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ABSTRACT Staphylococcus aureus is a major human pathogen of the skin. The
global burden of diabetes is high, with S. aureus being a major complication of dia-
betic wound infections. We investigated how the diabetic environment influences S.
aureus skin infection and observed an increased susceptibility to infection in mouse
models of both type | and type Il diabetes. A dual gene expression approach was
taken to investigate transcriptional alterations in both the host and bacterium after
infection. While analysis of the host response revealed only minor changes between
infected control and diabetic mice, we observed that S. aureus isolated from diabetic
mice had significant increases in the levels of genes associated with translation and
posttranslational modification and chaperones and reductions in the levels of genes
associated with amino acid transport and metabolism. One family of genes upregu-
lated in S. aureus isolated from diabetic lesions encoded the Clp proteases, associ-
ated with the misfolded protein response. The Clp proteases were found to be par-
tially glucose regulated as well as influencing the hemolytic activity of S. aureus.
Strains lacking the Clp proteases ClpX, ClpC, and ClpP were significantly attenuated
in our animal model of skin infection, with significant reductions observed in dermo-
necrosis and bacterial burden. In particular, mutations in c/pP and clpX were signifi-
cantly attenuated and remained attenuated in both normal and diabetic mice. Our
data suggest that the diabetic environment also causes changes to occur in invad-
ing pathogens, and one of these virulence determinants is the Clp protease system.

KEYWORDS Staphylococcus aureus, Clp protease, diabetes, host-pathogen
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he number of patients with diabetes is expected to reach upwards of 440 million

globally by 2030 (1). There are approximately 30 million patients with diabetes in
the United States, where it is the 7th leading cause of death (2). Treatment of diabetic
patients costs upwards of $245 billion to the U.S. economy, and a major comorbidity is
nontraumatic limb amputations. Diabetic patients also have an increased risk of
bacterial infection that is associated with increased morbidity and mortality as a result
of slow-healing wounds, decreased blood flow to extremities, neuropathy, and a
suppressed immune response (3-7). Bacterial infections also make slow-healing
wounds fractious to repair. Diabetic patients have a much higher infection rate for
wound, local, and cutaneous bacterial infections, with up to one-third of patients
suffering from some form of skin disorder (7-9). The most common cause of skin and
soft tissue infection is Staphylococcus aureus (10).
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Staphylococcus aureus is carried by 30% of the general population (11) but at a much
higher frequency within the diabetic population (12-14). Carriage of S. aureus is a
significant risk factor for subsequent infection and death (15-17). Antibiotic resistance
is also of increasing importance in the context of S. aureus infection, particularly
methicillin-resistant S. aureus (MRSA) (18). A major strain in circulation is MRSA strain
USA300, which is epidemic in the United States and is capable of causing infections in
otherwise healthy individuals (19, 20).

We hypothesized that diabetes supports an environment for S. aureus infection,
influencing cell function as well as causing changes in S. aureus that aid in pathogen-
esis. We show using a skin model of S. aureus infection that hyperglycemia in different
models of diabetes leads to increased susceptibility to infection. Using a dual transcrip-
tome sequencing (RNAseq) approach to investigate both mammalian and bacterial
transcriptomes, we identified a multitude of transcriptional changes in response to the
altered host environment. The response of S. aureus to the diabetic environment was
associated with significant upregulation of the stress response and genes associated
with translation. We observed that genes encoding the Clp proteases were significantly
upregulated in diabetic mice, which, in our model of infection, played a significant role
in S. aureus pathogenesis.

RESULTS

Hyperglycemic mice have increased susceptibility to S. aureus skin infection. To
better understand the interaction of S. aureus and the host in the context of diabetes,
we utilized diabetic models of S. aureus skin infection. Our model of type | diabetes uses
streptozotocin (STZ)-treated mice. Hyperglycemia was successfully shown by high
blood glucose levels of 163 versus 350 mg/dl in control versus streptozotocin-treated
mice (P < 0.0001) (Fig. 1A). Mice were subcutaneously infected and then monitored
over a period of 5 days. Hyperglycemic mice had on average a 3-fold increase in the
area of dermonecrosis compared to controls (P < 0.01) (Fig. 1B and C). Hyperglycemia
also led to significant increases in bacterial burdens. One day after infection, we
observed a 75% increase in bacterial numbers in hyperglycemic mice (P < 0.05)
(Fig. 1D). By 5 days after infection, at which point control mice had started to reduce
the bacterial burden, we observed 13-fold-higher bacterial numbers, on average, in
hyperglycemic mice (P < 0.01) (Fig. 1D). Analysis of the cells recruited to the site of
infection indicated that there were increased numbers of neutrophils and inflammatory
monocytes (P < 0.05) (Fig. 1E), indicative of the increased bacterial burden evident in
hyperglycemic mice. We quantified cytokine expression in skin biopsy samples from
both 1 and 5 days after infection. We observed some reductions in monocyte chemoat-
tractant protein 1 (MCP-1) (see Fig. S1 in the supplemental material) and tumor necrosis
factor (TNF) (Fig. S2) in diabetic infected mice, but largely, no significant differences
were observed, even though the diabetic mice had an increase in bacterial burden,
indicating that the diabetic mice may have a reduced immune response.

To confirm that our observations were related to hyperglycemia and not due to
other effects on the host, we repeated our experiments with an additional murine
model of diabetic infection. The Leprd® mutation leads to obesity and hyperglycemia
and is thus a model of type Il diabetes (21, 22). Consistent with this, we observed that
the weight of these mice was 49 g on average, compared to 26 g for their heterozygous
controls (P < 0.0001) (Fig. 1F). The obese mice also had significant hyperglycemia, with
glucose levels, on average, at 386 mg/dl, compared to 152 mg/dl in control mice
(P < 0.0001) (Fig. 1G). The capacity to clear the infection in obese mice was reduced.
Obese mice had on average a 3.8-fold increase in the bacterial burden compared to
that in nonobese, euglycemic controls (P < 0.01) (Fig. 1H). These data show that high
levels of glucose in mice perpetuate S. aureus skin infection.

Hyperglycemia inhibits macrophage killing. Much has been reported about
defects in innate immunity in diabetic patients. These observations have included
reduced chemotaxis, phagocytosis, respiratory burst, and cytokine production (23-29).
While it is clear that diabetic patients have increased susceptibility to infection, there is
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FIG 1 Type | and Il diabetic mice are more susceptible to S. aureus skin infection. Diabetes was induced in mice using streptozotocin (STZ). (A) Glucose levels
in control and STZ-treated mice prior to infection. (B) Control and STZ mice were subcutaneously infected with 2 X 106 CFU of S. aureus USA300, and the area
of dermonecrosis was monitored over time (n = 14 for both genotypes). (C) Representative gross pathology of regions of dermonecrosis. (D) Bacterial
quantification from punch biopsy specimens. (E) Flow cytometry analysis of cells from 5-day-infected punch biopsy homogenates (n = 3 for uninfected and 17
for infected groups). Data are from 4 independent experiments. (F and G) Weights (F) and glucose levels (G) of control (Lepr*/~) and obese (Lepr—/~) mice prior
to infection. (H) Control and obese mice were infected with 2 X 106 CFU of S. aureus USA300 subcutaneously for 5 days. Data are from 3 independent
experiments. Each point represents data for an individual mouse. ****, P < 0.0001; **, P < 0.01; *, P < 0.05.

no consistent observation (30) regarding innate immune cell function between studies.
Having observed a lack of a difference in immune responses in diabetic mice in lieu of
an increased bacterial burden (Fig. S1 and S2), we sought to test the potential effect of
glucose on macrophage function in response to S. aureus. We incubated immortalized
bone marrow-derived murine macrophages with various levels of glucose for 2 days
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before washing the cells and weaning them to medium without glucose. Gentamicin
protection assays indicated a residual glucose-dependent effect on cells that led to
increased intracellular bacteria (10-fold increase with 30 versus 5mM; P < 0.0001),
showing evidence of impaired killing (Fig. S3A). The levels of glucose at which this
effect became apparent (>10 mM) correspond to levels of glucose considered hyper-
glycemic in adult humans. This killing effect was not influenced by cell viability of
macrophages (Fig. S3B). This observation was specific to glucose, as treatment with
galactose did not alter numbers of intracellular bacteria (Fig. S3C). The reduction in
bacterial killing was able to be titrated away using 2-deoxyglucose (2DG), a glucose
analog that cannot be metabolized (Fig. S3D). This treatment did not affect cell viability
(Fig. S3E). The increased numbers of bacteria in cells treated with 30 mM was not due
to enhanced phagocytosis, as the uptake of labeled bacteria was reduced by 36% in
30 mM versus 5 mM glucose-treated cells (P < 0.0001) (Fig. S3F). Further support for the
killing phenotype being unrelated to phagocytosis came from treatment with 2DG,
which improved killing (Fig. S3D) and did not influence bacterial uptake in cells treated
with 30 mM 2DG (Fig. S3G). This glucose effect, although increasing reactive oxygen
species (ROS) activity in response to S. aureus (Fig. S4A and B), did not influence
bacterial killing in @ manner that would account for our phenotype (i.e., the enhanced
ROS did not improve killing in glucose-treated cells) (Fig. S4C to E) and did not affect
glycolytic activity (Fig. S5). The same effect of glucose on keratinocyte cell function (Fig.
S6) did not appear to play a role, as a pyk (pyruvate kinase) mutant defective in bacterial
glycolysis (31) did not display a phenotype. These data provide evidence that glucose
can influence the host’s ability to deal with infection.

Host response to S. aureus in the skin under normal and hyperglycemic
conditions. To determine how the diabetic mice had impeded clearance of S. aureus,
we undertook a dual RNAseq approach to investigate both the host and bacterial
responses after 1 day of infection in the skin. We first examined the host response (see
the data at www.daneparkerlab.com/data) of both control and diabetic mice to S.
aureus infection by pathway analysis (Ingenuity; Qiagen). Irrespective of the diabetic
status of the mice, we observed that infection led to increased expression of canonical
pathways associated with neutrophil adhesion and migration, infection, inflammation,
and immune cell trafficking. Downregulated genes included those associated with lipid,
vitamin, and mineral metabolism; dermatological disease; and skeletal and muscular
system development.

Direct comparison of infected mice revealed 231 differentially expressed genes in
diabetic versus control mice (see the data at www.daneparkerlab.com/data). These
genes (>1.5-fold changes, equal to log, fold changes of >0.58; P < 0.05) were com-
posed of 110 upregulated and 121 downregulated transcripts. Pathway analysis did not
identify pathways significantly tied to skin infection with strong statistical significance.
Investigation of the most differentially expressed genes (Table 1) showed that the levels
of several transcripts increased above 2-fold, with highly significant P values. Several of
the top 10 encoded proteins were related to cellular structure. Rho GTPase-activating
protein 21 (encoded by Arhgap21) has GTPase-activating activity toward Cdc42 and
RhoA and is important for a-catenin recruitment to the adherens junctions (32, 33).
Sarcospan (encoded by Sspn) is a dystrophin-glycoprotein complex that links actin to
the cytoskeleton and extracellular matrix (34), and filamin A interacting protein 1-like
(encoded by Filip1l) binds to filamin A, an actin-binding protein (35). Pathway analysis
of genes upregulated in diabetic infected compared to infected control mice revealed
some changes. There were increases in genes associated with interleukin-10 (IL-10)
signaling (16 versus 12 for infected mice treated with STZ versus control infected mice;
P, 2.4E—12 versus 2.2E—8) and those associated with the role of macrophages, fibro-
blasts, and endothelial cells in rheumatoid arthritis (27 versus 14 for infected mice
treated with STZ versus control infected mice; P, 3.6E—9 versus 7.6E—3). Analysis of
downregulated genes showed changes in EIF2 signaling (17 versus 39 genes down-
regulated for infected mice treated with STZ versus control infected mice; P, 3.3E—11
versus 7.4E—3), stearate signaling (11 versus 7 genes downregulated for infected mice
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TABLE 1 Top 10 up- and downregulated genes in mouse lesions in streptozotocin-treated versus untreated S. aureus-infected mice

Log, fold change

Target Gene Product (STZ/WT) P value

Upregulated
ENSMUSG00000036591 Arhgap21 Rho GTPase-activating protein 21 1.94 6.32E—14
ENSMUSG00000022905 Kpnal Karyopherin 1 1.92 5.68E—14
ENSMUSG00000079184 Mphosph8 M-phase phosphoprotein 8 1.89 2.65E—13
ENSMUSG00000030255 Sspn Sarcospan 1.87 5.67E—13
ENSMUSG00000038518 Jarid2 Jumoniji 1.68 8.57E—11
ENSMUSG00000023806 Rsph3b Radial spoke 3B homolog 1.64 1.55E—10
ENSMUSG00000037965 Zc3h7a Zinc finger CCCH type containing 7A 1.63 1.21E-10
ENSMUSG00000043336 Filip1] Filamin A interacting protein 1-like 1.58 9.54E—-10
ENSMUSG00000073471 Rsph3a Radial spoke 3A homolog 1.45 1.56E—08
ENSMUSG00000027104 Atf2 Activating transcriptional factor 2 1.45 7.09E—09

Downregulated
ENSMUSG00000029417 Cxcl9 Chemokine ligand 9 —0.946 2.16E—04
ENSMUSG00000027722 Spatas Spermatogenesis associated 5 —0.899 1.15E—07
ENSMUSG00000091662 Vmn1r69 Vomeronasal 1 receptor 69 —0.872 4.31E—-04
ENSMUSG00000078496 Zfp982 Zinc finger protein 982 —0.862 5.76E—04
ENSMUSG00000091259 Vmn2r110 Vomeronasal 2 —0.839 1.12E-03
ENSMUSG00000014905 Dnajb9 DnaJ heat shock family member B9 —0.794 1.72E—03
ENSMUSG00000038871 Bpgm Bisphosphoglycerate mutase —0.781 1.99E—03
ENSMUSG00000093528 Nrg3os Neuregulin 3 —0.768 2.32E-03
ENSMUSG00000020464 Pnpt1 Polyribonucleotide nucleotidyltransferase 1 —0.762 1.68E—03
ENSMUSG00000022146 Osmr Oncostatin M receptor —0.756 1.17E—04

treated with STZ versus control infected mice; P, 6.5E—6 versus 1.1E—3), and heme
biosynthesis (0 versus 4 genes downregulated for infected mice treated with STZ versus
control infected mice; P, 8E—4 versus 0). However, in many cases, these gene changes
were due to only small changes in transcript levels, or they did not make the classifi-
cation due to an insignificant P value. In summary, we observed similar changes upon
infection in both control and diabetic animals, with only some changes noted in the
canonical pathway analysis.

S. aureus adapts to the hyperglycemic environment in vivo. We next analyzed
how S. aureus responds to the diabetic microenvironment between control and dia-
betic mice 1 day after infection. We observed a large number of S. aureus genes that
were differentially expressed in diabetic compared to control mice (Fig. 2A). There were
513 differentially expressed genes (340 up- and 173 downregulated) (see the data at
www.daneparkerlab.com/data) when a 1.5-fold cutoff (log, fold change of >0.58) was
used with a false discovery rate (FDR) of <0.05. This number went down to 205 when
a 2-fold cutoff (log, fold change of >1.00) and an FDR of <0.01 were used. Examination
of the data (Table 2) shows a gene encoding a hypothetical protein as the most
upregulated (10.9-fold; FDR of <0.01) (Table 2).

Organization of genes into orthologous groups (Fig. 2B and C) revealed significant
changes across the information storage and processing and the metabolism categories.
The largest difference within upregulated genes was for those associated with trans-
lation, ribosomal structure, and biogenesis (group J; P < 0.0001) (Fig. 2B). This group
constitutes 6.2% of genes normally but represented 23.3% of those that were upregu-
lated. There was also a significant enrichment of genes associated with posttransla-
tional modification, turnover, and chaperones (group O) (7.9% versus 3.4% for diabetic
versus control mice; P < 0.001) (Fig. 2B); nucleotide transport and modification (group
F) (5.7% versus 2.7%; P < 0.01) (Fig. 2B); and energy production (group C) (7.9% versus
4.6%; P < 0.05) (Fig. 2B). We also observed concomitant decreases in these categories
with genes that were downregulated in S. aureus in response to diabetic versus control
mice (Fig. 2C). Categories decreased within upregulated genes were groups E (amino
acid transport and metabolism) (3.5% versus 10.7% for diabetic versus control mice;
P < 0.0001) (Fig. 2B), P (inorganic ion transport and metabolism) (3.8% versus 7.8%;
P < 0.05) (Fig. 2B), L (replication recombination and repair) (2.8% versus 6.6%; P < 0.01)
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FIG 2 Significant transcriptional changes to S. aureus occur in diabetic mice. RNAseq was conducted on
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(Fig. 2B), and R (general function prediction) (7.3% versus 13.3%; P < 0.01) (Fig. 2B) We
also observed that these categories were typically increased among the downregulated
S. aureus genes (Fig. 2C).

Examination of genes differentially expressed by S. aureus revealed a number of
significant changes in ribosomal, heat shock, and stress genes (Table 2; also see the
data at www.daneparkerlab.com/data). The heat shock-related genes grpE, dnakK, and
hrcA (Table 2) were all significantly upregulated, in addition to dnaJ (see the data at
www.daneparkerlab.com/data). These heat shock-related genes are involved in com-
bating a variety of cellular stresses and are located adjacent to one another in the
genome (36). Several other heat shock-encoding genes were also upregulated. The
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TABLE 2 Top 10 up- and downregulated genes in S. aureus in streptozotocin-treated versus untreated mice

Infection and Immunity

Log, fold change

Target Gene Product (STZ/WT) FDR

Upregulated
SAUSA300_0080 Hypothetical protein 345 4.18E—-03
SAUSA300_0068 Cadmium-exporting ATPase 3.07 9.82E—-03
SAUSA300_1511 romG 50S ribosomal protein L33 2.16 5.55E—04
SAUSA300_1541 grpE Heat shock protein 2.10 4.24E—05
SAUSA300_1545 rpsT 30S ribosomal protein S20 2.09 1.02E-03
SAUSA300_0781 Hypothetical protein 1.97 1.23E—04
SAUSA300_1542 hrcA Heat-inducible transcription repressor 1.93 8.88E—05
SAUSA300_2195 rpsQ 30S ribosomal protein S17 1.93 8.88E—05
SAUSA300_1540 dnaK Molecular chaperone 1.92 8.88E—05
SAUSA300_0884 Hypothetical protein 1.90 1.96E—04

Downregulated
SAUSA300_1218 ABC transporter permease —2.23 3.12E-02
SAUSA300_0811 Hypothetical protein -2.14 1.70E—02
SAUSA300_1971 phi77 ORFO17-like protein —2.09 7.01E—03
SAUSA300_2598 caplA Capsular polysaccharide biosynthesis protein —2.01 4.24E—-02
SAUSA300_1955 Putative endodeoxyribonuclease RusA —1.99 2.93E—02
SAUSA300_1968 Putative phage transcriptional regulator —1.92 3.13E—-02
SAUSA300_1741 Putative lipoprotein —1.90 1.88E—02
SAUSA300_1936 Hypothetical protein —1.90 2.27E—-02
SAUSA300_0804 Putative transcriptional regulator —1.86 2.73E—-02
SAUSA300_2305 Transposase —1.83 8.35E—03

levels of both groEL and groES were increased, 2.9- and 2.5-fold, respectively (Fig. S7;
also see the data at www.daneparkerlab.com/data). Genes encoding the Clp proteases
were also upregulated in S. aureus under diabetic conditions. The Clp proteases are
ATPases that are conserved across species, perform multiple roles in degrading mis-
folded proteins, and are associated with oxidative and heat stress as well as biofilm
formation and intracellular replication (37-39). The Clp proteins have a variety of
regulatory targets; having been associated with pathogenesis, they have been targeted
for antimicrobial development (38, 40, 41). The genes clpP (2.6-fold; FDR of <0.001),
clpX (1.9-fold; FDR of <0.01), c/pB (1.9-fold; FDR of <0.01), and c/pC (1.8-fold; FDR
of <0.01) were all upregulated in S. aureus isolated from infected diabetic mice
compared to euglycemic controls (see the data at www.daneparkerlab.com/data).
Additional stress-related genes encoding superoxide dismutase, a ferric uptake regu-
lator, and a peroxide-responsive repressor were also upregulated (see the data at
www.daneparkerlab.com/data). We observed that the genes agrA, hla, and sarA were
associated with virulence factors and that their regulation was also upregulated (see
the data at www.daneparkerlab.com/data). Virulence factor-encoding genes observed
to be downregulated included lukD, sek, and seq (see the data at www.daneparkerlab
.com/data).

Analysis of KEGG pathways (42) also revealed significant enrichment for genes
involved in glycolysis (P < 0.05), the tricarboxylic acid (TCA) cycle (P < 0.001), and
oxidative phosphorylation (P < 0.0001). Examination of altered genes revealed changes
in phosphohexose isomerase (pgi), aldolase (fbaA), phosphoglycerate mutase (gpml),
enolase, pyruvate dehydrogenase (pdhA and pdhB), succinyl-CoA synthetase (sucC and
sucD), succinic dehydrogenase (sdhA), malate dehydrogenase, and the gamma subunit
of ATP synthase (atpG) (see the data at www.daneparkerlab.com/data). The transcrip-
tional analysis of S. aureus isolated from control and diabetic lesions indicates that in
response to the diabetic environment, it alters its physiology to increase translation
machinery, adopting a stress-like response and adapting to a glucose-rich environment.

Increased expression of glycolysis and TCA cycle genes does not contribute to
S. aureus virulence. As we observed increases in the expression of several S. aureus
genes involved in glycolysis and the TCA cycle (Fig. 3A), we posited that this may aid
the ability of S. aureus to survive in the skin environment. We examined mutants in
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FIG 3 Influence of the diabetic environment on glycolysis and the TCA cycle in S. aureus. (A) Heat map analysis of S. aureus genes involved in glycolysis or the
TCA cycle. Transcript levels were compared between bacterial RNAs isolated from diabetic and control mouse lesion material (diabetic/control). (B) Wild-type
mice were infected subcutaneously with 2 X 106 CFU of WT Je2 or mutant strains of S. aureus for 5 days, and dermonecrosis was monitored (n = 8 for the WT
and 7 for each mutant strain). (C) Quantification of dermonecrosis at day 5. (D) Bacterial enumeration in punch biopsy specimens at day 5 of infection. Each

point represents data for a mouse. Lines display medians.

genes that we observed to be upregulated in diabetic mice, in glycolysis (fbaA [fructose
biphosphate aldolase] and gpml [phosphoglyceromutase]), the TCA cycle (sdhA [succi-
nate dehydrogenase]), as well as oxidative phosphorylation (atpG [ATP synthase
y-subunit]). We infected each of these strains along with our wild-type (WT) USA300
strain of S. aureus in our model of skin infection and monitored the mice for 5 days. We
did not observe a significant change in the areas of dermonecrosis with any of the
mutants (Fig. 3B and C). The mutation in the aldolase gene fbpA, involved in glycolysis,
gave the greatest change. At day 5, the fopA mutant had an average reduction in
dermonecrosis of 48% (P = 0.052) (Fig. 3C). No changes in bacterial burdens were
observed (Fig. 3D). Based on these data, it is likely that the increased expression of
these genes is a direct consequence of increased glucose availability or that functional
redundancy limits the observation of phenotypic differences with single mutations.

Contribution of Clp proteases to the pathogenesis of S. aureus skin infection.
As the genes encoding the Clp proteases were upregulated in diabetic mice, we first
tested whether their expression is influenced by glucose levels. While variable in
cultures grown overnight, c/pC showed no changes in expression in response to
glucose (Fig. 4A). Likewise, cultures grown overnight did not alter c/pP production in
response to glucose but had an 80% increase (P < 0.05) (Fig. 4A) during exponential-
phase growth. The expression of clpX was significantly influenced by glucose, with a
260% increase (P <0.01) (Fig. 4A) in cultures grown overnight and a 60% increase
(P<0.05) (Fig. 4A) during exponential phase in response to glucose. Alpha-toxin
expression has been reported to be repressed by glucose in strains of S. aureus (43);
with our USA300 strain, we observed a significant increase in the expression of hla in
response to glucose in cultures grown overnight (12-fold; P < 0.05) (Fig. 4B). These data
suggest that some of the clp genes (cIpX and to clpP to some degree) may be
responsive to glucose levels.

We next investigated the pathogenic potential of each of the clp mutant strains. As
previous work has shown that the expression of agrA is decreased in a clpP background
(41, 44) and we observed increases in the expression of both agrA and hla in S. aureus
isolated from diabetic mice, we first quantified the hemolytic activity of each of our clp
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FIG 4 Influence of glucose on clp gene expression. RNA was extracted from overnight-grown and exponential-phase cultures of S. aureus, and transcripts for
clp genes (A) and hla (B) were quantified (n = 3). **, P < 0.01; *, P < 0.05 relative to the no-glucose or PBS control.

strains. In the absence of either cIpC, clpP, or clpX, we observed significant reductions
in hemolytic activity (Fig. 5A). Spent cultures from the clpC mutant had 33% less
hemolytic activity (P < 0.001) (Fig. 5A), while the activities of clpP and clpX cultures were
reduced by 87% and 97%, respectively (P < 0.0001) (Fig. 5A). When the culture material
was diluted, the clpP and clpX mutants had no activity above our phosphate-buffered
saline (PBS) control, and the clpC material retained only 5% of the activity of the WT
strain (P < 0.0001) (Fig. 5A). As alpha-toxin is an important virulence factor in S. aureus
infection of the skin (45, 46), we hypothesized that each of these strains would be
attenuated in our skin infection model. Infection of mice with the clp mutants led to
significant reductions in dermonecrosis apparent over the course of infection (Fig. 5B).
The majority of mice infected with the clpP or clpX mutant had no signs of dermone-
crosis, with average sizes after 5 days of 2.5 mm? for the c/pP mutant and 0 mm? for the
clpX mutant (P < 0.001) (Fig. 5C). Infection with the c/pC mutant was also significantly
reduced, with an average area of dermonecrosis at day 5 of 25 mm?, compared to WT
mice, with an average area of 85 mm?2 (P < 0.01) (Fig. 5C). The attenuation of virulence
with the clpP and clpX mutants was also evident with the bacterial burden: bacterial
levels were reduced by 1,400-fold in clpP mutant-infected mice and 262-fold in clpX
mutant-infected mice compared to those seen in WT-infected mice (P < 0.0001)
(Fig. 5D). Mice infected with the c/pC mutant also had 53% fewer bacteria than WT mice
(P < 0.05) (Fig. 5D). The profound phenotype observed with mutations in c/pP and clpX
was reverted upon complementation (Fig. 5E and F and Fig. S8). Complemented strains
of the clpP and clpX mutants gave rise to regions of dermonecrosis and bacterial
burdens equivalent to those of the WT (Fig. 5E and F). The clpC mutation was
successfully complemented and led to dermonecrosis; however, it showed a slight
decrease in bacterial burden (Fig. 5F and Fig. S8). Since only partial complementation
was observed for the clpC mutant in vivo, this suggests that the transposon insertion
within c/pC may have some polar effects on genes within its operon.

As we identified the expression of the clp genes in diabetic mice, we also tested their
role in pathogenesis in the context of hyperglycemia. Similarly to what was observed
previously, both the clpP and clpX mutants gave no indication of dermonecrosis
(P < 0.001) (Fig. 6A) compared to WT diabetic mice. We note that although the clpC
mutant showed some decrease in dermonecrosis at days 4 and 5, these differences
were not statistically significant (Fig. 6A). Analysis of the bacterial burden at day 5
indicated that the cIpP and clpX genes were important in skin pathogenesis in the
context of diabetes. Bacterial levels in the absence of clpP were 1,084-fold lower than
those of the WT strain (P < 0.001) (Fig. 6B), and those in the absence of clpX were
487-fold lower (P < 0.001) (Fig. 6B). Mice infected with the clpC mutant also had a 58%
reduction in bacteria compared to the WT strain; however, this was not statistically
significant. These data indicate the importance of the ClpXP protease under both
normal and diabetic conditions.
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FIG 5 The Clp proteases contribute to S. aureus subcutaneous skin infection. (A) Hemolytic activity of spent culture
supernatants from WT S. aureus and clp mutants (n = 12 for PBS, 13 for the WT, 12 for the c/pC mutant, 10 for the
clpP mutant, and 6 for the c/pX mutant). WT C57BL/6J mice were infected subcutaneously with WT S. aureus and
clp mutants for 5 days. (B) Areas of dermonecrosis over time. (C) Areas of dermonecrosis quantified at day 5. (D)
Bacterial counts from punch biopsy specimens at day 5. (E and F) Chromosomally complemented c/p mutants were
assessed in the skin infection model quantifying dermonecrosis (E) and bacterial burden (F). Each point represents
data for a mouse. Lines display medians. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; ¥, P < 0.05; ns, not significant
(relative to the WT control).

The immune response to the Clp mutants was also significantly attenuated. Histo-
pathological examination of day 5 skin biopsy specimens showed that the dermis was
thickened and inflamed in WT mice compared to uninfected mice, and this was
significantly reduced in the clp mutant-infected mice (Fig. 7A). Consistent with the
pathology, we observed that cytokine production was significantly reduced. TNF
production was reduced by 94% and 90% in the clpP and clpX strains, respectively
(P < 0.001), while that in the clpC strain was not statistically different (Fig. 7B). IL-6
production was reduced in all strains. Both the c/pP and c/pX strains had IL-6 levels 93%
lower than those of the WT (P < 0.001), and that in the c/pC mutant was reduced by
54% (P < 0.05) compared to WT levels (Fig. 7B). The IL-B levels were reduced 76%
(P < 0.01) in the clpP strain and 68% (P < 0.01) in the clpX strain, with no difference
observed in c/pC mutant-infected skin samples (Fig. 7B). The level of myeloperoxidase
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FIG 6 The ClpXP protease contributes to S. aureus skin infection under diabetic conditions. Diabetes was induced
in mice using streptozotocin (STZ). (A) Mice were subcutaneously infected with 2 X 106 CFU of S. aureus USA300,
and the area of dermonecrosis was monitored over time. (B) Bacterial quantification from punch biopsy specimens
(n = 8). Data are from two independent experiments. ***, P < 0.001.

(MPO), as a measure of neutrophil recruitment, was significantly reduced in both the
clpP and clpX strain-infected mice (Fig. 7C). MPO activity was reduced by 37% in clpP
mutant samples (P < 0.05) and by 25% in c/pX mutant samples (P < 0.01), while MPO
activity was not significantly reduced (12% decrease; P = 0.18) in the c/pC mutant
samples. These data indicate a significant role for the Clp proteases in pathogenesis,
and their upregulation in S. aureus during hyperglycemia likely contributes to the
increased disease observed in diabetic mice.

DISCUSSION

Diabetes is a major cause of morbidity and mortality in the community, affecting a
significant proportion of the population. Studies on the immunological effects of
diabetes are focused on changes to the host immune system, while in this study, we
examined both the host and the influence that it has on a major pathogen, S. aureus.
We observed an increased susceptibility to skin infection in mouse models of diabetes.
The host responses to infection at the cytokine level were similar in vivo between
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FIG 7 Reduced immune response to Clp mutants. WT C57BL/6J mice were infected subcutaneously with WT S. aureus and clp mutants for 5 days before punch
biopsies were performed and samples were homogenized. (A) H&E-stained sections. Bars = 100 um. UN, uninfected. (B and C) Clarified homogenized samples
were used to quantify cytokine levels (B) and myeloperoxidase activity (C). Graphs show means with standard deviations (n = 12 for the WT and 8 for clp
mutants, except for TNF [n = 7 for the c/pP mutant]). ***, P < 0.001; **, P < 0.01; *, P < 0.05 (relative to the WT control).
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control and diabetic mice. In vitro, we observed significant effects on immune cell
function. By analyzing the global transcriptional response of the host-pathogen inter-
action, we observed several interesting changes to the pathogen. S. aureus from
diabetic mice adapted to the environment by increasing its glycolytic machinery, stress-
and heat shock-responsive genes, as well as the Clp proteases, which were demon-
strated to be important in a model of skin infection. These data indicate that in the
diabetic environment, in addition to defects in the host response, S. aureus also adapts,
leading to a worse host outcome.

We observed that diabetes significantly influences host outcome. With S. aureus
infection being the most common infection of diabetics, we sought to better under-
stand why this is the case (47). In both models of diabetic skin infection, we observed
a significant increase in susceptibility, which is consistent with data from other studies
that have examined foot infection, orthopedic implantation, and wound healing mod-
els, all seeing an impediment to clearance (23, 48-50). These studies and others have
observed a variety of host immune defects. Much has been reported about defects in
innate immunity in diabetic patients. These observations have included reduced che-
motaxis, phagocytosis, and respiratory burst of immune cells, as well as cytokine
release, but not in the context of bacteria (10, 51). Infection studies have shown
evidence for deficiencies in neutrophil phagocytosis and killing (23, 24, 49) as well as
killing of bacteria by blood. While we observed that glucose influences macrophage
function in vitro, our expression analysis in vivo showed only subtle changes to host
pathways. We observed that cytokine production was largely unaltered. This indicates
that a blunted immune response was occurring given that the diabetic mice had
significantly increased bacterial burdens.

In contrast to the host response, the transcriptional responses of S. aureus varied
significantly between control and diabetic mice. We observed a significant increase in
gene induction associated with translation, while we observed decreases in amino acid
transport genes as well as genes of unknown function. This contrasts slightly with a
study that examined S. aureus expression in diabetic rats in an endocarditis model,
whereby amino acid transport genes were upregulated (52); however, this may just be
a reflection of the different infection models. Many of the upregulated genes of S.
aureus under diabetic conditions were associated with heat shock and cellular stress, an
interesting observation given our host expression data, suggesting that the infection
site was not a more hostile environment for growth. Glucose is known to alter the
transcription of S. aureus significantly. Thus, some of these changes may be a reflection
of that. A group of genes associated with this stress response was the clp protease
genes.

A major observation was the increased expression of the Clp protease genes in S.
aureus USA300 under diabetic conditions and their involvement in the pathogenesis of
skin infection. Each of the mutants analyzed, cIpP, clpX, and clpC, displayed significant
attenuation. The degree of dermonecrosis and bacterial burden were also largely
correlated with their capacity to produce alpha-toxin, which was significantly reduced
in all the mutants but was reduced almost entirely in the c/pP and clpX backgrounds,
which had the most significant in vivo phenotypes. The loss of alpha-toxin and
decreases in agr expression have been noted previously for a different strain of S.
aureus, while a mechanism for this is still to be determined (40, 41, 44, 53). Various
mutations in the Clp proteases have been examined in models of S. aureus systemic
infection, abscess formation, and foreign-body infection, with similar observations that
inactivation led to attenuation of virulence (39, 40, 54, 55). The roles of the other Clp
proteases, ClpB and ClpL, have not been examined yet in S. aureus USA300. Given that
the Clp proteases are involved in various functions within the cell (37, 40, 53, 56, 57),
it is likely that these proteins will also play a significant role in pathogenesis.

The Clp proteins function like heat shock proteins (58), and we noted several other
significant changes that likely contributed to the overall persistence of S. aureus in the
diabetic mice. The increased expression of ribosomal proteins along with the change in
glycolytic machinery might indicate an adaption to the environment and facilitate
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TABLE 3 Primers used in this study

Primer Sequence (5'-3')

pJC1111 o F GCCGCTGCATGCCTGCAG

pJC1111 ., R CGGGGTCTGACGCTCAGT

pCL25,-F CCACTGAGCGTCAGACCCCGCCGACAGTAAGACGGGTAAG
pCL25,,-R ACCTGCAGGCATGCAGCGGCTCAGATCCTTCCGTATTTAGC
pJC1111-F GGATCCCCGGGTACCGAG

pJC1111-R CTGCAGGCATGCAGCGGC

PrF CGGCCGCTGCATGCCTGCAGTTCTCATTCCTTTAGTTTTTTC
PR TACCAAATAACATGTATATCACCCCTTTTTG

clpC-F GATATACATGTTATTTGGTAGATTAACTGAGC

clpC~R AGCTCGGTACCCGGGGATCCATGCTACTAAAAAAACAGCC
clpP~F CGGCCGCTGCATGCCTGCAGAGAAGGTGTTTTTGGTAG
clpP~R AGCTCGGTACCCGGGGATCCGTTTACTCATACAAAAAGAGC
16s rRNA-F GCGCTGCATTAGCTAGTTGGT

16s rRNA-R GGCCGATCACCCTCTCA

hla-F GGCCTTATTGGTGCAAATGT

hla-R CCATATACCGGGTTCCAAGA

clpP-F GACAGCTGGTTTTGCGATTT

clpP-R TGCAGCAATTTCGATTTCAG

clpX-F TGACGTTTCAGGTGAAGGTG

clpX-R CGGCGCTTAATCACTTCTTC

clpC-F GGTCATGATGATGGTGGAAA

clpC-R GATTGAACCACCGAATCCAG

improved growth. Several other stress response genes associated with heat shock were
also induced. Heat shock proteins such as DnaK, Dnal, and GrpE have various roles,
such as influencing lipopeptides in Pseudomonas aeruginosa (59). In S. aureus, DnaK has
been shown to be important in systemic infection as well as having roles in adhesion
and biofilm formation (36, 60). The heat shock protein GroEL has also shown promise
as a target for antimicrobials (61). The respective roles of these various heat shock
proteins have not been investigated in the context of skin infection; however, given
their various functions and increased expression in susceptible mice, they are likely to
also play a role in the pathogenesis of S. aureus in the skin.

Our results concur with those observed in patients, showing an increase in suscep-
tibility to infection. Our data suggest that the diabetic environment not only causes an
effect on host immunity and immune cell function but also causes physiological
adaptations to occur in S. aureus. These changes increase the virulence of S. aureus by
increasing the expression of translational and stress- and virulence-related genes. We
show that one set of these genes encoding the Clp proteases are important in the
pathogenesis of S. aureus skin infection with MRSA strain USA300.

MATERIALS AND METHODS

Bacterial culture. Staphylococcus aureus USA300 LAC as well as the JE2, pyk, sodA, katE, fbaA, sdhA,
atpG, gpml, clpP, and clpC strains from the S. aureus transposon library (62) and the clpX strain (63) and
its complement (44) were grown in Luria-Bertani broth. Bacteria were diluted 1:100 from cultures grown
overnight and grown to mid-exponential phase before resuspension in PBS for experiments. For
complementation, Escherichia coli ElectroTen-Blue was grown in LB medium or LB agar supplemented
with 100 wg/ml ampicillin, and S. aureus strains were grown in tryptic soy broth supplemented with
0.1 mM cadmium chloride when required. Hemolysis assays were performed on spent cultures from
suspensions of bacteria grown overnight. Clarified medium was filter sterilized and incubated with 1%
sheep red blood cells in PBS for 30 min at 37°C in 5% CO,. Red cells were removed at 2,000 rpm in
V-bottom plates before measurement at 415 nm in a Tecan plate reader. Triton X-100 at 1% was used as
a positive control. Protease assays were performed as described previously (64). Briefly, concentrated
bacteria were applied to gelatin-containing agar plates and incubated for 18 h at 37°C before precipi-
tation with 15% (wt/vol) HgCl, dissolved in 20% HCl at room temperature until zones of proteolysis were
visible.

Chromosomal complementation. The clpP mutant was chromosomally complemented using
pJC1111, a previously described Sapl site integration vector (65). Essentially, clpP was amplified along
with its native promoter using primers clpP~F and clpP~R and assembled into pJC1111 (PCR amplified
by primers pJC1111-F and pJC1111-R) to generate pAQ57 (Table 3). The c/pC mutant was complemented
using pAQ56, a low-copy-number derivative of pJC1111. For the construction of plasmid pAQ56, the
pSC101ori region of pCL25 (66) was initially amplified using primers pCL25_ -F and pCL25_,-R and
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assembled into pJC1111 devoid of its colET replication origin [amplified using primers pJC1111_, . -F
and pJC1111_,,.-R] to generate pAQS59. Finally, clpC (PCR amplified using clpC~F and cIpC.R) and its
native promoter (PCR amplified using P_,..-F and P_.;-R) were independently amplified and assembled
into pAQ59 (PCR amplified using pJC1111_fwd and pJC1111_rev) to generate pAQ56. All DNA assembly
reactions were performed using the NEBuilder high-fidelity DNA assembly cloning kit. The resulting
plasmids were maintained in E. coli ElectroTen-Blue (Stratagene) prior to Sapl site integration in S. aureus
RN9011. The chromosomally integrated plasmids (pAQ57 and pAQ59) were subsequently moved from S.
aureus RN9011 to the clpP and clpC mutants, respectively, by ®11 phage-mediated transduction.

Mouse studies. C57BL/6J, Lepr*/—, and Lepr—/— mice were bred at Columbia University. Obese
Lepr—/— mice were compared with littermate Lepr*/~ controls, and both sexes were used. Hyperglycemic
C57BL/6J mice were generated through daily injections over 5 days with 50 mg/kg of body weight of
streptozotocin (STZ) (67). STZ experiments were done using 8-week-old male mice, with glucose levels
measured 10 days after the last injection. Glucose measurements were obtained from tail vein blood
and quantified using an Accu-Chek Aviva Plus monitoring kit (Roche). Mice with glucose levels over
250 mg/dl were included in hyperglycemic groups for study.

Mice were infected with 2 X 106 CFU of S. aureus USA300 subcutaneously while under anesthesia.
Streptozotocin-treated and control mice were anesthetized using ketamine and xylazine, and Lepr—/—
and Lepr*/~ mice were anesthetized with isoflurane prior to infection. Analysis of areas of dermonecrosis
was performed using homogenized material from 5-mm punch biopsy specimens. Bacterial counts were
quantified after growth on CHROMagar S. aureus bacteriological medium (Becton Dickinson). Flow
cytometry on cells from skin homogenates was performed as described previously (68), using an LSRII
instrument (BD Biosciences). Clarified supernatants from skin homogenates were used to quantify
cytokine levels by an enzyme-linked immunosorbent assay (ELISA) (BioLegend) (according to the
manufacturer’s instructions) and myeloperoxidase (MPO) activity using the EnzChek MPO activity assay
kit (Life Technologies). Skin biopsy specimens were fixed in 4% paraformaldehyde overnight to prepare
paraffin blocks for hematoxylin and eosin (H&E)-stained slides.

Animal work in this study was carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health (69), the Animal Welfare
Act, and U.S. federal law. Protocols were approved by the Animal Care and Use Committees of Columbia
University and Rutgers New Jersey Medical School.

Tissue culture. Immortalized bone marrow-derived macrophages (BMM) were grown as described
previously (70). The human keratinocyte line HaCaT was grown in RPMI 1640 medium with 10% fetal calf
serum (FCS), penicillin, and streptomycin. Primary human keratinocytes (HKn) were grown in Dermalife
(Lifeline Cell Technologies) with 1% FCS, penicillin, and streptomycin. Fibronectin (Corning) was added
at 10 ug/ml 1 h prior to infection. To analyze the effect of glucose on cell function, BMM were grown in
normal (5 mM) and high (30 mM) glucose. Likewise, skin cells were grown in 6 mM for normal levels and
in 50 mM for high levels of glucose. Cells in normal and high glucose were grown for 2 days prior to
experiments, with cells being removed to no glucose 2 h prior to bacterial stimulation. 2-Deoxyglucose
(2DG) was used to inhibit glucose utilization at 1 mM during growth under normal- and high-glucose
conditions. The effect of reactive oxygen species (ROS) was tested by growing cells in the presence of
5 wM hydrogen peroxide. Viability of cells was determined with a Countess cell counter (Life Technol-
ogies).

Gentamicin protection assays were performed at an S. aureus multiplicity of infection (MOI) of 20 for
2 h, before cells were washed and treated with 500 ug/ml of gentamicin for 2 h. Cells were then washed,
detached with TrypleExpress (Life Technologies), and serially diluted onto LB agar plates for quantitation.
Extracellular killing assays were conducted 2 h after bacterial stimulation.

Bacterial uptake assays were conducted using Alexa Fluor 647 (AF647) (Life Technologies)-labeled S.
aureus. Mammalian cells were incubated for 20 min with labeled bacteria, prior to washing, detachment,
and analysis via flow cytometry.

ROS were measured using the CellROX (cellular ROS) and MitoSOX (mitochondrial ROS) kits using
flow cytometry according to the manufacturer’s instructions (Life Technologies).

Glycolytic stress. BMM cells were seeded at 20,000 cells/well in a Seahorse XF24 well plate (Agilent)
in the presence of 5mM or 30 mM glucose and incubated at 37°C with 5% CO, for 2 days. A sensor
cartridge was calibrated according to the manufacturer’s instructions overnight at 37°C without CO,. On
the day of infection, BMM were washed once in XF base medium supplemented with 2 mM glutamine.
The cells were infected at an MOI of 10 and incubated at 37°C without CO, for 3 h. The extracellular
acidification rate (ECAR) was measured using an XF24 analyzer (Seahorse Bioscience). Each measurement
cycle consisted of a mixing time of 3 min and a data acquisition period of 3 min (12 data points). Glucose
was injected at a final concentration of 10 mM to stimulate glycolysis, followed by the addition of
oligomycin at 1 uM to suppress oxidative phosphorylation and 2-deoxyglucose at 50 mM to inhibit
glycolysis. The metabolic activity of the bacteria was determined by adding the same amount of bacteria
used during tissue culture infection to XF24 well plates containing XF base medium only.

RNA extraction and cDNA synthesis. RNA was isolated from punch biopsy homogenates of
1-day-old infection sites using the Direct-zol RNA extraction kit (Zymo), after treatment for 5 min with
50 ug/ml of lysostaphin. Isolated RNA was further treated with DNase according to the manufacturer’s
instructions (Ambion). Quantitative reverse transcriptase PCR (qRT-PCR) was performed using SYBR green
on cDNA generated using a high-capacity cDNA synthesis kit (Applied Biosystems). Transcripts were
normalized to 16S rRNA levels.

For dual RNAseq analysis, RNA was treated with a Ribo-Zero gold epidemiology kit (lllumina)
according to the manufacturer’s instructions. Enrichment for bacterial transcripts was performed as

May 2019 Volume 87 Issue 5 e00163-19

Infection and Immunity

iaiasm.org 14


https://iai.asm.org

S. aureus Virulence Genes Identified in Diabetic Mice

described previously (71). The RNA was fragmented using the NEBNext magnesium RNA fragmen-
tation module (72) with a 3-min incubation at 94°C, followed by a cleanup step using RNA Clean &
Concentrator-5 (Zymo Research). Double-stranded, tagged cDNA was generated from 50 ng of frag-
mented RNA as previously described (71, 73). Noncaptured samples were prepared by diluting the
double-stranded cDNA 100-fold and then adding sequencing adaptors and 6-mer ScriptSeq (Epicentre)
barcodes with 12 cycles of PCR. Biotinylated probes specific to S. aureus were generated from S. aureus
genomic DNA using the BioPrime DNA labeling system (Life Technologies) according to the manufac-
turer's instructions. The hybridization reaction was set up with 20 ng of double-stranded tagged cDNA
mixed with 2 ug of probes and then dehydrated using a vacuum centrifuge and resuspended in 10 ul
of hybridization buffer (NimbleGen). The hybridization mixture was denatured using a thermocycler at
95°C for 5 min, followed by incubation overnight (16 to 18 h) at 60°C. Monomeric avidin agarose
(Pierce)-packed Micro-Spin columns (Pierce) were made by adding 60 ul of the mixture and centrifuging
the mixture for 1 min at 600 X g. All subsequent steps were carried out in a 60°C incubator, with all
buffers and equipment prewarmed in the incubator for at least 2 h. The packed column was washed
twice with 200 ul of 0.1 M PBS, and the hybridized sample was then applied directly to the packed resin.
After 5 min of incubation, the sample was washed 15 times with 200 ul 2X stringent wash buffer
(NimbleGen). The probe-bound sequences were then eluted off the column with two additions of 25 ul
of biotin elution buffer (Pierce). The eluted fraction was cleaned and concentrated to a final volume of
13 pl using 1.8 volumes of AMPure XP beads (Beckman Coulter).

Library preparation and sequencing. A quantitative PCR (qPCR) assay was performed on the
captured cDNA samples to determine the correct number of cycles required to generate the final
sequencing library as well as to assess the efficacy of normalization and enrichment (73). Typically, higher
threshold cycle (C;) values indicate greater depletion of host transcripts. The final library was created by
PCR amplifying the samples with the full-length sequencing adaptors and 6-mer ScriptSeq (Epicentre)
barcodes. Following PCR, the samples were cleaned and size selected in a two-step cleanup using 0.75
volumes of AMPure XP beads followed by 0.15 volumes to achieve a final library with an average size of
~330 bp. Libraries were combined with 12 samples each, in equal amounts, and concentrated using DNA
Clean & Concentrator-5 (Zymo Research). Prior to sequencing, the final libraries were quantified using
qPCR. Combined libraries were sequenced on an lllumina NextSeq instrument using 75-cycle kits.
Samples were loaded at 1.8 pM, and 75-base single-end reads were obtained.

Transcriptome analysis. Host gene analysis was performed as previously reported, using the
in-house-developed YAnTra software pipeline (71). Low-complexity and low-quality sequences from
FASTQ files were filtered out as previously described (74, 75). Filtered reads were then aligned to the
mouse reference genome using TopHat2 (76) and Bowtie2 (77) to produce SAM/BAM files that were then
used for alignment maps. Cufflinks (78) was used to analyze SAM/BAM files to obtain normalized
expression values for genes as fragments per kilobase of exon per million fragments mapped (FPKM)
values. Data were analyzed through the use of IPA (Qiagen Inc.). For bacterial sequence information, read
abundance was quantified using the S. aureus USA300 FPR3757 reference genome (GenBank accession
number NC_007793) and Kallisto (79), a kmer-based pseudoalignment tool, with analysis and visualiza-
tion using Degust (https://github.com/drpowell/degust). Degust uses Voom/Limma (80) and generates
an interactive website to analyze and explore the data. Differential expression was considered statistically
significant by applying threshold cutoffs of a >1.5-fold change and a P value of <0.05 (adjusted for false
discovery). Bacterial genes were categorized into orthologous groups (81), and pathways were inter-
preted using Genome2D (42).

Statistics. Animal data were assessed using a nonparametric Mann-Whitney test. Graphs display
means with standard deviations. All experiments were conducted on at least two separate occasions. In
vitro experiments were assessed using parametric Student’s t test. Multiple comparisons were conducted
using one-way analysis of variance (ANOVA) with Bonferroni’'s multiple-comparison test. Clusters of
Orthologous Groups (COG) were compared with Fisher's exact test. Statistics were performed with Prism
software (GraphPad, La Jolla, CA, USA).
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