ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Mar. 2010, p. 1125-1131
0066-4804/10/$12.00  doi:10.1128/AAC.01015-09

Vol. 54, No. 3

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Rapamycin Protects Mice from Staphylococcal Enterotoxin B-Induced
Toxic Shock and Blocks Cytokine Release In Vitro and In Vivo"

Teresa Krakauer,'* Marilyn Buckley,' Haleem J. Issaq,” and Stephen D. Fox*

Department of Immunology, Integrated Toxicology Division, United States Army Medical Research Institute of Infectious Diseases,
Fort Detrick, Frederick, Maryland 21702-5011," and Laboratory of Proteomics and Analytical Technologies,
Science Applications International Corporation-Frederick, Inc., Frederick, Maryland 21702-12017

Received 19 July 2009/Returned for modification 13 October 2009/Accepted 19 December 2009

Staphylococcal enterotoxins are potent activators for human T cells and cause lethal toxic shock. Rapamy-
cin, an immunosuppressant, was tested for its ability to inhibit staphylococcal enterotoxin B (SEB)-induced
activation of human peripheral blood mononuclear cells (PBMC) in vitro and toxin-mediated shock in mice.
Stimulation of PMBC by SEB was effectively blocked by rapamycin as evidenced by the inhibition of tumor
necrosis factor alpha (TNF-a), interleukin 13 (IL-13), IL-6, IL-2, gamma interferon (IFN-y), monocyte
chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1l (MIP-1a), MIP-13, and T-cell
proliferation. In vivo, rapamycin protected 100% of mice from lethal shock, even when administered 24 h after
intranasal SEB challenge. The serum levels of MCP-1 and IL-6, after intranasal exposure to SEB, were
significantly reduced in mice given rapamycin versus controls. Additionally, rapamycin diminished the weight

loss and temperature fluctuations elicited by SEB.

Staphylococcal exotoxins are among the most common eti-
ological agents that cause toxic shock syndrome (28-30, 38,
44). The disease is characterized by fever, hypotension, des-
quamation of skin, and dysfunction of multiple organ systems
(8, 38, 41). These toxins bind directly to the major histocom-
patibility complex (MHC) class II molecules on antigen-pre-
senting cells and subsequently stimulate T cells expressing spe-
cific VB elements on T-cell receptors (9, 15, 24, 29, 35, 42).
Staphylococcal enterotoxin B (SEB) and the distantly related
toxic shock syndrome toxin 1 are also called superantigens
because they induce massive proliferation of T cells (29). In
vitro and in vivo studies show that these superantigens induce
high levels of various proinflammatory cytokines, and these
potent mediators cause lethal shock in animal models (1, 6, 22,
27, 37, 39, 45, 51, 55). SEB also causes food poisoning (4, 21,
52) and is a potential bioterrorism threat agent, as humans are
extremely sensitive to this superantigen, especially by inhala-
tion (28). There is currently no effective therapeutic treatment
for SEB-induced shock except for the use of intravenous im-
munoglobulins (11). Various in vitro experiments identified
inhibitors to counteract the biological effects of SEB, only
some of which were successful in ameliorating SEB-induced
shock in experimental models (1, 25-27, 51).

Rapamycin is a relatively new FDA-approved drug used to
prevent graft rejection in renal transplantation, as it shows less
nephrotoxicity than do calcineurin inhibitors (14, 40, 43, 48).
Recent studies reveal other uses in animal models of cancer
(23, 34), diabetic nephropathy (36), bleomycin-induced pulmo-
nary fibrosis (31), liver fibrosis (5), and tuberous sclerosis (32).
Rapamycin binds intracellularly to FKS506-binding proteins,
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specifically FKBP12; the rapamycin-FKBP12 complex then
binds to a distinct molecular target called mammalian target of
rapamycin (mTOR) (reviewed in reference 48). Rapamycin
inhibits mTOR activity, prevents cyclin-dependent kinase ac-
tivation, and affects G,-to-S-phase transition (16, 48). Other
studies identified mTOR as the conserved serine-threonine
kinase for sensing cellular stress, and rapamycin promotes
anabolic cellular processes in response to stress signals (20, 47,
50, 54). The mTOR pathway regulates myogenesis (13), cell
cycle arrest (20), adipocyte differentiation (3), and insulin sig-
naling (47, 50). The immunological effects of rapamycin in-
clude regulation of T-cell activation (48); differentiation, ex-
pansion, and preservation of regulatory T cells (2, 10, 19, 46);
downregulation of dendritic cells (12, 53); and granulocyte-
macrophage colony-stimulating factor (GM-CSF)-induced
neutrophil migration (17). Rapamycin impairs dendritic cell
maturation and function by inhibiting the expression of adhe-
sion molecule ICAM-1 (12, 53). Thus, rapamycin has a broad
spectrum of effects and interferes with the activation of mul-
tiple cell types of the immune system.

Based on the potent immunosuppressive effects of rapamy-
cin, we investigated the therapeutic impact of rapamycin on
SEB-mediated toxic shock. The therapeutic efficacy of rapa-
mycin in SEB-induced toxic shock was investigated by using a
lethal murine model with intranasal delivery of SEB (22). This
“double-hit” murine model relies on two low doses of SEB
without the use of sensitizing agents such as lipopolysaccharide
(LPS) or galactosamine to induce lethal shock (6, 27, 33, 37,
45). In this “SEB-only” toxic shock model, SEB was adminis-
tered intranasally (i.n.) and another dose of SEB was strategi-
cally given intraperitoneally (i.p.) 2 h later to induce systemic
cytokine release and pulmonary inflammation with lethality as
an endpoint. We examined the effect of rapamycin on proin-
flammatory cytokines and chemokines induced by SEB in vitro
using human peripheral blood mononuclear cells (PBMC) as a
first step to test its immunological effects on SEB activation.
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MATERIALS AND METHODS

Reagents. Purified SEB was obtained from Toxin Technology (Sarasota, FL).
The endotoxin content of these preparations was <1 ng of endotoxin/mg protein,
as determined by the Limulus amoebocyte lysate assay (BioWhittaker, Walkers-
ville, MD). Human cytokine enzyme-linked immunosorbent assay (ELISA) kits
and assay reagents were purchased from R&D Systems (Minneapolis, MN).
Mouse cytokine ELISA reagents were obtained from Pharmingen (San Diego,
CA). Rapamycin and all other reagents were from Sigma (St. Louis, MO).

Cell cultures. Human PBMC were isolated by Ficoll-Hypaque density gradient
centrifugation of heparinized blood from healthy human donors. The PBMC
(10° cells/ml) were cultured at 37°C in 24-well plates containing RPMI 1640
medium and 10% heat-inactivated fetal bovine serum. Cells were stimulated with
SEB (200 ng/ml) for 16 h, and the supernatants were harvested and analyzed for
tumor necrosis factor alpha (TNF-a), interleukin 1B (IL-1B), IL-6, IL-2, gamma
interferon (IFN-y), monocyte chemoattractant protein 1 (MCP-1), macrophage
inflammatory protein lae (MIP-1a), and MIP-1B by ELISA as described previ-
ously (25, 26). Rapamycin, when present, was added simultaneously with SEB.

Human T-cell proliferation assays. PBMC (10° cells/well) were plated in
triplicate with SEB (200 ng/ml), with or without various concentrations of rapa-
mycin, for 48 h at 37°C in 96-well microtiter plates. Cells were pulsed with 1
uCi/well of [*H]thymidine (New England Nuclear, Boston, MA) during the last
5 h of culture, as previously described (25). Cells were harvested onto glass fiber
filters, and incorporated [*H]thymidine was measured by liquid scintillation. In
experiments investigating the effectiveness of rapamycin after a short pulse,
PBMC (7 % 10° cells/tube) were cultured with SEB (200 ng/ml), with or without
rapamycin, for 3 h at 37°C in 4-ml polypropylene round-bottomed tubes. Cells
were centrifuged at 1,200 X g for 10 min, and supernatants were removed at the
end of 3 h. Cells (10° cells/well) were recultured with fresh medium without
rapamycin and SEB and replated in triplicates for 45 h at 37°C in 96-well
microtiter plates. Cells were pulsed with [°H]thymidine and harvested as de-
scribed above.

Murine model of SEB-induced toxic shock. Male C3H/HeJ mice (National
Cancer Institute, Frederick, MD), weighing ~20 g each (7 to 10 weeks old), were
housed in conventional microisolator cages. Sterile temperature/identification
transponders (IPTT-300; Biomedic Data Systems, Maywood, NJ) were im-
planted subcutaneously into each animal 5 to 10 days before SEB exposure, and
temperatures were monitored twice daily. Initial weight of animals was recorded
3 to 7 days before SEB exposure, and weight changes were recorded once daily
after SEB challenge. SEB was administered i.n. (50 pl) with a micropipette and
i.p. (200 wl) with a tuberculin syringe (26-gauge, 3/8-inch needle). All intranasal
doses were administered to mice previously anesthetized with an intramuscularly
(i.m.) injected mixture of ketamine (2.4 mg/kg of body weight), acepromazine
(0.024 mg/kg), and xylazine (0.27 mg/kg). There were 2 h of elapsed time be-
tween the first intranasal dose of 5 g SEB/mouse and the second i.p. dose of 2
g SEB/mouse, as this was the optimal time and dose previously determined to
cause toxic shock without the use of synergistic agents (22). Mice exposed to both
doses of SEB succumbed to death between 96 and 120 h, and lethal endpoints
were recorded up to 168 h after the first toxin dose. Controls consisted of
C3H/HelJ mice given two doses of either bovine serum albumin (BSA; Sigma
Chemical Corp.) or saline 2 h apart, similar to those of SEB-exposed mice (i.e.,
by i.n. and i.p. routes). For therapeutic investigations, mice (n = 10) were given
rapamycin i.n. at specific times after intranasal SEB exposure as described for
each series of experiments. Intranasal rapamycin (0.7 mg/kg of body weight) in
sterile saline (Sigma Chemical Corp., St. Louis, MO) was administered with a
micropipette at the designated time points. This was followed by rapamycin (1.6
mg/kg) in sterile saline administered i.p. with a tuberculin syringe at 24, 48, 72,
and 96 h after intranasal SEB administration. A group of mice (n = 10) received
delayed treatment with i.n. rapamycin (0.7 mg/kg) at 24 h and subsequent i.p.
doses of rapamycin (1.6 mg/kg) at 30, 48, 72, and 96 h. For comparison of
effectiveness of therapeutics against SEB, mice (n = 10) were treated with
another potent immunosuppressant, the corticosteroid dexamethasone. Intrana-
sal dexamethasone (1.2 mg/kg) in sterile saline was administered at 2 and 5 h
followed by i.p. doses of dexamethasone (5 mg/kg) in sterile saline at 24, 48, 72,
and 96 h after intranasal SEB administration. Another group of mice (n = 10)
received delayed treatment of i.n. dexamethasone at 5 h followed by i.p. doses of
dexamethasone at 24, 48, 72, and 96 h after SEB exposure. Animals were
monitored twice daily for illness and death for 96 h and as needed. Temperature
and weight changes were measured daily up to 96 to 120 h. Temperature data
were calculated as the mean temperature reading *+ standard deviation (SD) of
each group (n = 10 mice per group). The total number of mice dead versus alive
was recorded at 168 h. Mice were followed for survival for 2 to 8 weeks.

Animal research was conducted in compliance with the Animal Welfare Act as
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well as other federal statutes and regulations. The facility where this research was
conducted is fully accredited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care International. All efforts adhered to principles
stated in the Guide for Care and Use of Laboratory Animals (37a).

Previous results indicated the optimal timing for serum cytokine collection
after mice were given a dual dose of SEB (22). Sera were collected from anes-
thetized mice by cardiac puncture at 5 and 24 h after SEB exposure. Rapamycin
(0.7 mg/kg) was administered at 2 and 5 h after intranasal SEB administration.
Serum cytokine/chemokine levels from individual mice (» = 5 mice per time
point), were analyzed for cytokines/chemokines using specific ELISA as de-
scribed previously (22, 27, 39). Background levels of each cytokine/chemokine,
all found to be negligible, were derived from a prebleed of the same mice
performed 2 to 4 days before each experiment. For mice receiving delayed
treatment with rapamycin at 24 h, whole lungs (n = 5) were excised from
euthanized animals at 51 h post-toxin challenge, with and without treatment with
rapamycin; weighed; and frozen at —70°C. Immediately before cytokine assays,
lungs were thawed and homogenized for 30 min at 4°C in lysis buffer (Cell
Signaling Technology, Danvers, MA) to a 7-mg/ml concentration with complete
protease inhibitor (Roche Applied Science, Indianapolis, IN). Homogenates
were centrifuged at 500 X g for 10 min, and supernatants were harvested and
then filtered through a 0.45-pwm membrane (Millipore, Bedford, MA). Superna-
tants from lung homogenates were assayed for MCP-1, IL-2, and IL-6 by ELISA
as described above.

Cytokine detection. The levels of human cytokines (TNF-o, IL-1, IL-6, IL-2,
and IFN-y) and chemokines (MCP-1, MIP-1a, and MIP-1B) in culture super-
natants from PBMC or murine mediators (TNF-«, IL-1, IL-6, IL-2, IFN-vy, and
MCP-1) in serum were measured via a sandwich ELISA by using cytokine-
specific antibodies according to the manufacturer’s instructions (25-27, 39).
Recombinant cytokines (20 to 1,000 pg/ml) represented the standards for cali-
bration, and the detection limit of all assays was 20 pg/ml.

Determination of rapamycin in murine whole blood. Blood was collected from
rapamycin-treated mice (n = 5) by retro-orbital bleeding into EDTA tubes 1 h
after intranasal administration of rapamycin. Blood was centrifuged at 12,000 X
g for 3 min to remove cells. Supernatants were removed and stored at —70°C
until analysis. Analysis of rapamycin was performed as previously described (18)
using an Agilent Technologies series 1100 capillary high-pressure liquid chro-
matography (HPLC) instrument and an ion-trap mass spectrometer.

Statistical analysis. The cytokine data were expressed as the mean = SD and
analyzed for significant differences by the Student # test with Stata (Stata Corp.,
College Station, TX). Statistical comparisons of survival data were performed by
Fisher’s exact test with Stata software (Stata Corp.). Differences were considered
significant if P was <0.05.

RESULTS

Rapamycin inhibits SEB-induced cytokines from human
PBMC. Because proinflammatory cytokines mediate the lethal
effects of SEB, the effect of rapamycin on the production of
these mediators was examined on human PBMC incubated
with SEB. Figure 1 shows that rapamycin effectively blocked in
a dose-dependent manner the production of TNF-a, IL-1B,
IL-6, IL-2, and IFN-y from PBMC incubated with SEB,
achieving inhibition levels of 77%, 97%, 67%, 100%, and
100%, respectively, at 6.9 pg/ml of rapamycin compared to
controls incubated with toxin alone (P < 0.05). The effect of
rapamycin was more pronounced on T-cell cytokines, IL-2 and
IFN-y. At 6.9 ng/ml rapamycin, IL-2 and IFN-y were sup-
pressed by 34% and 36%, respectively, compared to cells stim-
ulated with SEB alone (P < 0.05). Rapamycin also dose de-
pendently reduced the production of chemokines MCP-1,
MIP-1a, and MIP-1B from SEB-stimulated PBMC. This indi-
cates that rapamycin inhibited both cytokines and chemokines
produced in vitro by both T cells and monocytes in response
to SEB.

Rapamycin inhibits SEB-induced human T-cell prolifera-
tion. In addition to increasing cytokine levels, SEB also stim-
ulates T-cell proliferation. Therefore, the effect of rapamycin
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FIG. 1. Inhibition of TNF-a, IL-1B, and IL-6 (A); IL-2 and IFN-y
(B); and MCP-1, MIP-1a, and MIP-18 (C) production by human
PBMC stimulated with SEB alone or in the presence of various con-
centrations of rapamycin. Values represent the means * SDs of du-
plicate samples from three experiments.
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FIG. 2. Inhibition of T-cell proliferation in PBMC stimulated with
SEB alone or in the presence of various concentrations of rapamycin.
Values are the means = SDs of triplicate cultures and represent three
experiments.
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on SEB-induced proliferation of T cells was examined next.
The results showed that rapamycin significantly decreased
SEB-induced proliferation of T cells in a dose-response man-
ner, with maximal inhibition (94%) achieved at the same con-
centration (6.9 pg/ml) that was most effective at blocking cy-
tokine and chemokine release (Fig. 2). At 0.69 ng/ml
rapamycin, T-cell proliferation was reduced by 56%. The lack
of proliferation or cytokine release from PBMC was not due to
the cytotoxic effect of rapamycin, as determined by trypan blue
exclusion test (data not shown).

We also investigated whether a short pulse of rapamycin was
sufficient to block SEB-induced T-cell proliferation. When
rapamycin was removed after 3 h of incubation, T-cell prolif-
eration was decreased by 40% with 6.9 wg/ml of rapamycin.
Thus, partial inhibition of proliferation was obtained when
rapamycin was present for a short period of 3 h.

Rapamycin protects mice from SEB-mediated shock. Since
rapamycin was effective in attenuating the biological effects of
SEB in vitro, we examined its efficacy in vivo. Table 1 shows
that rapamycin significantly increased the survival rate among

TABLE 1. Protective effects of rapamycin in vivo

% Alive”
Toxin Drug given at time:
No drug 2 h and
5h 3h 4h 5h
SEB 0
SEB + rapamycin 100 100 100 100
SEB + dexamethasone 100 ND ND 10

“ The percentage of mice alive 168 h after intranasal SEB exposure. Rapamy-
cin (0.7 mg/kg) was given i.n. at the designated time points after SEB exposure.
All rapamycin treatment groups (n = 10) also received rapamycin (1.6 mg/kg) i.p.
24, 48, 72, and 96 h after SEB exposure. Dexamethasone (1.2 mg/kg) was given
i.n. at the designated time points after SEB exposure. All dexamethasone-treated
groups (n = 10) also received dexamethasone (5 mg/kg) i.p. 24, 48, 72, and 96 h
after SEB exposure. There were no lethal effects among mice given PBS or BSA.
ND, not determined.
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FIG. 3. Rapamycin attenuated the hypothermic response of C3H/
Hel mice treated with SEB. Body temperatures of mice exposed to
BSA, SEB, and SEB plus rapamycin (0.7 mg/kg i.n.) at different time
points after SEB exposure. Rapamycin (1.6 mg/kg) was administered
i.p. to all mice at 24, 48, 72, and 96 h. Mice receiving rapamycin
treatment delayed until 24 h also received i.p. doses of rapamycin (1.6
mg/kg) at 30, 48, 72, and 96 h following i.n. rapamycin (0.7 mg/kg) at
24 h. Points represent the means * SDs for each group (n = 10).

mice given two doses of SEB. We progressively increased the
time between the exposure of mice to SEB and rapamycin
treatment and found that mice were protected 100%, even
when rapamycin was given 5 h after the SEB exposure (Table
1). Clinical signs of intoxication such as ruffled fur and lethargy
observed with SEB-treated mice starting at 72 h were com-
pletely absent from the SEB-plus-rapamycin group. Additional
data were collected regarding temperature fluctuations in mice
treated with SEB and those treated with SEB plus rapamycin
given at various times after SEB exposure. Mice given SEB
experienced hypothermia starting at 48 h (Fig. 3). This hypo-
thermic response, indicating systemic shock that mimicked
those found in other murine models, was completely absent in
rapamycin-treated, SEB-exposed mice. Rapamycin protected
mice from systemic shock even when it was administered 5 h
after SEB exposure, as seen from the normal temperature of
rapamycin-treated animals. When rapamycin treatment was
delayed further, all mice (» = 10) survived if rapamycin was
administered i.n. at 24 h, followed by i.p. doses at 30, 48, 72,
and 96 h. These mice also maintained normal body tempera-
ture. However, delaying treatment with rapamycin to 32 h
resulted in only 20% protection.

Weight loss is another prominent indicator of SEB-induced
shock in other animal models of superantigen-induced disease
(6, 33). We also examined the effect of rapamycin on the
weight of animals after intranasal delivery of SEB. SEB-ex-
posed mice experienced weight loss of 5% at 77 h whereas
rapamycin-treated, SEB-exposed mice had weight gains of 8§ to
17% over several days (Fig. 4). Rapamycin treatment amelio-
rated SEB-induced weight loss even when given 24 h after SEB
exposure. Protection against temperature and weight fluctua-
tions essentially paralleled the lethality results.

The blood concentration of rapamycin in mice after oral
dosing was determined by mass spectrophotometry to establish
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FIG. 4. Rapamycin prevented weight loss in a murine SEB-medi-
ated shock model. Weights of mice exposed to SEB or SEB plus
rapamycin (0.7 mg/kg i.n.) at different time points after SEB exposure.
Rapamycin (1.6 mg/kg) was administered i.p. to all mice at 24, 48, 72,
and 96 h. Mice receiving rapamycin treatment delayed until 24 h also
received i.p. doses of rapamycin (1.6 mg/kg) at 30, 48, 72, and 96 h
following i.n. rapamycin (0.7 mg/kg) at 24 h. Points represent the
means = SDs for each group (n = 10).

the in vivo concentration for effective treatment as previously
described (18). The blood level of rapamycin 1 h after an i.n.
dose of 0.7 mg/kg was 492 = 204 ng/ml. At 97 h after multiple
dosing (i.n. doses of 0.7 mg/kg at 2 and 5 h followed by i.p.
doses of 1.6 mg/kg at 30, 48, 72, and 96 h), rapamycin reached
622 + 282 ng/ml. The latter concentration likely represented
the highest concentration of rapamycin achieved in this dosing
regimen, as the concentration of rapamycin reportedly peaked
1 h after dosing (49). In contrast, the blood concentration of
rapamycin at 97 h dropped to 38 = 15 ng/ml after the use of
lower doses of rapamycin (0.03 mg/kg i.n. at 2 and 5 h and 0.08
mg/kg i.p. at 24, 48, 72, and 96 h) which were totally unpro-
tective against SEB-mediated shock.

We also compared the efficacy of rapamycin against that of
a potent immunosuppressant, the corticosteroid dexametha-
sone. Dexamethasone was 100% effective in preventing lethal-
ity when mice (n = 10) were treated with i.n. dexamethasone
at 2 and 5 h, followed by daily i.p. doses at 24, 48, 72, and 96 h
(Table 1). However, delaying treatment with dexamethasone
until 5 h after SEB exposure resulted in 90% lethality. Thus,
rapamycin is a more effective therapeutic post-SEB exposure
than dexamethasone in vivo (Fig. 5).

Rapamycin attenuates serum levels of IL-6 and MCP-1 in
vivo. Based upon the strong inhibitory effects of rapamycin on
SEB-mediated T-cell proliferation and cytokine production in
vitro, the potential therapeutic role of rapamycin in vivo was
further investigated in mice. Previous studies showed that el-
evated serum levels of MCP-1, IL-6, and IL-2 are a prominent
feature of SEB-mediated toxic shock with intranasal delivery
of SEB. Therefore, the in vivo effect of rapamycin on serum
cytokine concentrations was examined in mice after SEB ad-
ministration. Peak levels of MCP-1 and IL-6 were reduced by
90% and 80%, respectively, in SEB-plus-rapamycin-treated



VoL. 54, 2010

RAPAMYCIN PROTECTS MICE FROM SEB-INDUCED TOXIC SHOCK 1129

Kaplan Meier Survival Analysis

1.00 ]
s
% 0751
c
S
w
s
b= Growp ©©© SEB
2 0.50 &= SEB+D5
3 & SEB+R2
o 888 SEB+R3
g **o SEB+R4
g 0.25] #=— SEB+R5
(2]

0.004, T T T T T

0 50 100 150 200 250

Time to Death

FIG. 5. Survival analysis of mice treated with SEB (i), SEB plus dexamethasone starting at 5 h (D5) post-SEB exposure (ii), SEB plus rapamycin
starting at 2 h (R2) post-SEB exposure (iii), SEB plus rapamycin starting at 3 h (R3) post-SEB exposure (iv), SEB plus rapamycin starting at 4 h
(R4) post-SEB exposure (v), and SEB plus rapamycin starting at 5 h (R5) post-SEB exposure (vii). Time to death is in hours after SEB exposure.

mice versus SEB controls without rapamycin (Fig. 6). Serum
concentrations of IL-2 remained unexplainably high in contrast
to the in vitro inhibitory effect of rapamycin on IL-2 in SEB-
stimulated human PBMC. We further examined serum IL-2
concentrations at later time points. There was no IL-2 present
at 24, 51, and 75 h in both SEB- and SEB-plus-rapamycin-
treated mice (data not shown). Thus, the elevated serum IL-2
at 5 h was transient with rapamycin treatment and did not
affect lethality or the overall well-being of animals based on
temperature and weight changes.

Since rapamycin was also effective when administered i.n. at
24 h after SEB exposure, lungs were excised at 51 h post-SEB
challenge for evaluation of the effect of rapamycin on lung
cytokines. Lung MCP-1, IL-2, and IL-6 were attenuated by
56%, 80%, and 65%, respectively, in mice treated with rapa-
mycin compared to the SEB-exposed group not treated with
rapamycin.
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FIG. 6. Peak serum levels of MCP-1, IL-6, and IL-2 in mice (n = 5)
treated with SEB alone or SEB plus rapamycin (0.7 mg/kg i.n. at 2 h).
Values represent the means = SDs of duplicate samples. The asterisk
indicates P < 0.05 compared with mice treated with SEB.

DISCUSSION

The present study demonstrates for the first time that rapa-
mycin effectively inhibited SEB-mediated production of
TNF-o, IL-1B, IL-6, IL-2, IFN-y, MCP-1, MIP-la, and
MIP-1B by human PBMC in vitro. Besides decreasing the levels
of proinflammatory cytokines in vitro, rapamycin also com-
pletely blocked SEB-induced proliferation of T cells. T-cell
cytokines, IL-2 and IFN-v, were more sensitive to low concen-
trations (ng/ml) of rapamycin. As excessive release of cytokines
mediates the pathogenic effects of SEB in vivo, the use of
rapamycin, an immunosuppressant, was a seemingly logical
choice for our studies in vivo. Our study is the first to demon-
strate that rapamycin was 100% effective in protecting mice
from SEB-mediated shock. Previous studies of drug treatment
for SEB-mediated shock models indicate a very narrow ther-
apeutic window of treatment with different types of inhibitors
to reduce the biological effects of SEB (1, 6, 27, 51). As dem-
onstrated in this study, the potent immunosuppressant dexa-
methasone was not protective when administered 5 h after
SEB exposure but was protective when given at 2 h post-
exposure to SEB. In a lipopolysaccharide (LPS)-synergized
murine model of SEB-induced shock, “protective” peptides
derived from conservative regions of SEB, even when given 1 h
before SEB exposure, resulted in 83% protection (51). Our in
vivo studies here indicate a wider therapeutic window for rapa-
mycin and show that rapamycin, even when given 24 h after
SEB exposure, still afforded 100% protection against mortality
and temperature and weight fluctuations. Serum levels of
MCP-1 and IL-6 were also markedly reduced in mice treated
with rapamycin compared to control SEB-exposed mice. These
results demonstrated the potency of rapamycin even when
given post-SEB exposure. Clearly, the serum cytokine, temper-
ature, and weight data revealed the protective effects of rapa-
mycin after SEB exposure. Although we could not explain the
high levels of IL-2 in vivo with rapamycin treatment, we found
that this effect was transient and did not affect survival. Rapa-
mycin given as late as 24 h also reduced cytokines and chemo-
kines in lung tissues. Other effects of rapamycin on cells of the
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immune system and mTOR pathway, not explored fully in this
study, likely contributed to its potency.

The rapamycin doses used in vivo in this study were in the
same range as those used previously to reduce murine adjuvant
arthritis and carcinogen-induced lung tumors (7, 18). Peak
blood concentrations of rapamycin also agreed with those used
in murine models (18). In healthy subjects, blood concentra-
tions of rapamycin reached 78 = 18 ng/ml 1 h after adminis-
tration of 15 mg of rapamycin (49). Rapamycin is used for
extended periods of years to prevent graft rejection in renal
transplantation. In these patients, long-term accumulative
toxic effects must be taken into consideration. The doses of
rapamycin in the present study were similar to those used in
animal models of disease (7, 18), and the short therapeutic
course of treatment described in this study suggests that rapa-
mycin can be considered a good candidate for transition to
clinical trials to treat SEB-induced shock. Obviously, different
doses have to be tried and adjusted to limit toxicity in humans.
Given the small dose discrepancy of rapamycin in previous
mouse models of disease and similar disease in humans, lower
doses of drug would likely be effective in treating SEB-induced
shock in humans.

The pathophysiology and treatment of shock with Staphylo-
coccus aureus-secreting superantigens such as SEB and toxic
shock syndrome toxin 1 are much more complex. Further stud-
ies are needed for animal model development to establish in
vivo models that can separate effects of bacterial infection and
toxic effects of many bacterial virulence factors, including su-
perantigens. With the continuing rise of vancomycin- and
methicillin-resistant S. aureus strains, there is an urgent need
for new antibacterials against drug-resistant microorganisms.
A logical extension of this study is to apply rapamycin in an S.
aureus infection model with bacteria producing SEB and other
superantigens.

In conclusion, our in vivo studies showed that the beneficial
effects of rapamycin in SEB-induced shock included increased
survival, minimal temperature and weight change, and a dra-
matic reduction in the serum levels of MCP-1 and IL-6. These
findings are significant because rapamycin can be given as late
as 24 h after intranasal SEB exposure. Previous studies indi-
cate a good correlation between superantigen toxicity in mice
and elevated levels of proinflammatory cytokines (6, 22, 33, 39,
45). The promising findings of this study make rapamycin a
potential agent to mitigate SEB-induced shock in humans
hours after SEB exposure via the respiratory route. Because
rapamycin has been safely administered to critically ill trans-
plant patients without significant toxicity even after 2 years of
use, it might easily be transitioned for use against SEB-induced
shock in humans.
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