � 100 �m.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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Altered Gut Permeability in High-Dose SEB Model

Given the extensive pathologic changes in the small in-
testine, the alteration in gut permeability was studied
using FITC-conjugated dextran molecules (see Materials
and Methods). There were no significant differences in the
fluorescence activity in serum samples between naïve
mice and those treated with D-galN alone, low-dose SEB
alone, or SEB�D-galN (Figure 12). However, serum sam-
ples from mice treated with high-dose SEB exhibited high
levels of fluorescent activity, demonstrating increased
permeability in these mice. Permeability reverted to base-
line levels by 72 hours.

Real-Time in Vivo Imaging of TSS using
DR3.Luc Transgenic Mice Predicts
Gut-Directed Disease

Next documented was multiple-organ disease in real-
time as it unfolds in living animals. Because NF-�B has an
important role in several inflammatory processes, trans-

Figure 10. Intestinal disease in D-galN–sensitized model of TSS with low-
dose SEB. Twelve- to 14-week-old HLA-DR3 transgenic mice were chal-
lenged as indicated with SEB alone, D-galN alone, or SEB�D-galN. Mice were
sacrificed at 9 hours, and small intestines were collected in buffered formalin
and processed for H&E staining. Scale bars � 100 �m.
genic mice expressing the Luc gene under the NF-�B
promoter facilitates in vivo imaging of inflammatory pro-
cesses in living mice in real time.56 DR3.Luc transgenic
mice were challenged with high-dose SEB and subjected
to in vivo imaging (see Materials and Methods). Naïve
DR3.Luc mice exhibit little basal luciferase activity (Fig-
ure 13, A and B). In SEB-challenged mice, luciferase
activity was largely confined to the abdominal region,
with little or no activity in the thoracic region. The abdom-
inal activity rapidly increased, peaked at 6 hours, and
later returned to baseline levels. This correlated well with
serum cytokine and chemokine concentrations. The dif-
fuse luciferase activity in the abdominal region precluded
localizing the activity to any particular organ such as the
spleen, liver, kidneys, or intestines. Therefore, the organ
largely responsible for this activity was localized. To
achieve this, 3 hours after SEB challenge, DR3.Luc trans-
genic mice were injected with luciferin. After 10 minutes,
mice were sacrificed, and their vital organs were re-
moved, placed in Petri dishes, and imaged. Little or no
luciferase activity was detected in lungs, liver, kidney,
heart, spleen, or pancreas (Figure 13C). However, in-
tense activity was observed in the intestine and in the
uterus in female mice.

Discussion

SAg exotoxins produced by S. aureus and S. pyogenes
bind directly to MHC-II molecules without undergoing
intracellular antigen processing. MHC-II–bound SAgs
can vigorously activate large numbers of CD4� and
CD8� T cells expressing certain TCR V� families irre-
spective of their antigen specificities. Exposure to SAgs
that are either preformed (as in intentional exposure fol-
lowing attacks with biological weapons containing SAgs)
or produced in vivo after bacterial infection can cause
potent immune activation. In certain conditions, this im-
mune activation can be robust, leading to a severe sys-
temic cytokine storm (eg, TSS, Kawasaki disease, and
neonatal TSS-like exanthematous disease4,10,11). While
SIRS leads to MODS and death, in the absence of prompt
intervention,3 the immunopathogenesis of this process is
poorly understood because of lack of a robust animal
model. The lack of a reliable animal model has also led to
incomplete cellular and molecular characterization of
TSS. Numerous technical and ethical concerns have pre-
cluded extensive use of primates and rabbits in SAg
studies. Inadequate activation of the murine immune sys-
tem with SAgs has led to use of artificial compounds to
render them susceptible to TSS, although these strate-
gies have little or no clinical relevance. The use of artifi-
cial agents to potentiate SAg-induced TSS has led to
misunderstanding of the pathogenesis of TSS.

One of the most widely utilized mouse models of TSS
involves the use of D-galN.57 D-galN is converted to uri-
dine diphosphate–galN in vivo, in particular in hepato-
cytes. At high concentrations of D-galN, such as 15 to 30
mg used for sensitization of mice to TSS, uridine be-
comes sequestered as uridine diphosphate–galN. This
results in profound reduction in the ability of cells to

produce uridine triphosphate, thereby affecting RNA and
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protein synthesis.33,34,36 Although D-galN by itself can
cause hepatocyte apoptosis and necrosis,33,34 hepato-
cytes are also rendered extremely susceptible to the
cytotoxic actions of cytokines such as TNF-� by D-galN.
SAgs induce TNF-� production in vivo. Normally, binding
of TNF-� to its receptor on hepatocytes induces survival
signals.58,59 However, in the presence of D-galN, TNF-�
fails to elicit the NF-�B–dependent survival signals.60

Conversely, cytotoxic signals are transduced into the
hepatocytes, and massive hepatocyte death ensues.57,61

Therefore, liver dysfunction characterized by significantly
elevated serum ALT and AST concentrations and rapid
death within 9 hours are the typical findings in D-galN
sensitization models of shock caused by SAgs.

Similar observations were made in SEB�D-galN–in-
duced TSS in HLA-DR3 transgenic mice. Death in the
D-galN sensitization model occurred rapidly. Because
HLA-DR3 transgenic mice are extremely responsive to
SEB, even 2 �g SEB was associated with death with
D-galN sensitization. However, in the high-dose SEB
model of TSS, even though heavy infiltration of CD4� and
CD8� T cells was observed in the liver, no evidence of
significant hepatocyte damage was noted at histologic

Figure 11. Intestinal immunopathology in high-dose SEB-induced TSS wit
either untreated or challenged with 50 �g SEB. Mice were sacrificed at indi
compound and processed for H&E (A) or immunostaining (B). Scale bars �
analysis. As corroborating evidence, even the ALT and
AST concentrations were not significantly elevated in
mice treated with high-dose SEB. This suggests that the
immunopathogenesis of TSS caused by SEB alone is
likely different from that caused by SEB with D-galN sen-
sitization. Using a similar approach, Mignon et al62 dem-
onstrated differences between lipopolysaccharide-in-
duced shock in the presence or absence of D-galN
sensitization. In the high-dose lipopolysaccharide model
of shock without D-galN sensitization, those authors failed
to observe any major histopathologic changes in the liver,
whereas they observed multiple-organ inflammation.
However, in the low-dose lipopolysaccharide model of
shock with D-galN sensitization, they observed massive
hepatocyte apoptosis and necrosis, with highly elevated
serum ALT and AST concentrations and 100% mortality.
Thus, D-galN sensitizes hepatocytes to death, and, there-
fore, liver failure is the primary cause of death in D-galN
sensitization models of TSS and shock. More important,
because death in the D-galN sensitization models ensues
rapidly, there were no opportunities to investigate the
immunopathogenesis of MODS, which is a characteristic
feature of TSS. In the present study, the HLA-DR3 trans-

alN sensitization. Twelve- to 14-week-old HLA-DR3 transgenic mice were
es, and small intestines were collected in either buffered formalin or OCT
.

hout D-g
genic mouse model facilitated such a study.
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The serum cytokine profiles reflected the ability of
SAgs to activate T cells. In general, cytokines character-
istic of activation of the innate immune system such as
IL-6 and IL-12 and chemokines such as KC, MCP-1,
macrophage inflammatory protein (MIP)-1�, and RAN-
TES are elevated in models of sepsis. However, in addi-
tion to these cytokines and chemokines, profound eleva-
tion was observed in classic T-cell–derived cytokines
such as IL-2, IL-4, IL-5, IL-17, and IFN-� in SAg-induced
TSS in HLA-DR3 transgenic mice. This underscores the
characteristic feature of SAgs, ie, their ability to activate T
cells. TNF-� has long been considered the crucial cyto-
kine involved in the immunopathogenesis of TSS in the
D-galN sensitization model for reasons discussed in detail
earlier under the Discussion section. As a result, blocking
TNF-� is protective in mouse models of TSS with D-galN
sensitization. Administration of anti-TNF-� has not been
protective in bacterial shock including that caused by S.
aureus in humans38 and in mouse models of S. aureus
sepsis,63 possibly because other cytokines also have an
important role. For example, it was observed that the
systemic levels of the relatively new cytokine IL-17 was
profoundly elevated in HLA-DR3 transgenic mice with
SAg-induced TSS. Moreover, the ratio between IL-17 and
IFN-� was high (10 at 3 hours). These observations cou-
pled with the low serum TNF-� concentrations in HLA-
DR3 transgenic mice suggest that IL-17 could have a far
more important role in the immunopathogenesis of TSS
than does TNF-�. Our mouse model will be uniquely
suited to unravel the roles of selected cytokines, chemo-
kines, or molecules in the immunopathogenesis of TSS.
The other important observation is that while the serum
cytokine concentration generally peaked by 6 hours, it
was rarely elevated at 48 or 72 hours, by which time
death generally ensued. This indicates that SIRS is not
immediately followed by MODS and death. There was an
appreciable interval during which organ failure occurred,

Figure 12. Altered gut permeability in HLA-DR3 transgenic mice during
high-dose SEB-induced TSS without D-galN sensitization. Twelve- to 14-
week-old HLA-DR3 transgenic mice were either untreated or treated as
indicated. Mice underwent gavage using FITC-dextran (see Materials and
Methods). Three hours after gavage, mice were sacrificed, serum samples
were collected, and the fluorescence in the serum was determined at 490 nm
excitation and 525 nm emission in duplicate. Representative results from one
of three similar experiments are shown. Scale bars represent mean � SE
values for two mice in each group.
similar to that in SIRS or MODS in humans. It remains to
be tested whether the animals could be rescued from
death during this period. This warrants a separate de-
tailed study to understand the correlation between sys-
temic cytokine and chemokine levels and death, and the
need to explore a wider array of cytokines and chemo-
kines.

To our knowledge, no other study has closely studied
the immunopathogenesis of TSS without D-galN sensiti-
zation to the extent described herein. As a result, the
existence of any temporal correlation between multiple-
organ disease and death is unknown. The striking obser-
vation was that multiple-organ inflammation characteris-
tic of TSS in humans could be recapitulated in the HLA-
DR3 transgenic mouse model. Consistent with the ability

Figure 13. In vivo imaging of inflammatory changes in real-time during TSS
using Luc transgenic mice. Twelve- to 14-week-old DR3.Luc transgenic mice
were either untreated or challenged with 50 �g SEB. At indicated times, mice
were injected intraperitoneally with D-luciferin. After 12 to 15 minutes, anes-
thetized mice were transferred to the imaging chamber and imaged. A: Mean �
SE values for four mice. Results are from one of three similar experiments. B:

Whole mouse. C: Individual organs were harvested at 3 hours and placed in
small Petri dishes for imaging.
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of SAgs to activate both CD4� and CD8� T cells, tem-
poral changes were observed in infiltration of multiple
organs with T lymphocytes. Infiltration of organs with both
of the T-cell subsets suggested that both CD4� and
CD8� T cells are required for TSS. This explains why
deficiency of either of these T-cell subsets protected
against TSS. However, relatively normal serum ALT, AST,
and creatinine concentrations and the absence of large
numbers of apoptotic cells in the lungs, liver, or kidneys
indicated the absence of extensive cell death in these
organs. Nonetheless, extensive infiltration of these or-
gans including heart and lung suggest that their functions
might be compromised, leading to MODS.

The most dramatic pathologic changes were observed
in the small intestines. While the staphylococcal SAgs,
excluding TSST-1, are known enterotoxins and cause
gastrointestinal tract toxicity when ingested, the gastro-
intestinal effects of systemically delivered SAgs has not
been investigated in depth. Diarrhea and vomiting are
common symptoms associated with many clinical condi-
tions including TSS. The present study provides some
insight into this phenomenon. McKay et al,64 using
BALB/c mice, demonstrated that systemically adminis-
tered SAgs (SEB) can cause pathologic changes in the
gut. They demonstrated some changes in villous archi-
tecture, with alteration in the villous/crypt ratio and altered
ion transportation in jejunum in mice challenged with
SEB.65 Similarly, a study by Stone and Schlievert66 in
rabbits suggested that altered gut permeability could
have an important role in the pathogenesis of TSS. None-
theless, such extensive necrotic and apoptotic changes
in the small intestine, with significant infiltration with CD4�

and CD8� T cells accompanied by profound alteration in
gut permeability, as observed in HLA-DR3 transgenic
mice, have not been previously reported in other models
of TSS. Coinciding with the pathologic changes in the
epithelium of the small bowel, gut permeability was in-
creased at 24 and 48 hours. However, at 72 hours, per-
meability was completely shut down. The reason for
these changes in permeability over time is not known.
However, considering the extensive pathologic findings
at 72 hours, it is believed that the absorptive functions of
the intestines are severely compromised, as evidenced
by weight loss and diarrhea in these mice.

In vivo imaging studies using luciferase transgenic
mice also support the significance of gut disease. Sev-
eral inflammatory signaling pathways use NF-�B.67

Therefore, transgenic mice expressing the Luc gene un-
der the control of NF-�B have been widely used to study
the kinetics of inflammation in real time.56 Consistent with
the rapid elevation in inflammatory cytokines and chemo-
kines at 3 to 4 hours in the present model, luciferase
activity also increased over time. However, the intestines
seemed to be a major contributor to luciferase activity in
vivo. This observation correlated with the extensive gut
disease observed in mice in the present study. Signifi-
cant luciferase activity was not observed in other vital
organs, whereas in female mice, the uterus exhibited
enhanced luciferase activity ex vivo. The significance of
this observation is unclear and warrants detailed investi-

gation. We are currently exploring the kinetics of up-
regulation of genes regulated by NF-�B and other tran-
scription factors by gene expression profiling using
microarrays.

Overall, inasmuch as the serum ALT, AST, and creat-
inine concentrations were not significantly elevated in
HLA-DR3 transgenic mice undergoing SAg-induced TSS,
it is unlikely that liver or kidney dysfunction was the pri-
mary cause of death. However, given that the heart,
lungs, and small intestines exhibited signs of extensive
inflammation, failure of these organs could have precip-
itated death. Increased gut permeability is well docu-
mented in humans during endotoxemia and other sys-
temic inflammatory conditions such as pancreatitis.68,69

Similarly, altered gut permeability could have an impor-
tant role in the pathogenesis of TSS in humans. Further
studies are needed to address these issues, and the
described HLA-II transgenic mouse model will be a valu-
able tool for dissection of the immunopathogenesis of
TSS.
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