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PURPOSE. Staphylococcus aureus is an important cause of corneal infections (keratitis).
To better understand the virulence mechanisms mediating keratitis, a recent compara-
tive genomics study revealed that a set of secreted enterotoxins were found with higher
prevalence among ocular versus non-ocular S. aureus clinical infection isolates, suggest-
ing a key role for these toxins in keratitis. Although well known to cause toxic shock
syndrome and S. aureus food poisoning, enterotoxins have not yet been shown to medi-
ate virulence in keratitis.

METHODS. A set of clinical isolate test strains, including a keratitis isolate that encodes
five enterotoxins (sed, sej, sek, seq, ser), its corresponding enterotoxin deletion mutant
and complementation strain, a keratitis isolate devoid of enterotoxins, and the non-ocular
S. aureus strain USA300 along with its corresponding enterotoxin deletion and comple-
mentation strains, were evaluated for cellular adhesion, invasion and cytotoxicity in a
primary corneal epithelial model as well as with microscopy. Additionally, strains were
evaluated in an in vivo model of keratitis to quantify enterotoxin gene expression and
measure disease severity.

RESULTS. We demonstrate that, although enterotoxins do not impact bacterial adhesion or
invasion, they do elicit direct cytotoxicity in vitro toward corneal epithelial cells. In an
in vivo model, sed, sej, sek, seq, ser were found to have variable gene expression across
72 hours of infection and test strains encoding enterotoxins resulted in increased bacterial
burden as well as a reduced host cytokine response.

CONCLUSIONS. Our results support a novel role for staphylococcal enterotoxins in
promoting virulence in S. aureus keratitis.
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Bacterial corneal infection (bacterial keratitis) is a
devastating, vision-threatening disease associated with

severe ocular tissue damage.1–7 The Gram-positive organ-
ism, Staphylococcus aureus, is a major cause of bacte-
rial keratitis, responsible for upwards of 20% of all bacte-
rial keratitis cases worldwide whereas coagulase-negative
Staphylococcus (CoNS) species are responsible for nearly
40% of cases.8–13 Importantly, antibiotic resistance among S.
aureus and CoNS ocular isolates continues to rise, particu-
larly among methicillin-resistant S. aureus (MRSA) and CoNS
(MRCoNS) strains, rendering current therapeutics increas-
ingly ineffective. For example, the widely prescribed fluro-
quinolone antibiotics such as ciprofloxacin, levofloxacin,
and moxifloxacin have been particularly impacted, with
resistance rates ranging from 7% to 12% among methicillin-
sensitive isolates yet has high as 41% to 96% among MRCoNS
and MRSA strains.14–18 Unfortunately, the clinical conse-
quences of resistant infections are significant and include
increased disease severity, which manifests as increased infil-
trate/scar size, decreased time to re-epithelialization, and

worse visual outcomes.19,20 Given the urgent need for new
therapies, there is a growing interest in uncovering the key
S. aureus drivers of keratitis to provide insight into viru-
lence mechanisms of this important human pathogen, as
well as generate attractive targets for future antimicrobial
drug development.

Among the extensive arsenal of known S. aureus viru-
lence factors, it is increasingly recognized that although
some bacterial virulence determinants may be critical in
promoting disease across a variety of infection sites, there
may be others that provide a selective advantage in specific
physiologic niches. For example, α-toxin (hla), a canoni-
cal β-barrel pore-forming toxin has been shown to signif-
icantly contribute to virulence in diverse S. aureus infection
sites such as pneumonia, skin and soft tissue disease, sepsis,
and keratitis.21–26 In contrast, Panton-Valentine leucocidin
(PVL), a leukocytic pore-forming toxin has been shown to
be important in mediating skin and soft-tissue disease, yet it
has a minor or no role in invasive disease.22,27 Additionally,
collagen binding adhesion, although commonly identified
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among diverse S. aureus isolates, is highly conserved among
the most virulent osteomyelitis strains,28–30 suggesting a key
role for this virulence factor in this specific niche.

Given that the ocular surface is subject to sheer forces
generated from blinking, variations in tear film composi-
tion and near-constant exposure to the environment, there
is likely a unique set of S. aureus virulence factors that
promote disease in this distinct environment. Initial stud-
ies have shown, for example, that infections with hla(−)
strains of S. aureus in a rabbit model of keratitis exhibited
decreased bacterial burden and corneal ulceration compared
to wildtype strains.26,31 Conversely, β-toxin, a hemolytic
sphingomyelinase important in endocarditis and pneumo-
nia,32 appears to have a limited role in driving corneal
disease.26 Additional studies have suggested a role for viru-
lence factors such as superantigen-like protein 133 and
staphopain A34 in promoting keratitis, whereas PVL may
have a strain-specific, variable effect.35

To further identify relevant virulence factors driving
S. aureus keratitis, we recently undertook a broad-scale
genomics approach to interrogate and compare whole-
genome sequences of clinical S. aureus isolates collected
from ocular and nonocular sources for the presence/absence
of 235 known S. aureus virulence factors.36 This unbiased
approach revealed that although both ocular and nonoc-
ular pathogenic S. aureus isolates share many overarch-
ing genetic similarities such as strain classification types,
with regard to virulence factors, a set of 10 staphylococcal
secreted enterotoxins (seu, selo, seln, selm, seg, selv, sei, sed,
sej, ser), as well as two enterotoxin pseudogenes (� -ent1,
� -ent2) were found at a significantly higher prevalence
among ocular isolates compared to nonocular isolates. In
fact, the majority of these enriched enterotoxins were found
at nearly twofold higher rates among ocular versus nonocu-
lar strains, suggesting that this class of secreted toxins may
provide a selective advantage in mediating ocular disease.
Further supporting this conclusion, in a separate yet related
study, Afzal et al.37 recently demonstrated a higher preva-
lence of the enterotoxin, sea, among a set of ocular versus
nonocular S. aureus isolates.

Enterotoxins are a class of well-studied S. aureus viru-
lence factors primarily known for their role in producing
potent emetic activity in staphylococcal food poisoning38

and functioning as superantigens, capable of promoting
widespread T-cell activation to cause fever, sepsis, and end-
stage organ failure.39,40 But if and how these secreted toxins
may contribute to ocular disease is relatively unknown. Puri-
fied staphylococcal enterotoxin B has been used in experi-
mental murine models of corneal transplantation to mitigate
host immune rejection,41 and there has been a single report
suggesting that the enterotoxins sei, seg, and seb may result
in increased corneal ulceration and disease severity in atopic
keratoconjunctivitis.42 However, there is yet to be a compre-
hensive study of how these powerful toxins may promote
infectious keratitis.

In the current study, we explore the role of a set of entero-
toxins in keratitis using a combination of in vitro corneal
epithelial cell models, confocal microscopy, and an in vivo
murine model of keratitis. Leveraging contemporary clini-
cal keratitis isolates that encode enterotoxins with corre-
sponding isogenic enterotoxin deletion mutants and comple-
mentation strains, we demonstrate that enterotoxins cause
direct corneal epithelial cell toxicity, as well as result in
increased bacterial burden in murine keratitis. Furthermore,
we demonstrate that enterotoxins are expressed through-

out the duration of an in vivo infection and can mediate
the host response, significantly dampening host cytokine
expression. Taken together, our results demonstrate a novel
role for enterotoxins in promoting virulence in keratitis.

MATERIAL AND METHODS

Strains and Growth Conditions

All bacterial isolates used in this study are listed in
Tables 1A and 1B. IHMA70, an ocular isolate that encodes
enterotoxins sed, sej, sek, seq, and ser, and IHMA104,
an ocular isolate that is devoid of enterotoxins, were
purchased from International Healthcare Management Asso-
ciates (Schaumburg, IL, USA) and are part of a larger strain
collection described previously.17 Comparator non-ocular
strains NE1809 (USA300�selX) and NE1787 (USA300�srtA)
were obtained from the Nebraska Transposon Library.43

Overnight cultures were prepared by inoculation of a
single colony into 5 mL brain-heart infusion (BHI) broth
(Becton Dickenson, Franklin Lakes, NJ, USA) and incubated
overnight (37°C, 200 rpm). For experiments requiring expo-
nential phase cells, overnight cultures were diluted 1:100 in
fresh BHI and allowed to grow until an optical density at
600nm (OD600nm) of 0.180 was reached.

In the clinical keratitis isolate IHMA70, 5 enterotoxins
(sed, sej, ser, sek, seq) are genetically located in two distinct
clusters. Thus enterotoxin deletion mutants (IHMA70�e1,
IHMA70�e2, and IHMA70�e1�e2) (Table 1) were created
by amplifying 600bp flanking regions up- and down-stream
of enterotoxin cluster 1 (e1; sed, sej, ser) or enterotoxin
cluster 2 (e2; sek, seq) (Primers listed in Table 2) using
DreamTaq Master Mix (Thermo Scientific, Waltham, MA,
USA). In NE1809 seq and sek are located adjacent to each
other, and thus 600bp flanking regions up- and down-stream
of these genes were also amplified (Table 2). Amplified
flanking sequences were gel purified (PureLink Quick Gel
Extraction & PCR Combo Kit; Invitrogen, Waltham, MA,
USA), ligated into the cloning vector pUC19,44 and trans-
formed into Escherichia coli DH5α.45 To facilitate detection
of deletion mutants, two selection markers, erythromycin
and kanamycin, were amplified from the Bursa aurelias
(erythromycin) or EZ-Tn5-Kan (kanamycin) transposons,
gel purified, and ligated between the respective flanking
sequences and cloned into pUC19 to create pUC19-e1:erm,
pUC19-e2:kan, and pUC19-USA300kq:kan. Next, flanking
regions with their respective selection makers were ampli-
fied, gel purified, and ligated into the temperature sensitive
tetracycline-resistant shuttle vector pCL52.2.46 The pCL52.2
derivatives were then electroporated into the restriction-
deficient cloning strain S. aureus RN422047 using standard
electroporation technique48 and grown in BHI broth supple-
mented with 10 μg mL−1 tetracycline at 30°C. Plasmids
were subsequently isolated from RN4220 using the QiaPrep
Spin mini kit (Qiagen, Germantown, MD, USA), and elec-
troporated into IHMA70 or NE1809. Allelic replacement was
carried out by heat shock at 43°C for 24 hours, followed
by incubation in brain-heart infusion broth at 37°C for
five days without selection to cure the plasmid. To iden-
tify successful clones, cells were plated onto nonselective
media, and colonies were replica plated onto brain-heart
infusion agar plates containing tetracycline (10 μg mL−1)
or the appropriate selection marker (erythromycin, 10 μg
mL−1 or kanamycin, 50 μg mL−1). To verify the deletion
of enterotoxins, colony PCR was performed from colonies
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TABLE 1A. Strains Used in This Study

Isolate MLST Enterotoxin MRSA/MSSA Reference

IHMA70 8 sed, sej, sek, seq, ser MSSA 17
IHMA70�e1 8 sek, seq MSSA This study
IHMA70�e2 8 sed, sej, ser MSSA This study
IHMA70�e1�e2 8 none MSSA This study
IHMA70�e1�e2+pe1 8 sed, sej, ser MSSA This study
IHMA70�e1�e2+pe2 8 sek, seq MSSA This study
IHMA104 8 None MSSA 17
NE1787 (USA300�srtA) 8 sek, seq, selX MRSA 43
USA300LAC 8 sek, seq, selX MRSA 87
NE1809 (USA300selX::tn) 8 sek, seq MRSA 43
USA300selX::tn, �kq 8 None MRSA This study
USA300selX::tn, �kq +pKQ 8 sek, seq MRSA This study
USA300selX::tn, �kq +pX 8 selX MRSA This study

MLST, multilocus sequence type.

TABLE 1B. Strains and Plasmids Used in This Study

Cloning Strains or Plasmids Genotype/Phenotype Selection Marker Reference

DH5α E. coli cloning strain — 45
RN4220 S. aureus Restriction deficient cloning strain — 47
pUC19 Cloning vector Amp 44
pUC19-�e1 600bp flanking regions of e1 Amp, Erm This study
pUC19-�e2 600bp flanking regions of e2 Amp, Kan This study
pUC19-USA300�kq 600bp flanking regions of seq sek Amp, Kan This study
pCL52.2 E. coli S. aureus shuttle vector Tet 46
pCL52.2-�e1 600bp flanking regions of e1 Tet, Erm This study
pCL52.2-�e2 600bp flanking regions of e2 Tet, Kan This study
pCL52.2- USA300�kq 600bp flanking regions of seq sek Tet, Kan This study
pRMC2 Expression vector Cam 49
pRMC2-e1 Complementation of IHMA70 e1 enterotoxin cluster Cam This study
pRMC2-e2 Complementation of IHMA70 e2 enterotoxin cluster Cam This study
pRMC2-kq Complementation of USA300 sek seq enterotoxin cluster Cam This study
pRMC2-selX Complementation of USA300 selX Cam This study

Amp, ampicillin; Cam, chloramphenicol; Erm, erythromycin; Kan, kanamycin; Tet, tetracycline

displaying growth on the appropriate selection marker, but
not tetracycline, with colonies negative for detection of
e1, e2 or sek-seq subsequently confirmed by sequencing
the PCR fragment and qPCR using the relevant primers in
Table 2.

Complementation plasmids were then created for e1,
e2, and USA300 sek-seq. Each enterotoxin cluster, including
predicted promoter elements, was amplified from genomic
DNA, gel purified, ligated into pRMC2,49 and electropo-
rated into RN4220. Plasmids were subsequently isolated and

TABLE 2. Primers Used for the Knockout and Complementation of Enterotoxins in IHMA70 and USA300

Primer Target Sequence

SEJ-REF 600bp upstream of sej AATAACTGCAGTACAGAACCAAAGGTAGAC
SEJ-RER AGGTCGACAACAAGTAGATCTATACGG
SER-REF 600bp downstream of ser CTGGTACCTGACTGGTGCTATG
SER-RER TTTGAATTCTAACATGAATACACCTC
SEK-REF 600bp upstream of sek TTTGACTGCAGTAAATTGGCTACTTACTC
SEK-RER TCAGTCGACTCCTTGAGTATATTGGTTG
SEQ-REF 600bp downstream of seq CGAGGTACCAGTACAAAGACCCACTC
SEQ-RER TCAGTCGACTCCTTGAGTATATTGGTTG
e1Comp-F 150bp upstream of sej CAACATCGGATCCTATTCTCATAGAATTTGTCTAATTAAGTGTACG
e1Comp-R 150bp downstream of ser GTCTCTCGAGGATGTTAAAGTATTTGAATTGACTAC
e2Comp-F 150bp upstream of sek TTACAACTCGAGACTCGGAAGATGATAAAACTAAAAGAGAC
e2Comp-R 3ʹ end of seq GGCGGGCTAGGATCCCCGAAAAATAATG
USA300K-F 600bp downstream of sek GCATTGGGAATTCGCCTTTATGATTAGTAAATAC
USA300K-R CGGGTACCGCATGCCTACCC
USA300Q-F 600bp upstream of seq ACTCTCAACGGATCCTCAAAT
USA300Q-R GTACCACGTTTACACCTGCAGCTATC
UCompKQ-F 150bp upstream of seq CCTCGAATTCGTGTACAAGATAAA
UCompKQ-R 3ʹ end of sek AGATCACCTCTGGTACCAAA
UCompX-F 150bp upstream of selX ACGAAAGGATCCAACGCATGACG
UCompX-R 3ʹ end of selX CATGCATTTAGCTGACTTCTGCAGTTG
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TABLE 3. The qPCR Primers Used in This Study

Name Gene Sequence

rpoB-F rpoB GCATTAGGACCTGGTGGTTTA
rpoB-R TTTGGTCCCTCAGGTGTTTC
rho-F rho CAACGCGCATCATGGATTTAG
rho-R CGTACTGATTGCATTCGCTATTT
sed-F sed GTCACTCCACACGAAGGTAATA
sed-R CCTTGCTTGTGCATCTAATTCT
sej-F sej GACGGACATCAAACAGAAATAGAA
sej-R CAATGTCGCCACCTTGTTC
sek-F selK CATTTATGGACATAACGGCACTAA
sek-R CCCATCATCTCCTGTGTAGAATAA
seq-F selQ CTTTGGAATAAGTTACTCAGGTCTTTG
seq-R GCTTACCATTGACCCAGAGATT
ser-Fwd ser GACAAACGGTTAGATGTGTTTGG
ser-Rev AGCTGTGGAGTGCATTGTAA

electroporated into IHMA70�e1�e2 or NE1809�kq as
appropriate.

Gene Expression of Enterotoxins

Expression of five enterotoxins (sed, sej, sek, seq, and ser)
was evaluated by qRT-PCR using the primers listed in
Table 3. Cells from exponential or stationary phase cultures
were pelleted by centrifugation (3000g, 10 minutes), washed
twice with phosphate buffered saline solution (PBS), and
lysed by bead mill homogenization in Lysing Matrix B
tubes (MP Biomedicals, Irvine, CA, USA). RNA was extracted
from the resulting homogenate using the RNeasy mini kit
(Qiagen) following the manufacturer’s instructions. cDNA
synthesis was performed utilizing the qScript cDNA Super-
Mix kit (QuantaBio, Beverly, MA, USA). Expression analy-
sis was performed on a BioRad CFXConnect real-time PCR
system (Bio-Rad Life Science, Hercules, CA, USA) using
PerfeCTa SYBR Green FastMix (QuantaBio) following the
manufacturer’s instructions, with normalization to the bacte-
rial transcription termination factor, rho, expression.50

Cytotoxicity, Invasion, and Adherence Assays

Human primary corneal epithelial cells (PCS-700-010) were
purchased from ATCC (Manassas, VA, USA) and main-
tained in Corneal Epithelial Cell Basal Medium (PCS-700-
030; ATCC) supplemented by the Corneal Epithelial Cell
Growth Kit (PCS-700-040, ATCC) and 1000 U mL−1 penicillin
with 1 μg mL−1 streptomycin (PenStrep, Gibco, Waltham,
MA, USA). Corneal epithelial cells were seeded in 96 well
tissue culture treated plates at a density of ∼104 cells mm−1

and allowed to grow until 90% confluency.
S. aureus cellular invasion of corneal epithelial cells was

assessed using the gentamicin exclusion assay as described
by Edwards et al.51 Briefly, bacterial cells were grown to
mid-exponential phase, pelleted by centrifugation (3000g,
10 minutes), and washed twice with PBS. Cells were then
re-suspended in PBS to a final OD600nm = 0.300. Bacterial
infection was then initiated by adding 10 μL of washed bacte-
rial cells to a confluent corneal epithelial cell monolayer
for a final bacterial concentration of ∼107 colony forming
units (CFU) mL−1. Cells were incubated for 15, 30, 60, or
90 minutes after which the growth medium was removed,
and corneal cells washed three times. Corneal epithelial
cells were then treated with 50 μg mL−1 gentamicin for

60 minutes to cure any remaining extracellular bacterial
cells. To measure invasion, corneal epithelial cells were lysed
using 0.5% Triton ×100 in PBS, and the number of surviv-
ing bacterial cells was enumerated by plating onto BHI agar.
To assess adherence, the same protocol was used except for
the gentamicin wash. To calculate adherence, the number of
cells recovered from the gentamicin protection assay (inva-
sion) was subtracted from the total number of cells recov-
ered in the adherence assays. Adherence and invasion assays
were conducted in triplicate (biological replicates). All bacte-
rial strains were confirmed to susceptible to gentamicin
before conducting studies.

To assess bacterial cytotoxicity of secreted toxins, bacte-
rial supernatant was prepared by pelleting overnight
cultures in BHI broth (3000g for 10 minutes), after which
the spent culture media was removed and filter steril-
ized by passage through a 200 nm syringe filter. Filtered
supernatant was mixed 1:1 with corneal cell growth media
and added to each well, whereas fresh BHI broth at a
1:1 mixture and 50 μg mL−1 mitomycin C were used as
controls. Cytotoxicity was first measured at 15, 30, 60,
and 90 minutes after challenge using the vital dye trypan
blue. Corneal cell death after supernatant challenge was
also visualized via confocal microscopy. After 60 minutes
of incubation, cells were stained by using the PrimoKine
Live/Dead II kit following the manufacturer’s instructions
for 45 minutes. Stained cells were visualized using green
(calcein-AM), red (ethidium homodimer-III), and bright field
channels, on a Zeiss PALMBeam at objective ×20, and
images were captured using an Axio MRm camera and Axio-
Vision software (version 4.8, Carl Zeiss Microscopy, Jena,
Germany).

Murine Model of Keratitis

Corneal infections were performed as described previ-
ously,52 with adherence to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Briefly,
four- to six-week-old female BALB/c mice were obtained
from Charles River Laboratories (Washington, MA, USA)
and housed following protocols approved by the Univer-
sity of Rochester Council on Animal Research. To initi-
ate corneal infection, mice were anesthetized by subcuta-
neous injection of 100mg kg−1 ketamine (Par Pharmaceuti-
cal, Chestnut Ridge, NY, USA) in combination with 10mg
kg−1 xylazine (Akorn, Inc., Lake Forest, IL, USA). After
anesthesia, topical 0.5% proparacaine (Akorn) solution was
applied to the right eye, and any excess liquid blotted from
the corneal surface. Three parallel 1-mm scratches across
the central cornea were created using a 27-gauge needle
carrying a single S. aureus colony, followed by inocula-
tion with a 5-μL suspension of washed cells resuspended
in PBS containing 107 CFU mL−1 of the same bacterial
strain.

To assess bacterial burden mice were euthanized 24, 36,
or 48 hours after infection, the right eye was removed,
homogenized in sterile PBS ×1 using 1.4 mm ceramic beads
(Fisher Scientific, Waltham, MA, USA), serial diluted in PBS,
and plated onto mannitol salt agar. Uninfected left eyes
were collected at each time point as negative controls. To
assess the expression of enterotoxins in vivo, RNA was
extracted from eye homogenate lysate using the RNeasy
mini kit (Qiagen), with cDNA synthesis and quantification
conducted following the steps described above with the
primers in Table 3.
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Cytokine ELISA Assays

Production of interleukin (IL)-6, IL-12 (p70 fragment), IL-
13, tumor necrosis factor (TNF)-α, and tumor growth factor
(TGF)-β was assessed in whole mouse eye homogenate
(see above) by standard ELISA kits (R&D Systems) follow-
ing the manufacturer’s instructions and visualized using
streptavidin-conjugated alkaline phosphatase (BioRad).

Statistical Analysis

In vitro invasion and adherence assays were compared
using the Student’s t-test, whereas percent survival
data was analyzed using Fisher’s exact test. In vivo
bacterial burden was compared across 45 independent
mice by 2-way ANOVA, followed by post hoc test-
ing with Tukey’s honestly significant difference (Tukey’s
HSD) test. All analysis was performed using JMP Pro
(version 15; SAS Inc, Cary, NC, USA) and R (version
4.2.0, R Foundation for Statistical Computing, Vienna,
Austria).

RESULTS

S. aureus Clinical Keratitis Isolate Test Strains

Previous studies have identified over 25 S. aureus entero-
toxin or enterotoxin-like proteins based on overarching
structural and functional homology. Given that many S.
aureus isolates encode an average of five to six entero-
toxin genes,53,54 we first screened our clinical keratitis strain
set for comparator strains that demonstrated high genetic
similarity yet differed in the presence/absence of a set of
multiple enterotoxins. IHMA70, a 2015 California isolate
collected from a 65-year-old male, and IHMA104, a 2016
isolate collected from a 62-year-old female, also from Cali-
fornia, exhibited broad similarities including classification
as methicillin-sensitive (MSSA), multilocus sequence type
8 (one of the most common S. aureus sequence types
identified among ocular infections),36 and in fact, based
on whole genome sequence alignment, shared 99.8% iden-
tity across the entire genome (data not shown). However,
importantly, IHMA70 encoded five enterotoxins (sed, sej,
sek, seq, ser) (Table 1), whereas IHMA104 encoded none.
Although three of these enterotoxins (sej, sed, ser) are often
found encoded within S. aureus plasmids, in IHM70 they
were found adjacent to each other integrated into the chro-
mosome within a S. aureus pathogenicity island (SaPI).
SaPIs are large mobile genetic elements frequently identified
among S. aureus strains that serve as conduits for horizontal
gene transfer of antibiotic resistance markers and virulence
factors such as enterotoxins.55,56 Sek and seq were also adja-
cent to each other but were outside of this SaPI containing
sej, sed and ser. Although individual enterotoxin genes in
each region were adjacent to each other, sequence analysis
identified individual promoter regions for each gene, and
qRT-PCR studies revealed unique gene expression patterns
(Fig. 1). Although enterotoxins are generally considered to
be produced during the post-exponential growth phase,57,58

gene expression of ser, sed, sej, sek, and sej was measured
in both exponential and stationary growth phases. Among
the ser-sed-sej group, ser gene expression did not increase
in stationary compared to exponential phase whereas sej
increased 4.31-fold and sed 10.1-fold. In the sek-seq group,
seq also did not demonstrate a change in expression in

FIGURE 1. Relative in vitro expression of enterotoxins seq, seq, sed,
sej, ser in stationary (S) versus exponential (E) growth phase as
measured by qPCR in strain IHMA70.

stationary phase versus exponential, whereas sek increased
3.5-fold (Fig. 1).

Based on their overarching similarities apart from
the presence/absence of enterotoxins, comparison studies
between IHMA70 and IHMA104 could allow for a prelim-
inary evaluation of the role of enterotoxins, as repre-
sented by the set of ser, sed, sej, sek, and seq, in medi-
ating keratitis. However, to further appreciate the effects
of this set of enterotoxins, isogenic knockout mutants
in IHMA70 of either enterotoxin group 1, comprised of
ser-sed-sej (IHMA70�e1), or group 2 comprised of sek-
seq (IHMA70�e2) were constructed, as well as a double
knockout of both groups (IHMA70�e1�e2). As listed
in Table 1, complementation strains were also created
with either enterotoxin group 1 or 2 (IHMA70�e1�e2:pe1,
IHMA70�e1�e2:pe2), with a cloning strategy that included
each enterotoxin’s native promoter.Mutants and correspond-
ing complementation strains did not display any growth
defect compared to the wildtype IHMA70 strain (Supple-
mentary Fig. S1). Moreover, to mitigate any IHMA70 strain–
specific effects in our results, as well as further study an addi-
tional enterotoxin, selX, USA300LAC, a well-studied nonoc-
ular S. aureus clinical isolate that encodes three enterotox-
ins (sek, seq, selX) was selected as an additional comparator
strain. Using background strain NE1809 (USA300�selX), an
isogenic knockout of sek-seq was created, as well as a corre-
sponding complementation strains (USA300�kqx:pKQ and
USA300�kqx:pX) (Table 1).

Role of Enterotoxins in S. aureus Corneal
Epithelial Cell Adherence and Invasion

First, as the corneal epithelium represents a critical anatomic
and physiologic barrier to infection,59 the role of entero-
toxins ser, sed, sej, sek, and seq in mediating S. aureus
corneal cell adhesion and invasion was investigated. Using
co-culture and gentamicin protection assays, all S. aureus
test strains were directly incubated with a corneal epithe-
lial cell monolayer for 15, 30, 60, or 90 minutes. Gentam-
icin was used to cure bacteria from the culture media, as
well as on the surface of corneal cells allowing for enumera-
tion of bacterial cells that had become internalized (bacterial
invasion). To determine adhesion, the number of invading
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FIGURE 2. Bacterial cell adhesion (A) or invasion (B) of the indi-
cated test strain following 15, 30, 60, or 90 minutes of co-incubation
with corneal epithelial cells. Asterisk indicates none detected

cells was subtracted from bacterial cell counts in which
the media was removed, but not treated with gentamicin. A
Sortase-deficient mutant (NE1787)43 was selected for a nega-
tive control because Sortase plays a key role in cell wall
anchoring, and thus this mutant strain is deficient for both
adherence and invasion of host epithelial cells.60

As shown in Figure 2, both bacterial adherence and inva-
sion steadily increased over time for test strains IHMA104,
IHMA70, IHMA70�e1, IHMA70�e2, and IHMA70�e1�e2.
Importantly, compared to the sortase-deficient mutant,
NE1787, the lack of enterotoxins did not diminish the ability
of these strains to either adhere or invade corneal epithelial
cells, and in fact, there were no significant differences across
strains at any measured time point. As a means to further
evaluate the role of enterotoxins in bacterial adherence or
invasion in an alternative strain background, USA300LAC
and its corresponding enterotoxin mutant, USA300�kqx,
were also tested in this corneal cell model. Again, overall
levels of adhesion and invasion increased over time, and
there were no differences between the wildtype and mutant
strains, nor were there significant differences between these
strains and IHMA104 or IHMA70 and its derivatives. Taken
together, these data suggest that enterotoxins are unlikely to
mediate corneal epithelial cell adherence or invasion.

Enterotoxins Promote Corneal Epithelial Cell
Cytotoxicity

Although little is yet known regarding the role of entero-
toxins in keratitis, enterotoxin-positive S. aureus isolates
have been previously linked to corneal ulceration in severe
atopic keratoconjunctivitis patients,42 and enterotoxin B
(SEB) has been shown to have direct toxic effects on
corneal epithelial cells.61 As such, the cytotoxic effect of
SER, SED, SEJ, SEK, and SEQ, as measured by exposure to
bacterial culture supernatants, was evaluated in an in vitro
corneal epithelial model. Because enterotoxins are known
secreted toxins, bacterial cell culture supernatant derived
from an overnight culture of all test strains was applied
to corneal cells for 15, 30, 60, or 90 minutes and result-
ing cell death evaluated via a trypan blue exclusion assay.
As shown in Figure 3A, IHMA70 demonstrated significant
toxicity to corneal epithelial cells by 30 minutes, leading

FIGURE 3. Corneal epithelial cell cytotoxicity after exposure to
test strain supernatants over 15, 30, 60, and 90 minutes. (A)
IHMA104, IHMA70, as well as the IHMA70 deletion mutants and
complementation strains. #P < 3.7e-6 in all instances comparing
IHMA104 versus IHMA70. *P < 1.7e-6 in all instances comparing
IHMA70�e1�e2 versus IHMA70. (B)USA300LAC and correspond-
ing mutant USA300�kqx and complementation strains. *P < 1.7e-5
for all instances comparing USA300�kqx versus USA300LAC.

to 46% corneal cell death by 90 minutes compared to 14%
cell death produced by enterotoxin-negative strain IHMA104
(P = 2e−8). Interestingly, deleting individual enterotoxin
groups did not reduce IHMA70’s cytotoxic effect, with super-
natant derived from IHMA70�e1 resulting in 47% corneal
cell death and IHMA70�e2 resulting in 44% corneal cell
death, suggesting that neither group is essential for this
toxic phenotype. However, deleting both enterotoxin groups
(IHMA70�e1�e2) led to a significant decrease in cytotoxic-
ity with only 17% corneal cell death at 90 minutes compared
to 46% from the parental strain, IHMA70 (P = 8.7e−9). In
fact, the cytotoxicity of IHMA70�e1�e2 was equivalent to
the native enterotoxin-negative IHMA104 isolate at all time
points (P > 0.05). Consistent with our findings that only one
enterotoxin group was required to elicit toxicity, comple-
menting IHMA70�e1�e2 with either enterotoxin group 1
or 2 resulted in full restoration of cytotoxicity. Although
at 30 and 60 minutes complemented strains demonstrated
slightly less cytotoxicity compared to IHMA70, by 90 minutes
there were no differences in corneal cell death between
IHMA70 (46% cell death), and the complementation strains
IHMA70�e1�e2p:e1 (46%) and IHMA70�e1�e2p:e2 (47%)
(Fig. 3a).

To ensure that the cytotoxic effects observed from
IHMA70 supernatant were not strain-specific, trypan blue
exclusion assays were also performed with USA300LAC,
its corresponding enterotoxin mutant (USA300�kqx), as
well as a complementation strains USA300�kqx:pKQ and
USA300�kqx:pX). As shown in Figure 3B, the supernatant
collected from USA300LAC elicited an equivalent cytotoxic
effect on corneal epithelial cells as IHMA70 at all time
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FIGURE 4. Microscopy demonstrating the cytotoxic effects of test strain supernatants on corneal epithelial cell monolayers at zero and 60
minutes. Fluorescent calcein is produced by live-cell esterase activity resulting in green fluorescence. Conversely, ethidium bromide enters
cells with damaged membranes to bind DNA, resulting in red fluorescence of dead or dying cells.

points (45% vs. 46% cell death). However, deleting all three
enterotoxins abrogated this effect, reducing cytotoxicity to
levels equivalent IHMA104. For example, by 90 minutes,
similar to IHMA104 (14% corneal cell death), USA300�kqx
supernatant caused 16% corneal cell death compared to
45% cell death seen in USA300LAC wild type treated cells
(P = 1.6e−6). Again, partial complementation of either sek-
seq or just selX in USA300�kqx, fully restored the cytotoxic
phenotype, resulting in 44% and 46% corneal cell death at
90 minutes, respectively. Both IHMA70 and USA300LAC
studies reveal that even a single enterotoxin may be suffi-
cient to elicit host cell toxicity, and these effects may be
interchangeable across multiple enterotoxin genes. Addi-
tionally, the presence of multiple enterotoxins do not appear
to produce an additive effect (i.e., deletion of either entero-
toxin group 1 or group 2 in IHMA70 did not diminish its
cytotoxic effects compared to the parent strain).

We next visualized the impact of SER, SED, SEJ,
SEK, and SEQ toxicity on corneal epithelial cells using
fluorescence microscopy and the vital dyes calcein
and ethidium-homodimer III. Consistent with our cyto-
toxicity assays, strains lacking enterotoxins (IHMA104,
IHMA70�e1�e2, USA300�kqx) demonstrated little disrup-
tion to the corneal epithelial monolayer (Fig. 4). In contrast,
corneal cells exposed to strains expressing enterotox-
ins (IHMA70, IHMA70�e1�e2:pe1, IHMA70�e1�e2:pe2,

USA300:pX, USA300pKQ) demonstrated significant cell
dropout after 60 minutes of exposure to the test strain
supernatant, indicating substantial cell death. The remain-
ing surviving corneal cells also displayed gross morphologic
abnormalities and increased cell membrane permeability as
indicated by increased dye uptake (Fig. 4).

Enterotoxins Promote Virulence in an In Vivo
Model Of Keratitis

To further understand whether the observed in in vitro
effects of SER, SED, SEJ, SEK, and SEQ in mediating
corneal disease correlates with in vivo outcomes, IHMA104,
IHMA70 and the corresponding IHMA70�e1�e2 entero-
toxin mutant strain were evaluated in an in vivo murine
model of keratitis. IHMA104 was selected as a compara-
tor strain because although it is a known keratitis isolate,
based on in vitro data, this strain may result in less-severe
disease. Using a standard corneal scratch model,52,62 groups
of five mice were infected with either IHMA104, IHMA70
or IHMA70�e1�e2 and bacterial burden measured at 24,
36, and 48h from whole-eye homogenates. The enterotoxin-
positive strain IHMA70 demonstrated high bacterial loads at
all time points with an average 2 × 106 CFUmL−1 at 24 hours,
1.41 × 107 CFU mL−1 at 36 hours and 7.2 × 106 CFU mL−1
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FIGURE 5. Bacterial burden (CFUs) of murine whole eye
homogenates at 24, 36, and 48 hours after infection with the indi-
cated strain.

FIGURE 6. Gene expression levels of five enterotoxins found in
IHMA70 over 72 hours in a murine model of keratitis. Fold change
in expression is normalized to each individual’s gene expression at
24 hours.

at 48 hours after infection (Fig. 5). However, compared to
IHMA70, IHMA70�e1�e2 displayed significantly decreased
bacterial counts displaying a consistent 3-log decrease at 24
(P = 3.36e−8), 36 (P = 4.39e−8), and 48 hours (P = 6.48e−13)
(Fig. 5). In fact, the reduction of bacterial load of
IHMA70�e1�e2 was equivalent to the enterotoxin-negative
strain IHMA104 at all time points (P > 0.5 at all time points).
These data demonstrate that enterotoxins are sufficient to
increase S. aureus replication in the cornea, thereby promot-
ing keratitis virulence.

Given that the set of five enterotoxins found in IHMA70
displayed variable in vitro gene expression, in a separate
experiment, enterotoxin expression of sed, ser, sej, seq and
sek was determined in vivo via qRT-PCR at 24, 36, 48, and
72 hours after infection. Despite the inherent variability in
isolating bacterial RNA from eukaryotic RNA, our experi-
ments suggest that each enterotoxin has a unique expression
pattern over the course of 72 hours (Fig. 6). For example,
seq displayed a slight increase in gene expression over time,
resulting in a 1.6-fold increase by 72 hours, whereas both sej
and sek demonstrated a more substantial increase over time
of 2.7- and 3.2-fold by 72 hours, respectively. In contrast,

FIGURE 7. Murine cytokine levels in response to corneal infections
with indicated test strain at 24 and 48 hours after infection. *P <

1e-6.

sed displayed a more variable pattern with an initial 2.5-fold
increase in expression at 36 hours that decreased at 48 hours
and ultimately increased again 4.2-fold at 72 hours. Addition-
ally, ser showed minimal change in expression at both 36 and
48 hours, ultimately decreasing to 0.18-fold expression at 72
compared to 24 hours. Taken together, these data suggest
that each enterotoxin may be uniquely regulated and may
have variable roles in initiating or maintaining infection.

Cytokine Expression

In addition to bacterial burden, the severity and extent
of tissue damage observed in bacterial keratitis is a
consequence of host cytokine production and immune
cell infiltration.63–65 Moreover, enterotoxins are known to
be powerful immune modulators, thus, a panel of host
cytokines was measured over 48 hours in an in vivo keratitis
infection. As seen in Figure 7, infection with the enterotoxin
proficient IHMA70 strain resulted in significantly reduced
cytokine levels of IL-6, IL-12, IL-13 and TNFα at both 24 and
48 hours of infection compared to both IHMA70�e1�e2 and
IHMA104. For example, IL-6 levels were 1.7 times lower in
IHMA70 compared to its corresponding enterotoxin knock
out strain IHMA70�e1�e2 at 24 (P = 5.45e-7), and 48 hours
after infection (P = 2.14e-6), respectively. Similarly, IL-12
levels were 1.5 (P = 3.15e-7) and 2.7 times (P = 7.4e-
8) lower in IHMA70 versus IHMA70�e1�e2 at 24 and 48
hours, respectively. IL13 levels were 1.4 (P = 1.01e-6) and
1.7 times (P = 2.75e-6) lower and TNFα levels were 1.5 (P
= 5.21e-7) and 1.8 times (P = 1.99e-2) lower in IHMA70
versus IHMA70�e1�e2 at 24 and 48 hours, respectively.
Of note, although there were slight differences between
IHMA70�e1�e2 and IHMA104, these were not statisti-
cally significant at any time point. Thus these experiments
combined with corresponding bacterial burdens suggest that
enterotoxins may have a role in dampening the host immune
response to promote bacterial survival.

DISCUSSION

Staphylococcus aureus is one of the most important human
pathogens, capable of causing disease in every major organ
system including severe, vision-threatening, corneal infec-
tions.12 Although several important studies have estab-
lished a role for virulence factors such as α-toxin,26,31
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superantigen-like protein 1,33 collagen-binding adhesin,66

and staphopain A34 in mediating keratitis, much is still
unknown regarding other mechanisms of S. aureus viru-
lence in ocular infections. As such, to further iden-
tify additional virulence factors mediating keratitis we
recently undertook a large-scale, whole genomic sequencing
approach to compare the prevalence of 235 known S. aureus
virulence factors among ocular versus nonocular isolates.
This study revealed that a set 10 enterotoxins (seu, selo,
seln, selm, seg, selv, sei, sed, sej, ser), as well as two entero-
toxin pseudogenes (� -ent1, � -ent2) were found at nearly
twofold higher rates among ocular strains, suggesting that
these toxins may provide a selective advantage in corneal
infections.36

In the current study we evaluated a subset of entero-
toxins (sed, sej, sek, seq, and ser) found in IHMA70, a S.
aureus clinical keratitis isolate, as well as sek, seq, and
selX, found in the nonocular clinical strain USA300LAC. We
demonstrate that these enterotoxins do not likely contribute
to corneal epithelial cell adhesion or invasion in an in vitro
cell culture model, they are directly toxic to corneal cells,
causing widespread host cell death over the course of 90
minutes. To demonstrate the effect of this set of enterotox-
ins in mediating keratitis more directly, we show that an in
vivo infection with an enterotoxin-positive strain (IHMA70)
led to increased bacterial burden at 24, 36, and 48 hours
after infection, compared to the enterotoxin knockout strain
(IHMA70�e1�e2) and IHMA104, an enterotoxin-negative
strain. Correspondingly, S. aureus gene expression of each
of the five enterotoxins found in IHMA70 revealed that, with
the exception of ser, enterotoxin expression of sek, seq, sej,
and sed increased over the course of an infection, albeit
to varying degrees. Strikingly, the presence of enterotox-
ins appeared to play a significant role in altering the host
immune response to keratitis, dampening the expression
of key host cytokines such as IL-6, IL-12, IL-13, and TNFα.
Although this host immune response may be specific to the
mouse strain background, taken together, our data suggests
a novel role for enterotoxins in direct corneal cell toxicity,
as well as modulating the host immune response to promote
bacterial survival in the cornea.

Staphylococcal enterotoxins include a diverse family
of at least 26 secreted toxins that range in size from
19 to 30 kDa, share structural and functional homology,
and are remarkably resistant to heat, proteolysis, desicca-
tion, and acids.38,67–69 Most S. aureus strains, particularly
pathogenic isolates, express these toxins, yet the distribu-
tion and the number of encoded enterotoxins can vary
widely. Within the genome, enterotoxins are commonly
associated with S. aureus Pathogenicity Islands (SaPIs),12-
18kb phage-derived, mobile genetic elements that are well
known conduits for virulence factors and antibiotic resis-
tance markers.55,56,67,70 Virtually all clinical strains of S.
aureus carry at least one SaPI, with many harboring multi-
ple islands, and although some SaPIs may be devoid of
any known virulence factors, others have been identified
as common carriers of virulence determinants including
several enterotoxins such as sek and seq.55 For example,
in a recent survey of 163 clinical ocular S. aureus isolates,
160 isolates were found to have at least one enterotoxin,
and of those, 122 were found to be associated with either
SaPI1 (12%), SaPI2 (50%), or SaPI3 (38%).36 The high preva-
lence of enterotoxins found among ocular S. aureus isolates
suggests that they may provide a selective advantage in
ocular infections with SaPIs providing a convenient mech-

anism for the horizontal transfer and acquisition of these
toxins.

Enterotoxins are considered superantigens capable of
eliciting widespread, non-specific host T-cell activation
through directly cross-linking major histocompatibility
complex (MHC) class II molecules and T-cell recep-
tors.67,68,71,72 If ingested, as in cases of S. aureus food
poisoning, enterotoxins can lead to potent emetic activ-
ity; however, in the blood stream, massive T-cell activa-
tion can lead to a cytokine storm, ultimately eliciting fever,
hypotension, and eventually end-stage organ failure as seen
in toxic shock syndrome.40,73–75 As such, these superanti-
gens are associated with the potent release of a variety of
pro-inflammatory cytokines including IL-1, IL-2, IL-6, TNFα

and IFNγ from T-cells, as well as antigen-presenting
cells.67,68 Our current study examined host production of a
subset of cytokines, IL-6, IL-12, IL-13, and TNFα, because
previous work has demonstrated a crucial role for IL-6
and TNFα in the pathogenesis of S. aureus keratitis,76 and
although, to our knowledge, involvement of IL-12 and IL-
13 in S. aureus keratitis has not been yet investigated, these
cytokines have been implicated in Pseudomonas aeruginosa
and fungal causes of keratitis.77–80

Interestingly, however, in our in vivo model of infec-
tious keratitis, enterotoxins appeared to mitigate host
cytokine production leading to lower levels of IL-6, IL-12,
IL-13, and TNFα in infections caused by IHMA70 versus
IHMA70De1De2. Although superantigens have been shown
to deplete immature T-cells, the significance of our findings
requires further investigation. IL-12 promotes the differentia-
tion of T-helper 1 (Th1) cells and increases IFNγ production,
which promotes a host response of increased macrophage
recruitment and activity.81 Therefore reduced IL-12 levels
may suggest a suppression of the host immune response
allowing further infection. Moreover, IL-13 is thought to
promote Th2 inflammatory responses and tissue repair,
including repair of epithelial cells in the skin.82 Thus it is
possible that reduced levels of IL-13 in S. aureus kerati-
tis prevent repair of the corneal epithelium leading to
increased pathologic tissue remodeling and fibrosis. Impor-
tantly, although S. aureus infection altered these cytokines
in the BALB/c mice, which do not generate a robust
immune responses to bacterial infection,63 additional inves-
tigations with human keratitis patients (i.e., tear cytokine
levels) are needed to translate these findings into human
disease.

In addition to modulation of the host immune response,
staphylococcal enterotoxins also mediate host cell death via
stimulating T-cell apoptosis, as well as causing direct cyto-
toxicity.83 Consistent with our findings that growth media
derived from enterotoxin producing strains caused signif-
icant corneal epithelial cell death, enterotoxins have also
been shown to result in direct cytotoxicity of renal proxi-
mal tubule epithelial cells, pulmonary endothelial cells and
bovine mammary epithelial cells even in the absence of
activated lymphocytes.67,84–86 Corneal ulceration, a hallmark
of keratitis in human patients, may be driven in part by
enterotoxin-mediated epithelial cell death and subsequent
sloughing.

Interestingly, we noted that it was necessary to delete all
five IHMA70 enterotoxins or all three USA300LAC entero-
toxins to observe significant reductions in cytotoxicity or
infectivity. In fact, in the case of USA300LAC, the presence
of just one enterotoxin (selX) in a USA300�sek-seq mutant
strain was sufficient to cause significant corneal cell death
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in our in vitro model. Conversely, the presence of multi-
ple enterotoxins were not additive, that is, there appeared
to be a maximum level of cytotoxicity observed regardless
of the number of enterotoxins expressed in each strain.
Importantly, our data also suggest that despite varying gene
expression levels, the enterotoxins explored in this study
may be interchangeable with regards to corneal cytotoxic-
ity. For example, USA300LAC which encodes sek, seq and
selX, resulted in similar cytotoxicity as IHMA70�e2, which
contains sed, sej and ser. Thus there may be a selective
advantage to a range of enterotoxins. This aligns with previ-
ous work that has shown a genetic enrichment of sea in
ocular versus nonocular strains, as well as the finding of
increased corneal ulceration in S. aureus strains carrying sei,
seg, and seb in atopic keratoconjunctivitis patients.42

In conclusion, although enterotoxins are not required for
corneal infection, we have demonstrated that strains carry-
ing enterotoxins sed, sej, sek, seq, ser, or selX are signifi-
cantly more cytotoxic to corneal epithelial cells and promote
increased bacterial burden in a murine model of infec-
tion. We demonstrate that in addition to promoting bacte-
rial survival, enterotoxin-positive strains also dampen the
ocular immune response, a finding that sheds light on
the complex interplay between host-pathogen interactions.
Taken together, our results highlight the important role this
class of toxins play in keratitis, providing new insight into
S. aureus pathogenesis.
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