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ABSTRACT Infective endocarditis and kidney infections are serious complications of Staphylococcus aureus sepsis. We investi-
gated the role of superantigens (SAgs) in the development of lethal sepsis, infective endocarditis, and kidney infections. SAgs
cause toxic shock syndrome, but it is unclear if SAgs contribute to infective endocarditis and kidney infections secondary to sep-
sis. We show in the methicillin-resistant S. aureus strain MW2 that lethal sepsis, infective endocarditis, and kidney infections in
rabbits are critically dependent on high-level SAgs. In contrast, the isogenic strain lacking staphylococcal enterotoxin C (SEC),
the major SAg in this strain, is attenuated in virulence, while complementation restores disease production. SAgs’ role in infec-
tive endocarditis appears to be both superantigenicity and direct endothelial cell stimulation. Maintenance of elevated blood
pressure by fluid therapy significantly protects from infective endocarditis, possibly through preventing bacterial accumulation
on valves and increased SAg elimination. These data should facilitate better methods to manage these serious illnesses.

IMPORTANCE The Centers for Disease Control and Prevention reported in 2007 that Staphylococcus aureus is the most significant
cause of serious infectious diseases in the United States (R. M. Klevens, M. A. Morrison, J. Nadle, S. Petit, K. Gershman, et al.,
JAMA 298:1763–1771, 2007). Among these infections are sepsis, infective endocarditis, and acute kidney injury. Infective endo-
carditis occurs in 30 to 60% of patients with S. aureus bacteremia and carries a mortality rate of 40 to 50%. Over the past de-
cades, infective endocarditis outcomes have not improved, and infection rates are steadily increasing (D. H. Bor, S. Woolhandler,
R. Nardin, J. Brusch, D. U. Himmelstein, PLoS One 8:e60033, 2013). There is little understanding of the S. aureus virulence fac-
tors that are key for infective endocarditis development and kidney abscess formation. We demonstrate that superantigens are
critical in the causation of all three infections. We show that their association results from both superantigenicity and direct
toxic effects on endothelial cells, the latter likely contributing to delayed endothelium healing. Our studies contribute signifi-
cantly to understanding the development of these illnesses and are expected to lead to development of important therapies to
treat such illnesses.
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Staphylococcus aureus is the second leading cause of bacteremia
and the leading cause of infective endocarditis (IE) (1–4).

Medical advances, such as intravascular and prosthetic devices
and surgical procedures, and an increasing population with un-
derlying conditions, such as diabetes mellitus, liver disease, renal
hemodialysis, and immunosuppression, have contributed to the
surge of S. aureus infections in health care settings and in the
community (4, 5).

S. aureus bacteremia results often from skin infections, in-
fected catheters, surgical wounds, pneumonia, or intravenous
drug use and carries a mortality rate of 20 to 40% (6, 7). S. aureus’
ability to cause metastatic infections, such as IE and deep tissue
abscesses, contributes to the high fatality rate associated with
S. aureus bacteremia (8). IE, which accounts for up to one-third of
the complications of S. aureus bacteremia, is an infection of the
heart endothelium, predominantly valves, that results in the for-
mation of large vegetative lesions (1, 4). Vegetations are a mesh-

work of host factors, including fibrin and platelets, and bacterial
aggregates (9). IE is associated with a high risk for congestive heart
failure and systemic embolization resulting in strokes, metastatic
abscesses, persistent bacteremia, and toxic shock syndrome (TSS),
all of which can lead to death (5, 10).

Various S. aureus surface virulence factors are associated with
the pathogenesis of IE, particularly those involved in survival in
the bloodstream (i.e., SOK, a surface factor promoting resistance
to oxidative/neutrophil killing) and tissue adherence/coloniza-
tion (i.e., coagulases Coa and von Willebrand factor binding pro-
tein [vWbp] and clumping factor ClfA) (11, 12). However, evi-
dence suggests that superantigens (SAgs), secreted virulence
factors involved in host immune evasion, also contribute to IE. In
a rabbit model, infection with SAg-deficient strains produces
minimal vegetations, while ectopic expression of TSS toxin 1
(TSST-1) in these strains results in large vegetations with high
bacterial counts (13). A recent study observed that neutralization
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of the SAg staphylococcal enterotoxin C (SEC) with a soluble,
high-affinity T cell receptor �-chain protected rabbits against le-
thal sepsis and dramatically reduced vegetation size in rabbits in-
fected with MW2 (an SEC-producing strain) (14). Furthermore,
an international study of S. aureus strains from definite IE patients
demonstrated a high prevalence of SAg genes encoding TSST-1,
SEC, SEG (staphylococcal enterotoxin), and SEI (staphylococcal
enterotoxin-like I) among IE isolates compared to prevalence
among isolates from soft tissue infections (15).

We investigated the association of SAgs with IE and disease
sequelae in the sensitive rabbit model of IE and sepsis. We used the
community-associated, methicillin-resistant (MRSA) MW2
strain as a representative of S. aureus isolates with high capacity to
cause infective endocarditis, and we provide evidence that high-
level SAgs, as exemplified by SEC in MW2, are critical virulence
factors in lethal sepsis, IE, and kidney injury. Use of fluid replace-
ment to promote SAg elimination by kidney filtration and to offset
SAg-induced hypotension decreased both IE vegetation size and
bacterial growth within the vegetations. We demonstrate immune
cell recruitment to vegetative lesions and direct SEC induction of
interleukin 8 (IL-8) in primary human aortic endothelial cells
(HAECs). IL-8 production was found to be dependent on signal-
ing via G-protein-coupled receptors (GPCR), metalloproteinases
(MMPs), and vascular endothelial growth factor receptors
(VEGFR).

RESULTS
Lethality resulting from S. aureus MW2 bacteremia is due to
SEC. Persistent S. aureus bacteremia is linked to high mortality
rates in humans, where lethality results from cardiotoxicity and/or
sepsis (5). Recently, Coa, ClfA, and vWbp were described as es-
sential for lethality in a murine model of staphylococcal sepsis

(12). However, murine models do not account for the action of
SAgs, as mice on a per kilogram basis are �109 more resistant to
SAgs than humans, while rabbits resemble humans in susceptibil-
ity to SAgs (16). MW2 encodes multiple SAgs, including SEC and
SEl-X (14). SEC is produced at 80 to 100 �g/ml in liquid culture,
while the other SAgs are produced at 0.0001 to 0.03 �g/ml. MW2
and its derivatives lacking sec or selx were tested in the rabbit
model of IE and sepsis. An selx deletion was also chosen given its
recent association with necrotizing pneumonia in the MRSA
strain LAC (17). Of note, SEl-X is produced at much higher levels
in LAC than in MW2.

Bacteria were injected intravenously at 2 � 107 to 3 � 107 CFU/
rabbit after mechanical damage of the aortic valves, and infection
was allowed to proceed for a maximum of 4 days. In this time
period, MW2 caused lethal sepsis in 80% of rabbits, while the
isogenic sec deletion (MW2�sec) strain failed to cause comparable
lethality (90% survived to day 4) (Fig. 1A). Deletion of selx did not
affect MW2 lethality, demonstrating that SEC is the dominant
virulence SAg in this strain. Complementation of the MW2�sec
strain restored lethality to wild-type levels (Fig. 1A). Furthermore,
survival of rabbits infected with the MW2�sec strain occurred
even as bacterial blood counts were similar to those of the wild
type, and rabbits exhibited similar degrees of splenomegaly due to
bacteremia (Fig. 1B and C). Thus, bacteremia alone does not ac-
count for the lethal outcomes in S. aureus infection, indicating the
action of a SAg is required.

SEC is critical for infective endocarditis. IE, a life-threatening
and difficult-to-treat complication of S. aureus bacteremia, par-
ticularly affects individuals with damaged hearts (5). In the rabbit
model, vegetative lesions develop on aortic valve cusps upon seed-
ing of the organism at sites of mechanical damage. MW2 formed
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FIG 1 Deletion of sec in S. aureus strain MW2 protects rabbits against lethality in the IE and sepsis model despite high-load bacteremia. (A) Percent survival of
rabbits infected intravenously with 2 � 107 to 3 � 107 CFU of wild-type MW2, the MW2�sec strain, the MW2�sec strain with psec (ectopic expression), or the
MW2�selx strain after mechanical damage of the aortic valves. ***, P � 0.0009 (MW2 versus MW2�sec) and P � 0.0002 (MW2 versus MW2�sec � psec),
log-rank, Mantel-Cox test. (B) Bacterial counts per milliliter of blood recovered from the rabbits postmortem. (C) Enlargement of the spleen resulting from
S. aureus bacteremia. UI, uninfected. *, P � 0.0385, one-way ANOVA and nonparametric Kruskal-Wallis test. (B and C) Horizontal lines and error bars represent
mean values � standard errors of the means (SEM). P values of �0.05 are considered statistically significant. No P value means no statistical significance.
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large vegetations with an off-white cauliflower-like appearance
(Fig. 2A). Vegetations were frequently found on multiple valve
leaflets and often associated with blood clots. Some vegetations
destroyed aortic valve leaflets and extended into adjacent tissue,
while others extended onto the surface of the aortic artery
(Fig. 2A). All rabbits infected with MW2 (9/9) developed vegeta-
tions; most (6/9 vegetations) weighed 92 to 125 mg and contained
1 � 108 to 70 � 108 CFU. Rabbits that succumbed before day 2 had
smaller vegetations (28 to 46 mg), with 2 � 107 to 30 � 107 CFU
(Fig. 3B and C). Of the 10 rabbits infected with the MW2�sec
strain, 7 had no vegetations, and 3 had small vegetations weighing
6, 10, and 35 mg; one vegetation was sterile, and the other two had
1 � 103 and 5 � 108 CFU, respectively. Complementation of the
MW2�sec strain restored its ability to cause IE, whereas deletion
of selx had no effect on vegetation formation or recovered bacteria
(Fig. 2B and C). These results highlight the critical role of high-
level SAgs in the pathogenesis of IE.

SEC contributes to kidney injury. To assess the contribution
of SAgs to S. aureus hematogenous spread and establishment of
metastatic infections, rabbits were examined for the presence of
kidney and lung injury. Gross examination of the kidneys from
MW2-infected rabbits revealed multiple areas of tissue ischemia
and renal infarction (Fig. 3A). The majority contained abscesses
that covered up to 35% of the surfaces (Fig. 3B). Although rabbits
that did not live past day 2 had no or small abscesses, at least one
kidney presented signs of massive renal infarction, suggesting that
tissue ischemia developed due to hypoperfusion. In sharp con-
trast, the majority of the rabbits (7/10) infected with the MW2�sec
strain had normal kidneys, no ischemic tissue, and no abscesses.
Two rabbits had tissue ischemia and minute abscesses (Fig. 3B).
Kidneys from rabbits infected with the MW2�sec complemented
strain or the MW2�selx strain exhibited pathology similar to that
of kidneys from rabbits infected with MW2 (Fig. 3A and C).

Lungs from MW2-infected rabbits showed phenotypes that
included diffuse or hemorrhagic consolidation, hemorrhagic
pleural effusion, and tissue necrosis. No abscesses were observed.
sec deletion protected rabbits only against tissue necrosis
(Fig. 3C).

Characterization of vegetative lesions. We hypothesized that
SAgs contribute to IE by aiding in initiation and/or growth of
vegetations. SAgs could accomplish these by (i) superantigenicity
(induction of massive cytokine production and hypotension)
and/or (ii) direct effects on aortic endothelial cells (induction of
localized cytotoxicity and persistent inflammation). To address
these possibilities, we first performed histological analysis of veg-
etative lesions and investigated immune cell infiltration.

Staphylococcal vegetations had the classic appearance of fi-
brinous endocarditis lesions, with extensive bacterial colonies de-
tected within the lesions (Fig. 4A). These lesions were composed
of fibrin aggregates with pockets of platelets, erythrocytes, and
bacterial cocci embedded within the aggregates. However, bacte-
ria macroclusters were found focused on the valve leaflets
(Fig. 4B). These S. aureus clusters were also present in nascent
vegetations, prior to the formation of the large vegetation mesh-
work composed of host factors and bacteria within the valve cusps,
indicating that settling and growth of the organism onto damaged
valves preceded septic fibrinous aggregate development (see
Fig. S1 in the supplemental material). Furthermore, recruitment
of inflammatory cells was observed in the endocardium adjacent
to the vegetative lesions, including small foci of necropurulent
inflammation in the nearby heart muscle (Fig. 4A; see also Fig. S1
and S2 in the supplemental material).

Fluid replacement inhibits vegetation formation and de-
creases bacterial burden. S. aureus IE in humans frequently re-
sults from hematogenous spread from a primary infection site,
such as intravascular catheters, surgical wounds, pneumonia, or

A C 
*** ** 

B 

Wild-type MW2 Vegetative Lesions 
on Aortic Valves W

T
se

c

se
c +

 se
c

se
lx

0

20

40

60

80

100

120

140

To
ta

l V
eg

et
at

io
ns

 (m
g)

W
T

se
c

se
c +

 se
c

se
lx

100

102

104

106

108

1010

1012

C
FU

s 
/ T

ot
al

 V
eg

et
at

io
ns

FIG 2 Deletion of sec in S. aureus strain MW2 protects rabbits against IE. (A) Representative images of vegetative lesions on aortic valve cusps caused by
wild-type MW2; (B) total weight of vegetations dissected from aortic valves after intravenous inoculation with 2 � 107 to 3 � 107 CFU of wild-type MW2, the
MW2�sec strain, the MW2�sec strain with psec (ectopic expression), or the MW2�selx strain; (C) bacterial counts recovered from aortic valve vegetations shown
in panel B. ***, P � 0.0002; **, P � 0.0011; one-way ANOVA and nonparametric Kruskal-Wallis test. Horizontal lines and error bars represent mean values �
SEM. P values of �0.05 are considered statistically significant.
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skin and soft tissue infections (5). SAgs produced at those sites
affect the vasculature causing capillary leak and hypotension (18,
19). Hypotension may favor S. aureus’ ability to settle onto dam-
aged heart valves (as observed histologically) and cause IE. To test
this, rabbits infected with MW2 were treated with 25-ml volumes
of sterile 0.9% saline subcutaneously (twice daily) to offset some
of the fluid loss that occurs during the course of the infection and
maintain blood tension. Fluid-treated rabbits were compared to
identical numbers of untreated infected rabbits at days 2 and 3
postinfection. Rabbits treated with fluid had significantly smaller
heart valve vegetations (0 to 30 mg in 7/8 rabbits versus 29 to
112 mg) and significantly fewer bacterial counts in the vegetations
than untreated rabbits, even though similar numbers of bacteria
were recovered from the blood of all animals, treated or untreated
(Fig. 5). The observation that fluid administration reduces vege-
tation formation in IE suggests that fluid may increase vascular
circulation, counteracting the effects of SAgs, reducing S. aureus’
capacity to colonize damaged heart valves under flow conditions,
and at the same time eliminating SAgs and proinflammatory me-
diators through kidney filtration.

SEC induces IL-8 in aortic endothelial cells dependent on
GPCR, metalloendopeptidase, and VEGFR signaling. The sec-
ond possible mechanism of SAg action in IE is direct targeting of
the aortic endothelium, inducing localized production of proin-
flammatory mediators, such as IL-8, which recruit polymorpho-
nuclear cells (PMNs) and induce tissue toxicity. To test this, pri-
mary human aortic endothelial cells (HAECs) were incubated
with purified SEC, and IL-8 was measured in culture supernates.

We found that HAECs secrete IL-8 upon SEC stimulation in a
concentration-dependent manner (Fig. 6A). High concentrations
of SEC induced HAEC cytotoxicity, which explains the decreased
levels of IL-8 in supernates at high doses (see Fig. S3 in the sup-
plemental material). Since the epithelial cell response to TSST-1 is
dependent on metalloendopeptidases and epidermal growth fac-
tor receptors (EGFRs) (20), we hypothesized that similar signaling
mechanisms may occur in HAECs to promote localized inflam-
mation and progression of vegetative lesions. HAECs were thus
treated with specific inhibitors prior to SEC induction. The inhib-
itors used were TAPI-1 (pan-ADAM and matrix metalloprotei-
nase [MMP] inhibitor), gallein (G�� inhibitor), and axitinib
(VEGFR inhibitor). Secretion of IL-8 was decreased in the pres-
ence of each inhibitor in a concentration-dependent manner
(Fig. 6B to D). These results indicate that metalloendopeptidase-
mediated transactivation of VEGFR is necessary for SEC induc-
tion of IL-8 in HAECs, but this mechanism is dependent on sig-
naling via an unknown G-protein-coupled receptor (GPCR).

DISCUSSION

Sepsis and IE are serious infections of the blood and heart valves.
S. aureus strains that are exceptional at causing IE in rabbits pro-
duce TSST-1, SEB, and/or SEC (21). Recently, a select group of
staphylococcal SAg genes were shown to be highly prevalent in
S. aureus strains from a multinational collection of IE isolates (15).
However, these results were largely dismissed, with SAgs deemed
as biomarkers for strains with IE potential. Here, we used MRSA
MW2 to address the contribution of SAgs directly to the develop-
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FIG 3 Deletion of sec in S. aureus strain MW2 protects rabbits against development of acute renal infarction and abscess formation and partially against lung
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with psec (ectopic expression), or the MW2�selx strain after mechanical damage of the aortic valves. *, P � 0.025, nonparametric (one-way ANOVA) Kruskal-
Wallis test. Horizontal lines and error bars represent mean values � SEM. P values of �0.05 are considered statistically significant. (C) Representative images of
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ment of IE. MW2 produces SEC at high levels and is extraordinary
in its ability to produce large septic vegetations in the sensitive
rabbit model. Through gene deletion and complementation, we
provide definitive evidence for the requirement of SEC in IE. This
effect is not due to decreased survival of the MW2�sec strain in the
bloodstream, as bacterial counts recovered from the blood of rab-
bits were similar to those of the wild type. Therefore, SEC action is
required for vegetation formation on heart valves. Furthermore,
we have previously shown that SAg-deficient strains, when ex-
pressing TSST-1 ectopically, have increased capacities to generate
septic vegetations compared to TSST-1-negative isogenic strains
(13). These results highlight the critical role of SAgs in IE and
explain the high prevalence of these genes in strains from IE pa-
tients.

The S. aureus virulence factors SOK, Coa, ClfA, and vWbp
contribute to IE, probably by increasing survival in the blood-
stream or on damaged tissue (11, 12). SAgs are known for causing
immune system dysregulation and TSS (22). Hence, their role in
vegetation formation is more elusive. We hypothesized that SAgs
could support IE by at least two nonmutually exclusive mecha-
nisms: (i) hypotension and immune system dysregulation (supe-
rantigenicity), which allows the organism to settle onto damage

tissues, evade immune responses, and persist, and (ii) localized
cytotoxicity and persistent inflammation, preventing healing of
the damaged site and promoting accumulation of host factors. We
provide evidence that supports both mechanisms.

First, our studies show that fluid replacement inhibits vegeta-
tion formation. In 1991, P. K. Lee et al. demonstrated that fluid
replacement protected rabbits from the lethal effects of TSST-1, a
hallmark publication that established the association between
SAg-induced vascular leakage and toxic shock syndrome (19). IE
develops in susceptible individuals with S. aureus bacteremia, fre-
quently arising from extracardial infection sites (5). SAgs pro-
duced at these sites can lead to hypotension and, even if mild or
inapparent, could favor settling of the organism onto the damaged
heart valves and cause a buildup of SAg systemically. The success
in reducing vegetation size and bacterial burden in infected rab-
bits treated with fluid highlights the importance of early fluid re-
placement to avoid SAg-induced changes that increase difficulty
in IE management. In agreement with our studies, D. M. Mattis et
al. demonstrated in the IE and sepsis model that rabbits infected
with MW2 and treated intravenously with soluble, high-affinity
V�-T cell receptor chains specific for SEC, as a neutralizing agent,
had dramatically reduced vegetations and bacterial counts com-

FIG 4 Hematoxylin and eosin-stained section of vegetative lesions on aortic valves characteristic of staphylococcal endocarditis. (A) A 2� composite of a
vegetative lesion containing heart muscle (asterisks), valves (solid lines), and aortic artery (dashed lines) with vegetations (block arrows) primarily centered on
the valves. Foci of necropurulent inflammation were detected in the nearby adjacent heart muscle (long arrow). (B) A �10 magnification of the vegetative lesion
shown in panel A highlights the presence of extensive bacterial colonies within the valve leaflets (block arrows). Vegetations are composed of aggregates of fibrin
(star) with pockets of platelets, erythrocytes, and large masses of bacterial cocci consistent with S. aureus (dashed outline) in addition to bacterial macroclusters
centered on the valves.

Superantigens Are Critical for Infective Endocarditis

July/August 2013 Volume 4 Issue 4 e00494-13 ® mbio.asm.org 5

mbio.asm.org


pared to those of untreated rabbits (14). Altogether, the data sug-
gest that interfering with the cardiovascular effects of SAgs, vascu-
lar leakage and hypotension, protects against development of IE.

Second, histological analysis of aortic vegetative lesions
showed large clusters of bacteria colonies growing seemingly un-
contested on the valve leaflets and regions of necropurulent in-
flammation. These observations indicate a role for localized in-
flammation and endothelial cell toxicity in the etiology of IE. We
found that purified SEC induces production of the chemokine
IL-8 in primary HAECs. IL-8 production is dependent on signal-
ing via GPCRs and metalloendopeptidase-mediated transactiva-
tion of VEGFRs. A similar mechanism has been previously de-
scribed for TSST-1 induction of IL-8 in human vaginal epithelial
cells (20). We propose that SAg effects on vascular endothelia
cause localized inflammation and barrier dysfunction, allowing
SAgs access to the endocardium while recruiting immune cells,
perpetuating the production of proinflammatory cytokines, tissue
toxicity, and immune evasion.

Of great importance, S. aureus IE results in systemic emboliza-
tion of cardiac vegetations in approximately half the cases, which
is significantly higher than IE caused by other bacteria (4). One in
three patients with IE develop kidney injury and renal failure (23,
24). However, little is known about the pathogenesis of kidney
injury during IE and toxic shock syndrome. In our model, kidney
abscesses are observed only in rabbits infected with SEC� strains,
and as mentioned previously, the organisms are present in the
bloodstream at wild-type levels. Therefore, the presence of S. au-
reus in the circulation, even at high levels, is not the major deter-
minant of renal injury, IE, or shock; SAgs and their role in inflam-
mation, toxicity, or immune dysregulation are required. In
patients with septic shock, acute renal failure occurs at a rate of 1

in 5, and the principal mechanisms include ischemia or hypoper-
fusion, immunologically mediated glomerulonephritis, and acute
renal arterial obstruction (25–27). Our studies suggest that kidney
injury and abscesses are likely to be the effect of embolization of
cardiac vegetations. However, other mechanisms, such as tissue
ischemia, may play a role in early death (�48 h), since these rab-
bits had small vegetations and presented signs of massive renal
infarction with small or no kidney abscesses. Further studies will
be required to determine the exact mechanism of kidney injury in
our model and whether intervention strategies can be develop to
prevent renal injury in IE patients.

In conclusion, we provide definitive evidence for the critical
role of SAgs in the etiology of IE and lethal sepsis as tested in the
highly sensitive rabbit model. We demonstrate that both superan-
tigenicity and direct stimulation of cardiac endothelial cells ac-
count for the SAg involvement. If patients with IE succumb, they
do so because of heart failure, embolic strokes, and sepsis and
shock associated with metastatic abscesses, all effects that can be
secondary to SAg contributions to vegetation formation. An ad-
ditional critical finding in our studies is the key role SAgs have in
development of kidney abscesses. With all this knowledge, it be-
comes possible that patients may be treated with therapeutic
agents that neutralize SAgs, limit disease progression, and thereby
increase survival.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Community-associated,
methicillin-resistant USA400 strain MW2 was originally obtained in the
Upper Midwest from a young patient who succumbed to necrotizing
pneumonia. Lyophilized stocks of low passage number are maintained in
the Schlievert laboratory. MW2 encodes the SAgs SEC, SEA, SE-like H,
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FIG 5 Fluid replacement therapy inhibits vegetation formation and decreases bacterial burden. For fluid replacement, 25-ml volumes of sterile 0.9% saline
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SE-like K, SE-like L, SE-like Q, and SE-like X. However, SAgs are variably
produced during growth in liquid culture, where SEC is produced at ap-
proximately 100,000 ng/ml and the rest are produced at very low levels
(0.075 to 30 ng/ml). For endocarditis experiments, strains were grown
overnight in Todd-Hewitt (TH) broth (Becton Dickinson, Sparks, MD) at
37°C, diluted, and washed in phosphate-buffered saline (PBS) before in-
fection.

Construction of S. aureus MW2 sec or selx in-frame deletions and
complemented strains. The MW2 sec deletion plasmid was constructed
by PCR amplifying the sequences upstream and downstream of sec with

primer sets EcoRI-UPsecF (5= ATCCTAGAATTCAGGCACAGCAATGT
GTTCA 3=)/f1-UPsecR (5= GCTAGCACGCGTCTCCTTCATCCAACAT
TCCC 3=) and f2-DNsecF (5= ACGCGTGCTAGCGAGTGAAGATAGAA
GTCCACCTTACA 3=)/AvaI-DNsecR (5= ATCCTACCCGGGGGCAAG
CATCAAACAGTTACAAC 3=), respectively. The selx deletion plasmid
was constructed with upstream primers EcoRI-UPselx-F (5= ATCCTAG
AATTCCGAGTCGATAGGGCCACCAG 3=)/f1-UPselx-R (5= GCTAGC
ACGCGTGACGTGCTCATGAATTAAATTCATC 3=) and downstream
primers f2-DNselx-F (5= ACGCGTGCTAGCGTTAGGTATCTAAAGGT
GCCTAAC 3=)/AvaI-DNselx-R (5= ATCCTACCCGGGCCATTCTAGTA
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FIG 6 SEC induces IL-8 production in primary human aortic endothelial cells (HAECs), and inhibitors of various IL-8 transcription activating pathways in
epithelial/endothelial cells alter the SEC-induced IL-8 production by primary HAECs. (A) IL-8 detected in culture supernates after 6 h of incubation of primary
HAECs with increasing concentrations of SEC (**, P � 0.005). Panels B to D show IL-8 detected in culture supernates after 30 min of treatment with inhibitors
and 6 h of incubation with 10 �g/ml of SEC. (B) TAPI-1 (pan-ADAM and matrix metalloproteinase inhibitor; *, P � 0.016); (C) gallein (G�� inhibitor; *, P �
0.011); (D) axitinib (vascular endothelial growth factor receptor inhibitor; **, P � 0.008). P values were determined with the one-way ANOVA and nonpara-
metric Kruskal-Wallis test. P values of �0.05 are considered statistically significant.

Superantigens Are Critical for Infective Endocarditis

July/August 2013 Volume 4 Issue 4 e00494-13 ® mbio.asm.org 7

mbio.asm.org


GACACCTCAGTCG 3=). The fragments were spliced together by over-
lapping amplification with the primer pair EcoRI-UPsecF/AvaI-DNsecR
or EcoRI-UPselx-F/AvaI-DNselx-R, digested with EcoRI and AvaI, and
inserted into pJB38 (28). The resulting plasmids, pJB38-�selx (pWSP1) or
pJB38-�sec (pWSP4), were electroporated into RN4220 and moved into
MW2 by transduction with bacteriophage �11. The gene deletions were
introduced by allelic exchange and confirmed by PCR with the primer sets
EXTsecF (5= AACCTGAACCTACTGTTGTTAA 3=)/EXTsecR (5= CTCT
CGTACTATATATGGTGGTG 3=) for sec or EXTselxF (5= GATGTAATG
TATGCGTCG 3=)/EXTselxR (5= CTTTGACTATAACTTCGG
AGTTG 3=) for selx. Plasmid loss in selected clones was confirmed by
streaking on TH plates containing chloramphenicol (10 �g/ml). The gene
deletions were further confirmed by Western blotting. For complemen-
tation of the MW2�sec strain, sec was expressed from the pCE104 plasmid
under the control of the tstH promoter (pP tstOE vector) (29). SEC over-
expression by the MW2�sec strain grown in dialyzable beef heart medium
was comparable to that of MW2, as determined by quantitative Western
blotting (116 �g/ml for MW2 versus 90 �g/ml for the MW2�sec strain
with psec).

Rabbit model of IE and lethal sepsis. The combined IE and sepsis
model was performed as previously described (22). Briefly, young adult
New Zealand white rabbits weighing 2 to 3 kg were obtained from Bak-
kom Rabbitry (Red Wing, MN) and anesthetized with ketamine and xy-
lazine. The left carotid artery of each was exposed and a hard plastic
catheter inserted until the aortic valve was reached (pulsation of the cath-
eter ensured proper placement). The catheter was left in place for 2 h to
induce mechanical damage to the valve and then removed, and the neck
incision was sutured. Rabbits were injected through the marginal ear veins
with 2 � 107 to 3 � 107 bacteria resuspended in PBS. Rabbits were mon-
itored four times a day for survival for up to 4 days. Rabbits infected with
the sec-complemented strain were injected subcutaneously with 200 �l of
erythromycin (5 mg/ml) twice daily. For fluid replacement, rabbits re-
ceived 25-ml volumes of sterile 0.9% NaCl subcutaneously in the nape of
their necks twice a day. All rabbits receiving fluid were matched to rabbits
without fluid at 2 and 3 days postinfection. At the end of experiments,
surviving rabbits were euthanized with Euthasol. At necropsy, rabbits
were assessed for overall health: kidney, lung, and liver injury and gastro-
intestinal tract abnormalities (loose stools and diarrhea). Kidneys, lung,
heart, and spleen were removed for gross examination. Hearts were ex-
amined for the presence of aortic vegetations; if present, vegetations were
carefully dissected, weighed, homogenized, and plated on sheep blood
plates to determine bacterial counts within the vegetations. Kidneys were
examined for the presence of tissue ischemia, infarcts, and abscesses.
Lungs were examined for the presence of hemorrhagic consolidation and
pleural effusion, tissue necrosis, and abscesses. Spleen size was used as an
internal control for the level of bacteremia in each rabbit. Venous blood
was recovered and homogenized, and bacterial counts were quantified on
sheep blood plates. Two of the rabbits that were infected with wild-type
MW2 were used for histopathology, and therefore vegetation weight and
bacterial counts could not be determined. All animal experiments were
performed according to established guidelines and a protocol approved
by the University of Iowa Institutional Animal Care and Use Committee
(protocol 1106138).

Cell culture, inhibitors, and cytokine and cytotoxicity assays. Pri-
mary human aortic endothelial cells (HAECs) were purchased from In-
vitrogen (C-006-5C). Cells were maintained in tissue culture-treated
flasks or plates at 37° C in 7% CO2 in medium 200 (Invitrogen, M-200-
500) supplemented with endothelial growth kit (ATCC; PCS-100-041),
25 IU/ml penicillin, 25 �g/ml streptomycin, 40 �g/ml gentamicin, and
2.5 �g/ml amphotericin B (Gibco). This is referred to as complete me-
dium. Medium 200 without any supplements or antibiotics is referred to
as minimal medium. HAECs were seeded at 50,000 cells/well in 96-well
plates in complete medium. At 24 h, complete medium was removed and
replaced with minimal medium. At 48 h, medium was removed and min-
imal medium containing SEC, �-toxin, or SEC and �-toxin or medium

alone was added to the cells (toxins were added at various concentrations
depending on the experiment). For inhibition experiments, TAPI-1 (Enzo
Life Sciences; BML-PI134-0001), gallein (Tocris; 3090), or axitinib (Toc-
ris; 4350) were added 30 min prior to SEC treatment. Supernatant fluids
were removed 6 h after treatment, and secreted IL-8 was measured via
enzyme-linked immunosorbent assay (ELISA) (R&D Systems; DY208)
according to the manufacturer’s instructions. The cells were assayed for
viability using the MTS assay (Promega; G3580).

Statistical analyses. Statistical significance in survival experiments
was determined using the log-rank, Mantel-Cox test (GraphPad Prism
Software). Significance across means was carried out using one-way anal-
ysis of variance (ANOVA), Kruskal-Wallis test, or Mann-Whitney test
(GraphPad Prism Software).
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