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ABSTRACT
Staphylococcus aureus is a leading infectious cause of life-threatening disease in humans, yet
there is currently no vaccine to combat this bacterium. The pathogenesis of S. aureus is
mediated by a diverse array of protein toxins including a large family of secreted pyrogenic
superantigens. Neutralization of superantigens, including SEB and TSST-1, has proven to be
protective in several animal models of toxic shock and sepsis. We demonstrate, for the first
time, that a far more prevalent staphylococcal superantigen, SEK, can also induce lethal shock
in mice. Additionally, we describe monoclonal antibodies (mAbs) that inhibit SEK-induced
mitogenicity as well as protect against SEK-induced lethality, and enhance survival from S.
aureus septicemia in murine models. MAb-4G3 (IgG2b), mAb-5G2 (IgG1), and mAb-9H2 (IgG1),
all inhibit SEK-induced proliferation and cytokine production of human immune cells. We then
demonstrate that passive immunization with a combination of mAb-4G3 and mAb-5G4, 2 mAbs
that do not compete for epitope(s) on SEK, significantly enhance survival in a murine model of
SEK-induced toxic shock (p D 0.006). In the setting of sepsis, passive immunization with this
combination of mAbs also significantly enhances survival in mice after challenge with CA-MRSA
strain USA300 (p D 0.03). Furthermore, septic mice that received mAb treatment in conjunction
with vancomycin exhibit less morbidity than mice treated with vancomycin alone. Taken
together, these findings suggest that the contribution of SEK to S. aureus pathogenesis may be
greater than previously appreciated, and that adjunctive therapy with passive immunotherapy
against SEs may be beneficial.
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Introduction

Staphylococcus aureus is the leading cause of bacterial
infections in the United States, contributing to more
deaths than AIDS, tuberculosis, and viral hepatitis com-
bined.1 There is currently no vaccine available for the
prevention or treatment of staphylococcal disease. The
recent failures of staphylococcal vaccines in phase-II and
phase-III clinical trials, all targeting prominent surface
antigens, has increased interest in the development
of immunotherapies against the secreted toxins of
S. aureus.2 However, the exceptionally large number of
toxins secreted by S. aureus coupled with the diversity
of toxin repertoires between strains suggests that a
vaccine targeting multiple common antigens may be
more likely to succeed than previous vaccine attempts
directed against single antigens.

The family of staphylococcal enterotoxins (SEs) is
comprised of over 20 secreted protein toxins with
demonstrable superantigenic activity. Their mecha-
nism of action is mediated by their direct binding of
TCR and MHC-II, resulting in an overwhelming
immune response, a breakdown of the circulatory
system, and a potentially fatal condition known as
toxic shock syndrome (TSS). Almost all isolates of
S. aureus encode at least 1 SE, and some harbor up
to a dozen.3,4 The prominent members of this toxin
family, including SEB and TSST-1, can individually
cause TSS, and their associations with other immune
mediated diseases are being investigated.5,6 Prior stud-
ies have shown that the toxigenic effects of SEB and
TSST-1 can be mitigated in animal models by the

CONTACT Bettina C. Fries, MD, FIDSA Bettina.Fries@stonybrookmedicine.edu Stony Brook University, Molecular Genetics and Microbiology, 101 Nicolls
Rd., HSC T 15, Rm. 080, Stony Brook, NY 11794-8153, USA.

Supplemental data for this article can be accessed on the publisher’s website.
© 2017 Taylor & Francis

VIRULENCE
2017, VOL. 8, NO. 6, 741–750
https://doi.org/10.1080/21505594.2016.1231295

https://crossmark.crossref.org/dialog/?doi=10.1080/21505594.2016.1231295&domain=pdf&date_stamp=2017-09-28
http://www.tandfonline.com/kvir
https://doi.org/10.1080/21505594.2016.1231295


administration of antibodies or synthetic molecules
that prevent their engagement of immune cells.7-10

However, seb and tsst-1 genes are present in less than
10% of clinical isolates.4

Advancements in sequencing technology over the
last 15 years have enabled the discovery of additional
staphylococcal enterotoxins that have yet to be fully
described in regards to prevalence or biological signif-
icance.11 One such enterotoxin, SEK, has demonstra-
ble superantigenic properties against human immune
cells in-vitro, and is lethal in a rabbit model of TSS.12

Moreover, recent epidemiological studies reveal that
SEK is among the most prevalent superantigens in
clinical isolates, particularly in methicillin resistant
S. aureus (MRSA), and is thus far the only SE to be
associated with CA-MRSA.4,13-17 We have previously
shown that SEK was secreted by all examined
S. aureus strains that encode the toxin (n D 36), and,
in a murine soft-tissue infection model, we demon-
strated that clinical isolates cause comparable accu-
mulation of SEK within abscesses regardless of the
amount of SEK they secrete in-vitro.18

Here, we utilize our previously described SEK-binding
mAbs to further explore the role of SEK in immune acti-
vation and disease. We show that mAbs to SEK effi-
ciently inhibit SEK-induced proliferation of human
PBMCs in a dose-dependent manner. Moreover, we
demonstrate that passive immunization with mAbs can
protect mice from SEK-induced lethal shock, as well as
from sepsis induced by a community-acquired MRSA
USA300 strain.

Materials and methods

Purification of SEK

Recombinant SEK was cloned using the conserved
USA300 sequence of SEK as previously described.18

However, the previously described protocol for the puri-
fication of SEK was modified to include ion-exchange
chromatography with 20nM Tris buffer (pH7.5) as the
final step of toxin purification.18

Monoclonal antibodies

SEK-specific mAbs 4G3 (IgG2b), 5G2 (IgG1), and 9H2
(IgG1) were previously described.18 These mAbs were
selected for further study based on their estimated bind-
ing affinities. Supernatants from hybridoma cultures
were sterilized by filtration using a 0.2mm pore syringe
filter (Thermo Scientific). mAb concentrations were
determined by ELISA using commercial antibodies as
standards.

S.aureus strains

Two previously described clinical isolates of S. aureus
were used in these studies: B-155 and W-132.4,18 Strain
B-155 is a blood-borne USA300 isolate that encodes only
one enterotoxin (sek), and W-132 is an MRSA wound
isolate that encodes 2 enterotoxins (seb and sek). Each
strain was streaked on brain heart infusion (BHI) agar
and a single colony was inoculated into 25mL of BHI
medium for growth in a shaking incubator for 16 hours
at 37�C. The bacteria were then centrifuged at 2.9 £ g at
4�C, washed with PBS, and suspended in 10mL of sterile
PBS with 5% glycerol. One mL aliquots were stored at
¡80�C for no more than 2 weeks prior to their use in
animals. The number of Colony Forming Units (CFU) of
each frozen stock used was verified by serial dilution and
plating on agar dishes.

Characterization of monoclonal antibodies

Relative binding affinities (KD) were determined by
ELISA, using concentration gradients of mAb and SEK.
These ELISAs were performed by coating 96-well plates
with SEK, followed by unlabelled mAb (4G3 or 5G2 or
9H2). Wells were then treated with AP-conjugated anti-
mouse IgG1 or IgG2b, and developed with PnPP tablets.
Prism software was then used to fit a non-linear regres-
sion line to the resulting saturation curves, from which
the KD values were calculated.

The 50% inhibitory concentration (IC50) for each
mAb was determined using the PBMC proliferation-
inhibition data from Fig. 3-1 (b-d). The data was trans-
formed into log form and then fitted to a 4 parameter
logistic function using the non-linear least squares
Gauss-Newton algorithm. The analyses were then per-
formed with R software.

A modified competition assay was performed to
determine if 2 mAbs could bind simultaneously (non-
competitively) to SEK. Briefly, a 96-well plate was coated
with 25ng of SEK per well, blocked with 1% BSA in PBS,
and then simultaneously treated with a concentration
gradient of mAb-4G3 (IgG2b) and either mAb-5G2
(IgG1) or mAb-9H2 (IgG1).

Human PBMC proliferation assays

Human peripheral blood mononuclear cells (PBMCs)
were obtained from whole blood of one healthy adult
volunteer. PBMCs were seeded in 96-well plates at 1 £
105 cells per well in a final volume of 100mL per well,
using RPMI C Glutamine media with 5% FBS. Serial
dilutions of monoclonal antibodies were then added to
the wells containing cells, followed immediately by the
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addition of SEK or control media. Cells were incubated
in 10% CO2 for 96 hours at 37�C. All treatments were
performed in triplicate. Cell proliferation was measured
using the Via-Light HS cell proliferation kit (Lonza)
according to the manufacturer’s instructions.

Human T cell cytokine induction assays

Human T cells were isolated from whole blood of one
healthy adult volunteer using RosettaSep CD4C T cell
enrichment mixture (Stemcell Tech), and cytokine pro-
duction was measured by ELISA for human IL-2 and
IFN-g. Purified T cells were mixed 1:1 with donor

matched PBMCs, and seeded in 96-well plates at 5 £ 104

cells per well, using RPMI C Glutamine media with 5%
FBS. After co-incubation of cells with SEK and mAbs in
10% CO2 for 8 hours at 37�C, the supernatants were
removed, and cytokines were measured by ELISA for
human IL-2 and IFN-g (7). Experiments were performed
in triplicate.

Mouse experiments

SEK intoxication model
All experiments involved 6-8 weeks old female BALB/c
mice (NCI). Animals were injected intraperitoneally

Figure 1. MAbs inhibit SEK-induced proliferation of human immune cells. PBMCs from human whole blood were plated at 1 £ 105 cells
per well and incubated in the presence of SEK for 96 hours at 37�C and 10% CO2. (A) SEK induces maximal proliferation of immune cells
(up to 6-fold greater than controls) at 10ng/ml. Immune cell proliferation after treatment with 10ng/ml of SEK is inhibited in a dose-
dependent manner by concurrent incubation with 1, 10, and 100ug/ml of (B) mAb-4G3, (C) mAb-5G2, and (D) mAb-9H2. Relative lumi-
nescence units (RLU); Treatment with media alone (RPMI); Murine antibody isotype control (IC); Student’s t-test: � D p < 0.05; �� D p <

0.01.
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Figure 2. MAbs inhibit SEK-induced cytokine secretion by human immune cells. T cells from human whole blood were plated at 5 £ 104

cells per well and incubated in the presence of SEK and 1ug/ml of mAb(s) for 8 hours at 37�C and 10% CO2. Supernatants were subse-
quently collected and pro-inflammatory cytokines were measured by ELISA for human (A) IL-2 or (B) INF-g . Treatment with media alone
(RPMI); Murine antibody isotype control (IC). Student’s t-test: � D p < 0.05; �� D p < 0.01; ��� < 0.001.

Figure 3. SEK binding competition between mAb combinations. A 96-well ELISA plate was coated with 25ng of SEK per well, blocked
with 1% BSA, and then simultaneously treated with (A) the combination of mAb-4G3 (IgG2b) and mAb-5G2 (IgG1) or (B) the combina-
tion of mAb-9H2 (IgG1). MAb-4G3 and mAb-5G2 do no exhibit competition for epitope(s) on SEK. mAb-4G3 and mAb-9H2 exhibit com-
petition for epitope(s) on SEK. All experiments were performed in duplicate. GAM D Goat anti-mouse, AP D Alkaline phosphatase.
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with 100mL of D-galactosamine (25mg) in PBS, followed
within 10 minutes by intraperitoneal injection with
100mL of mAb (500mg or 1mg; single mAb or combina-
tion mAb) or PBS control, and then 100mL of SEK
(50mg or 100mg) in PBS. All deaths occurred within
24 hours after administration of SEK.

Sepsis model
All experiments involved 6-8 weeks old female BALB/c
mice (NCI). Animals were injected intravenously with
either 100mL of mAb (1mg, single mAb or combination
of mAbs) or PBS control, followed within 1 hour by
intravenous injection with 100mL of bacteria. Strain
B-155 was administered at 5.1 £ 106 CFUs, and strain
W-132 was administered at 1.1£ 108 and 1.2£ 108 CFUs,
where indicated. Also, where indicated, a second injection
of single or combined mAb solutions or PBS control was
administered intravenously at 5 days post-infection.
Vancomycin (Hospira) was injected intraperitoneally at a
dose of 15mg/kg once daily for 3 days, starting 24 hours
before challenge with S. aureus. Outcome parameters
(survival, temperature, and weight) were measured daily.

Ethics statement

All animal experiments were conducted under the
approval of the Animal Institute Committee (AIC), in
accordance with the rules and regulations outlined by
the Albert Einstein College of Medicine (Einstein) AIC.
All blood from human volunteers was collected accord-
ing to the Einstein Institutional Review Board (IRB)
approved protocol for this study.

Statistical analysis

All statistical analyses were performed with either
GraphPad Prism 6 software (GraphPad Software, Inc.)
or R software (http://www.r-project.org/). SEK-induced
lethality data was analyzed by Fisher’s Exact Test. Inhibi-
tion of immune cell proliferation was analyzed by Stu-
dent’s t-tests (2-tailed, unpaired). Survival data in
septicemia was analyzed by Log-rank (Mantel-Cox) test.

Results

MAbs neutralize SEK-induced immune cell
proliferation and cytokine secretion

To assess the capacity of mAbs to neutralize the superan-
tigenic effects of SEK, we performed proliferation assays
with human PBMCs and cytokine production assays
with human T cells. SEK induces proliferation of human
PBMCs in a dose-dependent manner (Fig. 1a).

Concurrent treatment with mAb-4G3, mAb-5G2, or
mAb-9H2 at concentrations greater than 1mg/ml signifi-
cantly inhibits this proliferative effect (Fig. 1, b-d). Addi-
tionally, these mAbs exhibit a differential capacity to
inhibit SEK-induced proliferation, with mAb-4G3 inhib-
iting up to 50% of PBMC proliferation (IC50) at a lower
concentration than mAb-5G2 or mAb-9H2 (Table 1).
Concurrent treatment with these mAbs at 1ug/mL also
inhibits SEK-induced production of pro-inflammatory
cytokines. T cells treated with mAb-4G3 or mAb-5G2
produce significantly less IL-2 and IFN-g than cells
treated with an equivalent amount of isotype control
antibody, and treatment with mAb-9H2 alone signifi-
cantly inhibits secretion of IL-2 when compared with
negative control treated T cells (Fig. 2). Similar trends of
mAb-mediated inhibition of SEK were documented with
immune cells from other adult donors and murine sple-
nocytes (data not shown).

MAb combination protects mice from SEK-induced
lethal shock

To produce SEK-induced lethal shock, BALB/c mice
were treated with 25mg of D-galactosamine followed by
intraperitoneal injection of SEK, analogous to previously
published models of SEB induced lethal shock.7 Treat-
ment with 50ug of SEK resulted in 90% mortality within
24 hours after challenge (Table 2). At the same time, we
tested the protective efficacy of SEK-specific mAbs.
Monotherapy with 500ug of either mAb-4G3 or mAb-

Table 1. Characterization of SEK monoclonal antibodies.

mAb Isotype KD (M) IC50 (M)

4G3 IgG2b 9.4 £ 10¡10 1.04 £ 10¡7

5G2 IgG1 4.3 £ 10¡9 2.58 £ 10¡7

9H2 IgG1 2.4 £ 10¡9 1.49 £ 10¡6

Note. Relative binding affinities to SEK (KD) were determined by ELISA. The
50% inhibitory concentration (IC50) were determined by analysis of the
PBMC proliferation data from Fig. 3-1 (b-d). M D molar concentration.

Table 2. The combination of non-competing mAbs protects mice
from SEK-induced lethal shock.

Treatment Total Survived Died p-value

SEK C PBS 10 1 9
SEK C mAb-4G3 10 1 9 ns
SEK C mAb-5G2 10 2 8 ns
SEK C mAb-4G3 C mAb-5G2 10 8 2 0.006

Note. Six to eight week-old female BALB/c mice were treated with a series of 3
intraperitoneal injections: first with 25mg of D-galactosamine, followed
within 10 minutes by either antibody treatment or an equivalent volume of
PBS, and then immediately followed by 50ug of SEK. All deaths occurred
within 24 hours after SEK administration, and all surviving mice remained
without symptoms for up to 30 days of monitoring. Data analyzed by Fish-
er’s Exact Test (GraphPad Prism 6 software). NS D no significant difference.
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5G2 failed to protect mice from SEK-induced lethality.
However, mice that were passively immunized with a 1:1
combination (1mg total) of mAb-4G3 and mAb-5G2
prior to challenge with SEK exhibited significantly
greater survival (80%) than mice that received toxin and
were sham treated with PBS (10%) (p D 0.006). Our
ELISA data indicates that these 2 mAbs recognize
distinct non-overlapping epitopes, and can bind simulta-
neously to SEK (Fig. 3a). In a subsequent experiment,
passive immunization with 1mg of mAb-4G3, 1mg of
mAb-9H2, or a 1:1 combination of mAb-4G3 and mAb-
9H2 (1mg total) failed to protect mice from SEK-induced
lethality (Table 3), including when the mAbs were
injected together intravenously to maximize their
systemic dispersal. The mAbs in this latter combination
exhibit competition for epitopes on SEK (Fig. 3b)
suggesting that binding to different epitopes on SEK may
facilitate the protective effect.

mAb combination protects mice from sepsis by
USA300 S. aureus

To assess the capacity of mAbs to protect mice from
sepsis by S. aureus, we used a previously characterized
USA300 blood-borne isolate, B-155, that encodes only
one enterotoxin, SEK.4 Groups of mice (n D 8) were
challenged intravenously with 5 £ 106 CFUs of S. aureus
1 hour after intravenous administration of mAb-4G3,
mAb-5G2, combined mAbs-4G3/5G2, or PBS control
(Fig. 4a). Passive immunization with a 1:1 combination
of mAb-4G3 and mAb-5G2 (1mg total) resulted in
significantly enhanced survival (75%) in comparison to
mice that received PBS control (13%) (p D 0.0251).
Monotherapy with either mAb-4G3 or mAb-5G2 (1mg)
also resulted in enhanced survival (63% and 50%,
respectively) relative to PBS treatment (13%), although
these differences failed to be statistically significant
(p D 0.10 and 0.14, respectively). There was no
difference in survival between mice that received

vancomycin alone or vancomycin and combined mAb-
4G3/5G2 (90%). However, mice that were passively
immunized with combined mAb-4G3/5G2 as an
adjunctive therapy to vancomycin exhibited significantly
less weight-loss than mice that received vancomycin
alone (Fig. 4b).

Table 3. Competitive mAb combination does not protect from
SEK lethal shock.

Treatment Total Survived Died p-value

SEK C PBS 5 0 5
SEK C mAb-4G3 10 2 8 NS
SEK C mAb-9H2 10 1 9 NS
SEK C mAb-4G3C mAb-9H2 10 3 7 NS
SEK C mAb-4G3C mAb-9H2 (intravenous) 5 0 5 NS

Note. Six to eight week-old female BALB/c mice were treated with a series of 3
intraperitoneal injections, first with 25mg of D-galactosamine, followed 10
minutes later by either antibody treatment or an equivalent volume of PBS,
and then immediately followed by 100ug of SEK. All deaths occurred within
24 hours after SEK administration, and all surviving mice remained without
symptoms for up to 30 days of monitoring. Data analyzed by Fisher’s Exact
Test (GraphPad Prism 6 software). NS D no significant difference.

Figure 4. MAb combination is protective against sepsis by S. aureus
USA300. (A) 6-8 week old mice female BALB/c mice were intrave-
nously administered 1mg of mAb-4G3 or mAb-5G2 or both (1:1:
ratio) or an equivalent volume of PBS control, followed within 1 hr
by intravenous administration of 5.1£ 106 CFUs of USA300 strain, B-
155. Where indicated, vancomycin was administered once daily for
3 days starting 24 hrs before infection. Survival curves were analyzed
by Log-rank (Mantel-Cox) test (GraphPad Prism 6 software). (B) Body
weight was monitored daily during the course of 21-day experiment.
Change in body weight is relative to weight of same group of mice
on Day 0, prior to bacterial challenge. Mann-Whitney test (GraphPad
Prism 6 software): � P� 0.05, �� P� 0.01.
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Next, we assessed the capacity of mAbs to protect
mice from sepsis by an MRSA wound isolate, W-132,
that encodes 2 enterotoxins, SEK and SEB. Groups of
mice (n D 10) were challenged intravenously with
1 £ 108 CFUs of S. aureus 1 hour after intravenous
administration of mAb-4G3, mAb-5G2, combined
mAbs-4G3/5G2, or PBS control (Fig. 5a). Passive immu-
nization with any of these mAb treatments failed to
protect mice from sepsis by this strain. A repetition of
this experiment, this time, with a second administration

of mAb treatments at 5 days post-infection, resulted in a
minor, but statistically significant, enhancement of
survival (Fig. 5b). In addition, an experiment was
performed combining mAb-4G3 with a previously
published anti-SEB mAb (20B1), and although an
additive protective effect was observed, the trend did not
achieve statistical significance7 (Fig. S1).

Discussion

SEK and other recently discovered staphylococcal enter-
otoxins are commonly categorized as “enterotoxin-like”
due to their relatively unknown contribution to S. aureus
pathogenesis.11 Here, we present data supporting the
classification of SEK as a major staphylococcal entero-
toxin, with superantigenic properties comparable to
those exhibited by the classical enterotoxins. Published
studies have now shown that SEK is secreted in high con-
centrations, and can induce mitogenic effects in T cells,
toxic shock in rabbits, and most recently, emesis in
primates.12,18,19 Our data further corroborate these
findings by demonstrating mAb-mediated inhibition of
SEK mitogenicity, and protection from SEK induced
lethal shock. Moreover, passive immunization with these
SEK-specific mAbs protects mice from morbidity and
mortality resulting from sepsis by USA300 S. aureus.

The mAbs described in this study inhibit SEK-
induced proliferation of PBMCs to varying degrees, with
100 mg/ml treatments of mAb-4G3, mAb-5G2, and
mAb-9H2 inhibiting up to 97%, 60%, and 54% of
proliferation, respectively. Combinations of these mAbs
did not produce a clear enhancement of the inhibitory
effect (data not shown). It is noteworthy that in previous
studies with SEB, certain mAb combinations also did not
show greater in-vitro neutralization than individual
mAbs despite consistently demonstrating a protective
synergy in in-vivo experiments.7 Micromolar concentra-
tions for all 3 individual mAbs were required to achieve
50% inhibition. These micromolar IC50 values are sub-
stantially higher than the nanomolar IC50 values of our
previously published neutralizing mAbs against SEB.20

The reason these relatively moderate neutralization
capacities may be sufficient to protect mice from SEK
remains unclear. Several potential explanations must be
explored to reconcile these seemingly disparate findings.
First, the IC50 of combination therapy with mAb-4G3
and mAb-5G2 may be greater than the IC50 of the
individual mAbs. Second, the IC50 values of our mAbs
may be artificially low. The proliferation assay we
employed measures ATP as a marker of cell viability,
and does not distinguish between the different cellular
sources of ATP present within a mixture of PBMCs.
Therefore, flow cytometry-based measurement of CD4C

Figure 5. mAb booster is mildly protective from sepsis with SEBC
s. aureus. (A) Six to 8 week-old female BALB/c mice were intrave-
nously administered 1mg of mAb-4G3 (IgG2b) or mAb-5G2
(IgG1) or both (1:1 ratio) or an equivalent volume of PBS control,
followed within 1 hr by intravenous administration of 1.1 £ 108

CFUs of MRSA strain W-132. (B) Similarly to panel A, mice were
intravenously administered 1.2 £ 108 CFUs of W-132, and
received an additional intravenous administration of antibody or
PBS control at 5 days post-infection. Survival curves were ana-
lyzed by Log-rank (Mantel-Cox) test (GraphPad Prism 6 software).
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T cells, or application of commercially available reagents
for enrichment of CD4C cells in PBMCs, may more
accurately measure the capacity of these mAbs to inhibit
T cell proliferation. Third, if these moderate IC50 values
are accurate, suggesting that the protective mAb
treatment of 4G3/5G2 is not efficiently inhibiting T cell
proliferation, then the in-vivo protection provided by
these mAbs may be mediated at least partly by effects
other than T cell proliferation. Staphylococcal superanti-
gens have been demonstrated to directly stimulate
various cell types, including macrophages, B cells,
fibroblasts, and mast cells.21-24 However, the effects of
SEK on these other cell types have not been described.

Passive immunization with mAb-4G3 and mAb-5G2
in combination, but not individually, protects mice from
SEK induced lethal shock. The mechanism by which this
mAb mixture synergizes to protect from lethality will
have to be resolved by in-depth structural analysis
because the epitopes are likely not linear but conforma-
tional epitopes. One plausible explanation is that this
particular combination of mAbs may be binding to
suboptimal epitopes on SEK, but sterically inhibiting
neighboring critical epitope(s) from binding the V-b
chain of T cells. Previous studies have shown that
protective mAb combinations against SEB can mediate
protection by 2 possible mechanisms.25 First, simulta-
neous binding by 2 mAbs may promote greater clearance
of toxin by Fc-mediated phagocytosis than binding by
either mAb alone. Second, protective mAb combinations
may induce allosteric conformational changes in the
toxin that perturb the formation of stable MHC-SE-TCR
complexes. Fc-mediated phagocytosis assays and
structural biology studies may be pursued to address
these hypotheses.

Additionally, the lack of protection exhibited by mono-
therapy with these mAbs may be a consequence of insuffi-
cient binding affinity. Of the 3 mAbs, only mAb-4G3
exhibits sub-nanomolar binding affinity, a degree of affinity
normally associated with therapeutic mAbs and secondary
immune response antibodies.26,27 Increasing the binding
affinities of these mAbs by affinity maturation may result in
protective monotherapies. As previous studies from our lab-
oratory have shown, these epitopes are commonly complex
conformational epitopes that are best identified by structural
studies because simple mutational studies have given incor-
rect results in the past.7,25 Structural information will then
allow site directed mutation, which could greatly improve
affinity. Increasing the binding affinity of these protective
mAbs would also reduce the necessary dose for therapeutic
benefit. Previous studies also suggest that obtaining isotype
switch variants of these mAbs, without affecting their
sensitivities or specificities, may greatly enhance their
protective ability.20

Passive immunization with combined mAb-4G3/5G2
also provided significant protection from sepsis by a
blood-borne USA300 strain that produces SEK (p D
0.03). Moreover, mice that received combined mAb-4G3/
5G2 as an adjunctive therapy to vancomycin experienced
significantly less weight loss than mice that received
vancomycin alone. These findings suggest that immuno-
therapy against SEK may be protective against other
SEKC strains, which represent the majority of clinical
isolates in our previous census of S. aureus isolates from
New York hospitals.4 However, in the setting of sepsis by
an MRSA strain that produces both SEK and SEB, these
mAbs were only mildly protective, and, only after a
booster injection of mAbs at 5 days post-infection. These
two strains, W-132 and B-155, possess heterologous toxin
profiles that differ by more than the production of SEB.
Further studies are needed to determine the relative
contribution to pathogenesis by SEK versus SEB, and the
amount of each toxin secreted in the setting of sepsis. In
addition, previous studies indicate that at least 6 variants
of SEK exist, among which, one is conserved and unique
to the USA300 clone.18 Thus, the SEK variants expressed
by these 2 strains may differ in toxicity, or binding affinity
to the mAbs we’ve generated. The relatively lower degree
of protection provided by these mAbs against an MRSA
strain that produces both SEK and SEB also highlights a
potentially important shortcoming of immunotherapeutic
strategies that target a single toxin. Given the multitude of
enterotoxins normally expressed by S. aureus, neutralizing
a single SE through passive immunization is unlikely to
affect the overall phenotype, especially when the infection
strain encode multiple potent SEs. We postulate that
targeting multiple common and important SEs, including
SEK, may represent a more successful immunotherapeutic
strategy.

In conclusion, our findings are encouraging because
they demonstrate for the first time that immunotherapy
targeting SEK, a prevalent but relatively uncharacterized
enterotoxin, can be protective in the setting of life-threat-
ening sepsis due to S. aureus. Moreover, our findings
lend increasing plausibility to the prospect of successfully
treating severe staphylococcal infections by toxin-tar-
geted immunotherapy.
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