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Lack of nutritional immunity in diabetic skin infections
promotes Staphylococcus aureus virulence
Lance R. Thurlow, Amelia C. Stephens, Kelly E. Hurley, Anthony R. Richardson*
Elevated blood/tissue glucose is a hallmark feature of advanced diabetes, and people with diabetes are prone to
more frequent and invasive infections with Staphylococcus aureus. Phagocytes must markedly increase glucose
consumption during infection to generate and oxidative burst and kill invading bacteria. Similarly, glucose is
essential for S. aureus survival in an infection and competition with the host, for this limited resource is reminiscent
of nutritional immunity. Here, we show that infiltrating phagocytes do not express their high-efficiency glucose
transporters in modeled diabetic infections, resulting in a diminished respiratory burst and increased glucose
availability for S. aureus. We show that excess glucose in these hyperglycemic abscesses significantly enhances
S. aureus virulence potential, resulting in worse infection outcomes. Last, we show that two glucose transporters
recently acquired by S. aureus are essential for excess virulence factor production and the concomitant increase in
disease severity in hyperglycemic infections.

The incidence of diabetes is rapidly increasing, with some estimates
predicting more than 590 million afflicted people by 2035 (1). Several
complications are associated with diabetes including increased risk
of infection (2). One of the most common infections in individuals
with diabetes are skin and soft tissue infections (SSTIs) that often
manifest as foot ulcers (2, 3). SSTIs in people with diabetes are often
polymicrobial; however, Staphylococcus aureus is the most commonly
isolated pathogen from diabetic SSTIs (4, 5). Moreover, S. aureus
SSTIs more frequently result in invasive infections, including endocarditis, osteomyelitis, and sepsis in patients with diabetes (3, 4).
Numerous studies have revealed defects in both innate and adaptive
immunity that are attributed to the diabetic state and contribute to
the severity of infections. These include decreased reactive oxygen
species (ROS) production by neutrophils and suppressed T cell
function; however, the mechanisms for suppressed immunity are
not known (6–9). While immune suppression in diabetic infections
has been described numerous times, to our knowledge, there have
been few studies that address how hyperglycemia in diabetic infections influences the virulence potential of bacterial pathogens.
To cause disease, S. aureus must produce several secreted virulence
factors including, but not limited to, -hemolysin (Hla), phenol-
soluble modulins (PSMs), and various proteases. Most of these
virulence factors are unique to S. aureus and not found in other
staphylococcal species (10, 11). In addition, for full virulence, S. aureus
must metabolically adapt to immune radical laden and hypoxic environments within sites of inflammation. This trait too distinguishes
S. aureus from most other species of staphylococci. One unifying
feature of maximized virulence factor production and respiration-
independent fermentation in S. aureus is that both require access to
abundant carbohydrates, specifically glucose. Accordingly, S. aureus
has evolved an expanded glycolytic capacity, highlighted by the
acquisition of two additional glucose transporters: GlcA and GlcC
(12). While these two phosphotransferase system (PTS)–dependent
glucose transporters are found in the genomes of virtually every
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S. aureus clone, they are largely absent from coagulase-negative
staphylococcal species (12).
Several bacterial species rely on quorum sensing to monitor cell
density and regulate the expression of a spectrum of genes including virulence factors. In S. aureus, the accessory gene regulator
(Agr) is the primary quorum sensing system responsible for inducing the transcription of several virulence factors (13–15). The Agr
operon consists of four genes, an autoinducing peptide (AIP) encoded
by agrD, the peptide transporter/processor agrB, the receptor histidine
kinase agrC, and the response regulator agrA. During growth, AIP
accumulates in the environment and is sensed by AgrC that subsequently autophosphorylates and passes its phosphoryl group to
AgrA. Phosphorylated AgrA acts as a transcriptional activator that
induces the transcription of many virulence factors including PSMs
and the Agr operon itself as well as RNAIII, which is responsible for
full expression of toxins (16, 17). A recent study showed that the
adenosine 5′-triphosphate (ATP)–binding domain of S. aureus AgrC
has reduced affinity for ATP relative to other sensor kinases, requiring up to 10 times more intracellular ATP for full AgrC activity
(18, 19). This study further suggested that linkage between Agr
activity and intracellular ATP levels affords S. aureus the ability to
“sense” the energy status of the cell via the Agr system. Thus, toxin
production in S. aureus is controlled by bacterial density and a
positive energy status.
Here, we show that exacerbated disease severity in a murine
model of diabetes can be attributed to two aspects of this metabolic
state: innate immune dysfunction and hyperglycemia. We used a
streptozotocin (STZ)–induced hyperglycemia to model particular
aspects of diabetes. Namely, by specifically killing  cells of the
pancreas, STZ induces insulin-dependent hyperglycemia within 48 to
72 hours following injection. Subsequent inoculation with S. aureus
allowed for assessing the effects of hyperglycemia on virulence factor
production and disease outcomes while avoiding the confounding
effects of advanced age and obesity associated with other murine
models of diabetes. Given the poor immune output of phagocytes
from STZ-treated animals, S. aureus is able to reach much higher
densities than in the abscesses from untreated euglycemic animals.
In addition, we show that the lack of glucose consumption by
phagocytes from STZ-treated mice partly explains the previous
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Fig. 1. Diminished oxidative burst in hyperglycemic abscesses correlates with
worse infection outcomes. Untreated (UT) (N = 9 and N = 11) and STZ-treated
(N = 11 and N = 8) mice were infected with 1 × 107 CFU of the USA300 methicillin-
resistant S. aureus (MRSA) strain LAC. WT-infected STZ-treated mice have a larger
dermonecrotic lesion (A), increased abscess burden (B), and increased dissemination to the kidney (C) compared with similarly infected untreated mice. Pictures of
dermonecrotic lesions from an untreated mouse (red arrows) (D) and a STZ-treated
mouse (E) show enhanced dermonecrosis in hyperglycemic infection. Immunohisto
chemistry (IHC) was performed on tissues from untreated and STZ-treated infections using antibodies against iNOS, nitrotyrosine (Y-NO2), or GLUT-1 (red) and
counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (F) Tissues from
both untreated and STZ-treated mice show iNOS staining. (G) However, while untreated mice exhibit robust Y-NO2 staining, this adduct is largely absent in tissue
from STZ-treated animals. (H) Similarly, tissues from untreated mice show robust
GLUT-1 staining that is mostly absent in tissue from STZ-treated animals. Photo
credit: Lance Thurlow, University of Pittsburgh.

LysM/Cre GLUT-1 knockout (KO) mice that do not express GLUT-1
on macrophages or neutrophils to confirm that maximum host glucose
utilization is necessary for oxidative burst and control of S. aureus
infections. Similar to what we observed in diabetic mice, IHC from
GLUT-1 KO mice showed no GLUT-1 expression concomitant with
the absence of nitrotyrosine adducts (fig. S3, A to D). In addition,
GLUT-1 KO mice displayed increased bacterial burdens in the
abscess and increased dissemination to peripheral organs, albeit to
a lesser extent than in STZ-treated mice (fig. S3, E and F). Thus,
with all other aspects of insulin signaling intact, the limited host
glycolytic flux in GLUT-1−/− mice results in reduced ability to control S. aureus infections.
The Agr two-component system is essential for invasive
hyperglycemic infections and requires glucose for activation
Our results show that STZ-treated mice develop more severe infections than their untreated counterparts in every measured metric.
STZ-treated animals exhibit elevated blood glucose (≥300 mg/dl
compared with ~100 mg/dl in untreated animals), which translates
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Infiltrating phagocytes do not consume glucose or generate
and oxidative burst in hyperglycemic infections
We used an STZ-induced diabetic mouse model to compare the
severity and invasiveness of S. aureus SSTIs between hyperglycemic
and euglycemic (untreated) mice. Mice were injected subcutaneously
with 107 colony-forming units (CFUs) of S. aureus and were assessed
7 days after infection for weight loss, lesion size, bacterial burdens
within the abscess, and dissemination to peripheral organs. Our
results show that hyperglycemic STZ-treated mice develop more
severe infections than their untreated counterparts in every measured
metric. STZ-treated mice displayed increased lesion size, excessive
weight loss, elevated bacterial burden in the infected abscess, and
increased dissemination to peripheral organs (Fig. 1, A to E, and
fig. S1, A to C). This is consistent with other diabetic SSTI models
with S. aureus.
People with diabetes are known have innate immune defects that
contribute to infection severity. The most common innate immune
defect described in diabetic infections is the lack of an oxidative
burst consisting of ROS and nitric oxide (NO·) generated by macrophages and neutrophils (9). When activated, innate immune cells
undergo a substantial metabolic reprogramming reminiscent of
Warburg metabolism where glycolysis is significantly increased
with pyruvate being converted to lactate instead of being fluxed
through the tricarboxylic acid (TCA) cycle (20). The rapid influx
of glucose needed for oxidative burst necessitates the expression of
high-affinity glucose transporters encoded by SCL2A1 and SCL2A3
commonly referred to glucose transporter-1 and -3 (GLUT-1/-3)
(21). To determine the importance of host glucose utilization to
S. aureus immunity, we deprived RAW 264.7 macrophages of glucose
and expectedly found that the absence of glucose prevents macrophages from generating an oxidative burst and attenuates their ability
to kill S. aureus in vitro (fig. S2, C and D). Immunohistochemistry
(IHC) performed on infected tissues revealed that immune cells in
both untreated and STZ-treated mice expressed inducible NO synthase (iNOS); however, similar to what has previously been described,
we observed almost no evidence of oxidative burst in abscess tissues
from STZ-treated animals by the absence of nitrotyrosine adducts
that are only formed in the presence of high levels of ROS and NO
(Fig. 1, F and G). Furthermore, we observed that iNOS-positive infiltrating cells at the infection site in untreated mice stained brightly
for GLUT-1 and GLUT-3; however, we detected neither in infected
tissue from STZ-treated animals even though infiltrating cells were
present (Fig. 1H and fig. S1, A and B). We subsequently infected
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observations of diminished respiratory burst. The lack of glucose
consumption by these phagocytes coupled with total body hyperglycemia results in an infection environment that is replete with the
excess glucose. We show that the excess glucose in infections of
STZ-treated animals maximizes S. aureus virulence factor production in an Agr-dependent fashion. Furthermore, our results demonstrate that mutants defective in glycolysis are limited in virulence
factor production and cannot cause severe lesions in hyperglycemic
infections. Last, we show that the evolved expansion of glycolytic
capacity in S. aureus is required for excessive invasiveness in hyperglycemic SSTIs. Specifically, we show that the recent acquisition of
glcA and glcC by S. aureus is essential for full toxin production and
virulence potential in hyperglycemic SSTIs.
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into significantly elevated tissue glucose levels (>4-fold) at the site
of infection (Fig. 2A). Furthermore, others and we observed that
glucose promotes Agr-mediated toxin production by S. aureus
(22, 23). The Agr regulated RNAIII is responsible for maximal toxin
and protease expression. The presence of glucose is known to enhance
Agr activity when grown in buffered conditions (23). We cultivated
S. aureus in chemically defined media (CDM) supplemented with
glucose (PNG) or casamino acids (PNCAA) to determine whether
glucose preferentially activated RNAIII transcription using an RNAIII
yellow fluorescent protein (YFP) fusion. Our results confirm a significant increase in RNAIII-driven YFP in strains grown in PNG
compared with PNCAA (Fig. 2, B and C).
A

B

P < 0.0001

In S. aureus, the Agr two-component system is required for virulence factor production and is attenuated in numerous animal
models including SSTIs (24). Given the above results, we infected
untreated and STZ-treated mice with wild-type (WT) LAC and the
LAC agrA::Tn, and consistent with other studies, we show that the
agrA::Tn strain is attenuated in normal mice in terms of weight loss,
lesion size, bacterial burden in the skin, and dissemination to peripheral organs (Fig. 2, D to F, and fig. S4, A to C). We also show
that the agrA::Tn strain is attenuated compared with WT in hyperglycemic STZ-treated mice, as there is no lesion formation with the
agrA::Tn (Fig. 2D and fig. S4, D to F). This is despite the increased
bacterial burden observed in the skin of the STZ-treated mice infected
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Fig. 2. Agr is required for invasive infections in hyperglycemic mice and requires glucose for activation. Glucose levels were measured in abscesses from untreated
and STZ-treated animals and normalized to protein levels. (A) Abscesses from STZ-treated animals had significantly higher glucose levels than those from untreated animals.
(B) S. aureus strain LAC harboring a plasmid with YPF linked to the RNAIII promoter (filled symbols) were grown in PNG (red symbols) or PNCAA (blue symbols). Fluorescence is only observed in strains grown in PNG (left axis) (B). (C) Relative RNAIII:YFP fluorescence normalized to OD660 at 10 hours shows greater induction of RNAIII in
strains LAC and COL grown in PNG (n = 3). Normal (N = 9 and N = 11) and diabetic (N = 11 and N = 8) mice were infected with 1 × 107 CFU of the USA300 MRSA strain LAC
or LAC agr::Tn (n = 10 for untreated and N = 8 for STZ-treated). (D) Neither treated nor STZ-treated mice infected with agr::Tn formed necrotic lesions. (E) The agr::Tn
abscesses had lower bacterial burdens than WT-infected mice in both untreated and STZ-treated mice; however, the reduced burden in STZ-treated mice was not as
notable. (F) STZ-treated mice infected with agr::Tn had significantly less dissemination to the kidneys compared with STZ-treated mice infected with WT LAC.
Thurlow et al., Sci. Adv. 2020; 6 : eabc5569
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Glycolysis is required for maximal ATP generation
and S. aureus virulence factor production
S. aureus grown in chemically defined media supplemented with
glucose (PNG) preferentially activated RNAIII transcription compared with media supplemented with casamino acids (PNCAA)
(Fig. 2B). In addition to increased RNAIII transcript in PNG, we
observed an elevated transcription of hla, psm, and aur in S. aureus
grown in PNG and overproduction of Hla secreted into the media
(Fig. 3, A and B, and fig. S6, B to D). The mere presence of glucose,
however, is not enough to maximize virulence factor production.
Mutants unable to efficiently use glucose consistently exhibited
reduced hla expression. The glycolytic mutants ∆pfkA and ∆pyk
exhibited reduced Hla excretion despite the presence of glucose
(Fig. 3, D and E). In addition, mutants with complete and partial
defects in converting glucose to glucose-6-phosphate (ptsHH15A/glcK
and ptsHH15A, respectively; fig. S6) also produced significantly less Hla
and were severely attenuated in both untreated and STZ-treated mice
(fig. S7). ptsHH15A is an allele that cannot import any carbohydrates
via any PTS system but is still able to engage carbon catabolite protein A (CcpA) for carbon catabolite regulation. The mutant can still
use glucose via the non-PTS GlcU permease, but this requires glucose kinase (GlcK) to generate glucose-6-phosphate in order for
carbon to enter into upper glycolysis (fig. S6).
The mechanism behind the glucose-stimulated virulence factor
production in S. aureus has never been formally defined. However,
given the reduced affinity of AgrC for ATP (KM = ~1.5 mM, ~1
order of magnitude above other histidine kinases), phosphorylation
Thurlow et al., Sci. Adv. 2020; 6 : eabc5569
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of AgrA would require high intracellular ATP levels (18). Our
results show that S. aureus grown in PNG contain roughly twice as
much intracellular ATP compared with the PNCAA grown counterparts (Fig. 3C). We determined that intracellular ATP concentrations in PNG range between 0.8 and 1 mM, just under the KM of
AgrC for ATP, suggesting that further reduction in ATP pools (e.g.,
growth in PNCAA) may significantly hinder Agr activity. In further
support of the role of ATP levels in modulating toxin production,
reducing the efficiency of ATP generation from glucose catabolism
also reduced virulence factor expression. In the presence of glucose
and oxygen, S. aureus uses overflow metabolism where glucose is
primarily metabolized to acetate (fig. S4). This pathway provides
S. aureus the ability to rapidly generate two additional ATP per
glucose molecule. S. aureus uses the phosphotransacetylase (Pta)–
acetate kinase (AckA) pathway to generate acetate and ATP (fig. S6)
(27). Although not as marked as pfkA or pyk, our results show
that compared with WT, growth of the ackA mutant in PNG
resulted in less ATP production and decreased Hla production
compared with WT (Fig. 3, G to I). Thus, despite being able to fully
catabolize glucose, the decreased energy yield in the ∆ackA mutant
reduced Agr activity, resulting in decreased disease severity in both
euglycemic and hyperglycemic animals (Fig. 3, K and L, and fig. S8).
Agr activity in the form of Hla excretion was linearly correlated with
the level of intracellular ATP in all of the mutants tested [coefficient
of determination (R2) = 0.7], suggesting that Agr activity is tightly
linked with the energy state of the cell (Fig. 3J).
Excess glucose in hyperglycemic infections
disproportionately potentiates S. aureus virulence
over fitness
Phlorizin is a competitive inhibitor of the sodium/glucose co
transporters 1 and 2 (SGLT 1 and 2) in the kidney and lowers blood
glucose levels by inhibiting glucose reabsorption. We treated mice
with phlorizin 1 day before and throughout infection with S. aureus.
Phlorizin treatment reduced blood glucose to below 200 mg/dl in 7
of 10 treated mice. The phlorizin-treated mice with lower blood
glucose had markedly smaller lesion sizes and lower organism burdens
and exhibited reduced dissemination to peripheral organs than their
hyperglycemic (STZ alone treated) counterparts (Fig. 4, A to F). In
addition, using quantitative real-time polymerase chain reaction (PCR),
we show that transcripts of hla, psm, and aur are significantly elevated
in hyperglycemic infections compared with untreated controls (Fig. 4G).
However, in phlorizin-treated animals, we observe that transcripts
of hla, psm, and aur are reduced to levels observed in euglycemic
untreated mice (Fig. 4G). This suggests that the stark reduction in
disease severity in phlorizin-treated mice is incongruent with the
mere ~half-log reduction in organism burden, despite being statistically
significant. Rather, the improved infection outcome from phlorizin
treatment results partly from the reversal of excessive virulence factor
production in hyperglycemic mice.
Evolutionarily acquired glucose transporters are
essential for full toxin production and virulence potential
in diabetic mice
In further support of the notion that the primary effect of excess
glucose in diabetic infections is to exacerbate virulence factor
production, we infected untreated and STZ-treated animals with an
S. aureus mutant devoid of glucose transport. Unlike ∆pfkA or ∆pyk
mutants, which cannot use any carbohydrate, the ∆G4 mutant
4 of 11

Downloaded from http://advances.sciencemag.org/ on March 1, 2021

with agrA::Tn (Fig. 2E). The increased burden in STZ-treated animals
likely stems from the immune dysregulation and weak oxidative/
nitrosative burst described in Fig. 1 and by others (7, 9).
Several virulence factors have been shown to directly contribute
to disease severity in murine SSTI models including alpha toxin (Hla)
and a myriad of secreted proteases. Hla is known to be responsible
for the majority of dermonecrosis associated with S. aureus SSTIs
(25). In addition, in an SSTI, S. aureus grows in a biofilm-like aggregate that, in STZ-treated mice, is consistently able to disseminate to
peripheral organs. The proteases produced by S. aureus potentiate
biofilm dispersal, with aureolysin being the most active (26). We
used a ∆hla mutant and an isogenic mutant that lacked all protease
production (Pro) to determine the contribution of each to invasive
infection in hyperglycemic mice. Mice infected with hla had decreased lesion size and decreased dissemination to peripheral organs
in both untreated and STZ-treated mice as compared with the WT-
infected counterparts (fig. S5, A to F). While ∆hla exhibited marked
reduction in abscess burden in untreated mice, it was still able to
reach the elevated burdens of WT infections in the STZ-treated
animals (fig. S5C). Unlike the hla mutant, the Pro mutant was
not attenuated in lesion size or abscess burden in untreated mice;
however, Pro was attenuated in STZ-treated mice, as it produced
smaller lesion sizes and decreased dissemination compared with
WT-infected mice despite normal bacterial burdens (fig. S5, A to F).
The increased bacterial burden observed in the skin of STZ-treated
mice infected with the ∆hla, ∆Pro, and the agrA::Tn can most likely
be attributed to immune deficiency associated with the lack of insulin
signaling. However, these data suggest that hyperglycemic STZ-
treated mice are not completely permissive to invasive S. aureus
infection in that full disease severity and dissemination require virulence factors under the control of Agr.
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Fig. 3. Toxin production by S. aureus requires ATP generation from glycolysis. (A) Representative Western blot showing Hla in spent media from LAC grown in PNG
(left) or PNCAA (right). (B) Quantification of Hla normalized to OD660 in LAC grown in PNG or PNCAA (n = 3). AU, arbirtrary unit. (C)Quantification of intracellular ATP normalized to OD660 relative to LAC grown in PNG versus PNCAA (n = 3). (D) Representative Hla Western blots from culture supernatants from LAC (left), LAC pfkA (center),
and LAC pyk (right) grown in PNMix. (E) Quantification of Western blots from LAC, LAC pfkA, and LAC pyk (n = 3). (F) Quantification of intracellular ATP normalized to
OD660 relative to LAC. (G) Representative Hla Western blots of culture supernatant from LAC (left) and LAC ackA (right) grown in PNG. (H) Quantification of -toxin Western blots from LAC and LAC ackA (n = 3). (I) Quantification of intracellular ATP normalized to OD660 relative to LAC (n = 3). (J) Regression analysis revealed a significant
correlation between normalized intracellular ATP and the amount of normalized excreted Hla (R2 = 0.7, nonzero slope, P = 0.019). Untreated and STZ-treated mice were
infected with 107 CFU of WT LAC or LAC ackA (WT UT, n = 10; WT STZ, n = 7; ackA UT, n = 10; and ackA STZ, n = 11). (K) Untreated mice infected with WT or ackA have
similar lesion sizes. STZ-treated mice infected with akcA have significantly larger lesion sizes than similarly infected untreated mice, but smaller lesion sizes than
STZ-treated mice infected with WT (K). (L) STZ-treated mice infected with WT have significantly increased bacterial burden in the subcutaneous abscess compared with
similarly infected untreated mice. STZ-treated mice infected with ackA have significantly increased bacterial burden in the subcutaneous abscess compared with similarly infected untreated mice (L). There is no significant difference in abscess burden in STZ-treated mice infected with WT or ackA (L). N.S., not significant.

(lacking all four glucose transporters: glcA, glcB, glcC, and glcU) is
specifically defective in glucose utilization (12). We observed decreased ATP levels concomitant with decreased Hla accumulation
in media and decreased transcript levels of hla, psm-, and aur
when G4 was grown in CDM with both glucose and casamino acid
carbon/energy sources (PNMix) (Fig. 5, A to D). This translates
into markedly reduced lesion sizes and dissemination to peripheral
Thurlow et al., Sci. Adv. 2020; 6 : eabc5569
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organs in both untreated and STZ-treated animals (Fig. 5, F and G,
and fig. S9). Even at day 3, when abscess sizes are largest, we see no
observable skin lesion in ∆G4-infected STZ-treated animals (fig. S9E).
Again, this decreased disease severity cannot be fully explained by
reduced organism burdens, particularly in the case of hyperglycemic
animals in which the ∆G4 was still overabundant by ~2-logs compared
with untreated mice (Fig. 5G). Rather, real-time PCR performed on
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Downloaded from http://advances.sciencemag.org/ on March 1, 2021

G

P < 0.0001

Relative ATP levels:
late stationary phase

E
AU/OD660

D

ATP relative to PNG:
early stationary

B
AU/OD660

A

SCIENCE ADVANCES | RESEARCH ARTICLE
P = 0.0002

D
Log10: CFU/kidney

P < 0.0001

P = 0.001

G

P = 0.0039
P < 0.0001 P = 0.0001

P < 0.0001

F

P < 0.0001

P < 0.0001

P = 0.0004
P < 0.0001 P = 0.005

DISCUSSION

N.S.
N.S.

N.S.

Fig. 4. Reducing blood glucose in hyperglycemic mice with phlorizin reverses
infection severity. Mice were treated with phlorizin (Phlo) 1 day before infection
and throughout the course of infection to lower blood glucose levels without influencing insulin signaling. (A) STZ-treated mice treated with phlorizin had smaller
lesions than mice treated with STZ alone, but larger lesions than untreated mice.
(B) Infected STZ-treated mice display significant weight loss that is reversed with
phlorizin. (C) STZ-treated mice that were further treated with phlorizin display lower
abscess burdens than mice treated with STZ-alone, but higher burdens than untreated mice. Phlorizin treatment resulted in decreased dissemination to the
peripheral organs in STZ-treated mice including the kidneys (D), liver (E), and heart
(F). (G) Quantitative real-time PCR S. aureus isolated from untreated, STZ-treated,
and dual STZ phlorizin abscesses showed significantly increased expression (P < 0.05)
of hla, psm, and aur in STZ-treated mice that is reversed by phlorizin.

WT and G4 isolates from hyperglycemic abscesses showed markedly
decreased transcription of hla, psm-, and aur in the G4 strain
(Fig. 5E). Thus, mutants that are unable to capitalize on excess
blood glucose in hyperglycemic tissue cause markedly reduced disease severity with only a modest reduction in organism burden.
Glycolysis is essential for both the full virulence capacity of
S. aureus and the ability of the host to mount an effective immune
response against invading pathogens. Consequently, the host uses
two dedicated, high-affinity glucose transporters (GLUT-1 and
GLUT-3) to support active inflammatory phagocyte activity. Similarly,
two of the four S. aureus glucose transporters, GlcA and GlcC, are
recent additions to the genome, as they are absent in all but two
other staphylococcal species and overly contribute to glucose transport (Fig. 6A) (12). We deleted glcA and glcC (G2) to determine
the contribution of these recently acquired, highly active glucose
transporters to S. aureus toxin production and virulence. Although
not as robust as the G4 mutant, the G2 mutant had decreased intracellular ATP levels and decreased Hla production (Fig. 5, A to C).
Thurlow et al., Sci. Adv. 2020; 6 : eabc5569

The G2 mutant was moderately attenuated in untreated euglycemic mice but achieved WT levels of abscess burden hyperglycemic
abscesses (Fig. 6C). However, STZ-treated mice infected with G2
exhibited decreased weight loss, smaller lesion sizes, and reduced
dissemination compared with WT infections (Fig. 6, B to D, and fig.
S10). Thus, for S. aureus to fully benefit from elevated blood glucose
in hyperglycemic animals, it must express these two newly acquired,
highly active glucose PTS systems.
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Individuals with diabetes are prone to more frequent and invasive
SSTIs, with S. aureus being the most common pathogen isolated
from diabetic wounds (2, 4, 28). Previous studies have proposed
that decreased respiratory burst produced by innate immune cells
might be the underlying cause of increased infection severity; however,
the mechanisms for suppressed immunity are not known (7–9).
Upon stimulation, infiltrating phagocytes adopt a metabolic strategy
whereby high glycolytic flux is redox balanced via lactate production.
The excess requirement for glucose acquisition is met by the induction of high-affinity glucose transporters, GLUT-1 and GLUT-3, on
infiltrating phagocytes (Fig. 1H and fig. S2A) (21). The ability to
transition into this metabolic state is critical for immune output
since any interference with phagocyte glucose import precludes an
effective oxidative burst and bacterial clearance (figs. S2, C and D,
and S3, E and F) (20). We previously showed that S. aureus has
evolved a similar metabolic strategy through the genetic acquisition
of two highly active glucose transporters (glcA and glcC; Fig. 6A and
fig. S6A) and a highly active lactate dehydrogenase (ldh1) to resist
immune radicals such as NO (12). This “metabolic mimicry” affords
S. aureus the ability to thrive at sites of inflammation, provided that
it has adequate access to glucose. However, over time, the supply of
glucose is diminished by the ever-increasing populations of infiltrating phagocytes, eventually leading to the resolution of the SSTI
and bacterial clearance (Fig. 1, A to C) (29). In STZ-treated hosts,
however, this coordinated immunometabolic response is completely
dysfunctional, as infiltrating phagocytes do not express GLUT-1 or
GLUT-3 and do not elicit a respiratory burst (Fig. 1, F to H, and
fig. S2, A and B). The lack of robust immune radical production has
been previously observed in multiple diabetic models of infection;
however, a role in glucose transport was never implicated. In addition, we observed a sixfold increase in glucose in abscesses from
STZ-treated animals compared with those from untreated mice
even though there is only about a fourfold increase in blood glucose
(Fig. 2A). This suggests that competition for glucose at the infection
site is another form of nutritional immunity reminiscent of the host
scavenging transition metals such as iron, zinc, and manganese, all
of which have been shown to directly contribute to S. aureus clearance in resolving SSTIs (30, 31). Moreover, only people with diabetes
that have poor glycemic control [HB1Ac (glycated hemoglobin) >
8.5] are at a heightened risk for developing severe MRSA SSTIs,
suggesting that sustained hyperglycemia is a driving force in infection susceptibility (32). This raises the question of how decreased
nutritional immunity and the concomitant increase in tissue glucose contribute to invasive infection in diabetic SSTIs.
The Agr system controls the expression of several S. aureus virulence factors and requires glucose for activation (Fig. 2, B and D).
The sensor kinase AgrC belongs to the HPK-10 family of histidine
kinases with variations at key conserved Asp residues. The Asp to
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Fig. 5. Glucose transporters are essential for ATP and toxin production. (A) Representative Hla Western blot from supernatants of WT LAC, LAC G4 (lacking all glucose
transporters), and LAC G2 (lacking the recently acquired GlcC and GlcA transporters) grown in PNG. (B) Quantification of Hla Western blots (n = 3) showing significantly
decreased Hla production by LAC G2 and LAC G4 compared to WT LAC. (C) The LAC G4 (lacking all glucose transporters) and LAC G2 have reduced intracellular ATP
compared to WT LAC when grown in PNG. (D) Quantitative real-time PCR from WT LAC and LAC G4 grown in PNG shows significant decreases in aur, psm, and hla
transcripts in LAC G4 (n = 3). (E) Quantitative real-time PCR from WT LAC and LAC G4 isolated from STZ-treated mice showed reduced transcript levels of hla, psm, and
aur in LAC G4. (F) Day 7 lesion sizes measured from untreated mice infected with LAC G4 were virtually undetectable, and abscesses in STZ-treated mice infected with LAC
G4 also rarely had small lesions. (G) LAC G4 is attenuated in untreated and STZ-treated mice compared with WT LAC but has higher CFU in STZ-treated animals.

Asn variation results in roughly a 10-fold reduction in affinity toward
ATP for AgrC compared with other families of two-component systems (18). The KM for canonical histidine kinases is well below the
intracellular ATP concentrations found in all conditions tested here
(KM = ~100 M range), and therefore, activity would not be affected
by the energy state of the cell. In contrast, the low affinity of AgrC
toward ATP allows for the coordination of cell density signals with
that of the energy state of the cell. Given that S. aureus has evolved
to maximize energy production via glycolysis, this links Agr activity
to the availability of glucose, which is overly abundant in the abscesses
of STZ-treated animals (Fig. 2A). However, linking Agr activity to
the availability of an organism’s preferred energy source may be imThurlow et al., Sci. Adv. 2020; 6 : eabc5569
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portant for proper responses to stimuli by HPK-10 family members
beyond virulence, as many are found in nonpathogenic bacteria.
In an SSTI, S. aureus grows in a biofilm-like aggregate that is able
to disseminate to peripheral organs in STZ-treated mice. Our results show that STZ-treated mice develop more severe infections by
every measurable metric and that this phenotype requires the Agr
TCS (Fig. 2, D to F, and fig. S4). Agr-regulated proteases and Hla
contribute equally to invasive infection in diabetes. The expression
of proteases, primarily aureolysin, is essential for S. aureus biofilm
dissemination, while Hla is required for SSTI lesion formation (fig. S3).
In hyperglycemic mice, the hla mutant was more attenuated in
lesion formation than the protease mutant, but both mutants were
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Fig. 6. The evolutionary acquisition of glucose transporters by S. aureus
coincides with acquisition of virulence factors. A phylogenetic tree based on 16S
ribosomal DNA sequences showing the relation of S. aureus to other staphylococcal
species. Red arrows show where S. aureus and other related species evolutionarily
acquired lactate dehydrogenase 1 (ldh1), glucose transporter A (glcA), glucose
transporter C (glcC), and virulence factors including -, -, and -hemolysins
(A). Untreated and STZ-treated mice were infected with 1 × 107 CFU of WT and ∆G2
(WT UT, n = 10; WT STZ, n = 7 to 8; ∆G2 UT, n = 10; and ∆G2 STZ, n = 11). STZ-treated
mice infected with WT had larger lesion sizes than infected untreated mice.
STZ-treated mice infected with G2 had smaller lesion sizes than WT infected
STZ-treated mice (B). (C) STZ-treated mice infected with WT or G2 had significantly
higher abscess bacterial burdens than their untreated infected controls. (D) STZ-
treated mice infected with WT displayed increased dissemination to the kidneys
compared to similarly infected untreated mice. STZ-treated mice infected with
G2 had increased dissemination to the kidneys compared to similarly infected
untreated mice (D).

similarly attenuated in dissemination (fig. S5). During the course of
an SSTI, the host generates an abscess wall consisting of mostly
collagen and fibronectin around the infected tissue. This creates an
environment devoid of glucose while simultaneously preventing
the spread S. aureus to neighboring tissues (29). Since collagen is
one of the substrates readily hydrolyzed by Aur, one could envision
in a hyperglycemic SSTI that the overabundant expression of proteases
would continually degrade the primary components of the abscess
wall while simultaneously promoting dissemination of the biofilm-
like aggregate. Moreover, increased Hla expression accelerates
dermonecrosis and lesion growth, thereby preventing the host from
properly walling off the abscess. This scenario potentially explains
why both Hla and proteases are necessary for invasive infection in
STZ-treated mice.
We contend that immune dysfunction in STZ-treated animals
primarily results in increased bacterial burdens, whereas elevated
tissue glucose is responsible for increased S. aureus virulence factor
Thurlow et al., Sci. Adv. 2020; 6 : eabc5569
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production. For instance, ∆G4 mutants are still able to attain nearly
the same elevated skin burdens in STZ-treated mice given their
inherent immune dysfunction. However, the ∆G4 mutant does not
cause lesions or disseminate since it cannot capitalize on the excess
tissue glucose in hyperglycemic SSTIs (Fig. 5, F and G, and fig. S9,
B to D). We also observe a similar phenotype with the Agr mutant
in that bacterial numbers increase in abscesses from STZ-treated
mice, but there is no corresponding increase in dermonecrosis or
dissemination (Fig. 2, D to F) Furthermore, phlorizin treatment,
which lowers blood glucose without restoring insulin signaling or
full immune function, completely abrogated excessive virulence
factor production and significantly reduced abscess lesion area
without lowering organism burdens by even a log (Fig. 4). Thus, the
diabetic state results in two deficiencies that directly affect the outcome of S. aureus SSTIs: reduced immune output that allows for
bacterial overgrowth and limited nutritional immunity resulting in
excess glucose, which directly stimulates Agr-dependent virulence.
The recent acquisition of the glucose transporters GlcA and GlcC
significantly contributes to S. aureus virulence, particularly in hyperglycemic tissues (Fig. 6, B to D, and fig. S10, F to H). These two PTS
transporters are highly active and support the ability of S. aureus to
battle the host’s nutritional immunity strategy, at least for a while
before the increasing immune infiltrate overwhelms the competitive
abilities of invading bacteria. In STZ-treated animals, a ∆G2 mutant,
which has the same glucose transport ability of Staphylococcus
epidermidis, cannot take advantage of the excess tissue glucose and
largely resembles an infection with a ∆G4 mutant completely devoid
of glucose transport. Furthermore, the most recent acquisition of
GlcC coincided with the acquisition of several toxins including
-, -, and -hemolysins (Fig. 6A). Staphylococcus schweitzeri and
Staphylococcus argenteus both have glcA and glcC as well as all three
hemolysins and several proteases (Fig. 6A). In contrast, Staphylococcus
simiae lacks glcC and does not encode any hemolysins or nearly
as many proteases. Not much is known about S. schweitzeri, but
S. argenteus was initially classified as S. aureus until further analysis
revealed it to be a unique species (33). Furthermore, S. argenteus is
an emerging pathogen in Southeast Asia with several isolates coming from patients with diabetes (34). Whether metabolic evolution
preceded or succeeded the acquisition of virulence is still unknown.
However, the correlation of the two supports the role of host glucose
as a signal to S. aureus that it is no longer on the skin surface (where
carbohydrates are scarce), but rather in deeper tissue replete with
serum glucose. Consequently, this signal results in the pathogen
modulating both virulence and metabolism. Moreover, two other
Gram-positive pathogens that are readily killed by immune radicals,
Streptococcus pyogenes and Enterococcus spp., are associated with invasive infections in patients with diabetes (28). Much like S. aureus,
both of these pathogens link glucose availability to virulence factor
production (35, 36). This suggests that several organisms that cause
invasive infections in people with severe diabetes are evolutionarily
predisposed to take advantage of immune suppression and the
availability of excess glucose (35, 36).
The reasons why people with diabetes are prone to more frequent
and invasive infections have remained elusive. One obvious reason
for increased infection frequency in individuals with diabetes is
immune suppression, as several commensal bacteria are frequently
isolated from diabetic wounds but do not cause invasive infections.
Here, we show that the lack of GLUT-1/-3 expression on infiltrating
phagocytes from STZ-treated, insulin-deficient animals correlates
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with their inability to mount an effective oxidative burst and clear
the infection. However, the mechanism explaining the requirement
of effective insulin signaling for phagocyte GLUT-1/-3 expression
remains unknown. That said, we can now begin to understand why
patients with diabetes suffer specifically from S. aureus infections so
frequently. Our results show that the evolutionary coupling of expanded glycolytic capacity with toxin production in S. aureus and
suppressed host nutritional immunity allows this pathogen to take
advantage of the unique infection environment associated with advanced diabetes, resulting in more severe infections. Furthermore,
these data suggest that the development of specific inhibitors of
bacterial glycolytic enzymes would be beneficial for treating infections in people with diabetes (37).

MATERIALS AND METHODS

Bacterial strains and growth conditions
The bacterial strains used in this study are listed in the core resource
table. S. aureus strain LAC was used in in vitro and in vivo studies.
S. aureus was grown in the brain heart infusion (BHI) for mouse
infection studies. For in vitro studies, S. aureus was grown in CDM
supplemented with glucose (PNG), casamino acids (PNCAA), or
both (PNMix) at 37°C with shaking at 250 revolutions per minute
(rpm) as previously described (38). Bacteria were enumerated by
plating for viable CFUs on BHI agar plates.
Animal studies
Animal experiments were approved by the University of Pittsburgh
Animal Care and Use Committee (protocol nos. 16027663 and
15127428). Investigators were not blinded, and studies were not
randomized. No statistical method was used to predetermine sample
size. C57BL/6J mice were obtained from Jackson Labs (Bar Harbor,
ME). Mice were maintained on a 14-hour light cycle and housed five
mice per cage. Mice were checked daily during infection studies.
Veterinary care was provided 7 days a week. Studies used female
mice between 8 and 12 weeks old.
Quantitative real-time reverse transcription PCR
Infected abscesses were carefully dissected and were homogenized
in 500 l of TRIzol reagent (Ambion, Carlsbad, CA). Total RNA was
purified from homogenates using a PureLink RNA mini kit (Invitrogen,
Carlsbad, CA) following the manufacturer’s directions. Quantitative
real-time reverse transcription (RT) PCR was performed with a
SensiFAST SYBR no-ROX one-step kit (Bioline, Taunton, MA) using
50 ng of RNA/reaction and primers psma forward (TATCAAAAGCTTAATCGAACAATTC), psma reverse (CCCCTTAAATAAGATGTTCATATC); Hla forward (ACAATTTTAGAGAGCCCAACTGAT);
Hla reverse (TCCCCAATTTTGATTCACCAT); 16S forward
(TCATCCTGGCTCAGGATGA); 16S reverse (TTCGCTCGACTTGCATGTA); Aur forward (GTGATGGTGATGGTCGCACATTC); and
Aur reverse (GCGTAAAGCGTCTCCCTCTTTTC). Reaction conditions were specified by Bioline and performed with a MyIQ
thermocycler (Bio-Rad, Indianapolis, IN). All transcript levels were
normalized to 16S.
Thurlow et al., Sci. Adv. 2020; 6 : eabc5569
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Mouse infections
Diabetic mice were generated by intraperitoneal injection of STZ
(Sigma-Aldrich) at a dose of ≈225 mg/kg. Mouse blood glucose was
analyzed 3 days after STZ treatment using a glucometer. Only mice
with a blood glucose level >300 mg/dl were used as hyperglycemic
mice. Mice that did not become hyperglycemic following STZ
administration were not used for further studies. For the phlorizin
studies, phlorizin was administered twice daily at 400 mg/kg (in
10% ethanol, 15% dimethyl sulfoxide, and 75% saline) by subcutaneous injection on the flank of the mouse without infection.
Phlorizin was administered 1 day before infection and every day
through the course of infection. Mice that had blood glucose levels
about 300 mg/dl after phlorizin treatment were not included in subsequent analysis. Subcutaneous infections were performed as previously described (39). Bacteria were grown overnight in BHI, washed
3× with phosphate-buffered saline (PBS), and enumerated by dilution plating. Washed bacteria were stored overnight in PBS at
4°C. Bacteria were subsequently adjusted to a concentration of 5 ×
108 in PBS, allowing for a 20-l injection to equal 1 × 107 CFU. Mice
were anesthetized with 2,2,2-tribromoethanol followed by shaving
of the left flank. S. aureus in 20 l was injected subcutaneously at
≈1 × 107 CFU. Mice were euthanized on day 7 after inoculation,
and tissues were collected for glucose content, RNA isolation, or
bacterial enumeration.
Glucose quantification
Abscess tissues were carefully dissected away from healthy tissues and
were homogenized in 500 l of radioimmunoprecipitation assay buffer
(Boston BioProducts). Abscess homogenates were subsequently centrifuged twice at 12,000g for 15 min, and protein content from the
clarified supernatants was quantified using a bicinchoninic acid assay
(Thermo Fisher Scientific). Glucose from clarified supernatants containing equivalent amounts of protein was quantified using the glucose
assay kit from EMD Millipore (Billerica, MA) following the manufacturer instructions.
Quantification and statistical analysis
Statistical method and sample size (n) are indicated in the figure legends.
For in vivo studies, n represents the number of mice or tissues per
group. For in vitro studies, n represents the number of biological replicates. Statistical analysis was performed using Prism 7 (GraphPad)
software. A two-tailed Student’s t test was performed on the means of
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Contact for reagent and resource sharing
Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, A. R. Richardson
(anthony.richardson@pitt.edu).

Western blot
Western blots for -hemolysin were performed on clarified culture
supernatants. Cultures were grown in the appropriate CDM to an
OD660 ≈ 5.0, and a 1-ml volume of culture was removed for analysis.
A 20-l aliquot of culture was used for bacterial enumeration by
dilution plating. Supernatants were clarified by centrifugation at
12,000 rpm for 5 min. Clarified supernatants were boiled, and
≈30 l was loaded on a 12% SDS polyacrylamide gel and subsequently transferred to a nitrocellulose membrane. Membranes were
blocked using LI-COR blocking buffer (LI-COR, Omaha, NE) and
probed with anti–-hemolysin antibody (Abcam, Cambridge, MA)
overnight at 4°C. Membranes were washed and incubated with
IRDye 800CW secondary antibodies (LI-COR). Membranes were
imaged using a LI-COR Odyssey infrared imager, and band densities
were quantified using Image Studio version 4.0 (LI-COR). Band intensities were normalized to CFU.
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all parametric data. Statistical significance was defined as P < 0.05.
Error bars on figures show SEM.
Intracellular ATP assays
Cultures grown (5 ml) to an OD660 of interest in PN + carbon source
(0.5% glucose, 1% casamino acid, or a mix of glucose and CAA).
Strains were washed three times in PBS and diluted 1:100. Intracellular
ATP concentrations were determined using a Promega BacTiter-Glo
assay kit (Promega Corporation, Madison, WI) following the manufacturer’s instructions. Sample luminescence was determined using
a Synergy H1 microplate reader (BioTek, Winooski, VT).

Immunohistochemistry
IHC was performed on tissues as previously described (41). In brief,
abscess tissues were fixed in 10% formalin, paraffin embedded,
sectioned (10 m), and stained with hematoxylin and eosin by the
University of North Carolina Histopathology Core Facility or by
the histology lab facility in the McGowan Institute for Regenerative
Medicine at the University Pittsburgh School of Medicine. For
immunofluorescence staining, unstained sections were deparaffinized
using a graded series of xylene and ethanol washes followed by heat-
mediated antigen retrieval for 20 min in 10-mM sodium citrate buffer
(pH 6). Specimens were blocked for 1 hour in 10% serum from the
host species of the secondary antibody and subsequently incubated
overnight with primary antibodies. Primary antibodies against GLUT-1
and GLUT-3 were obtained from Biorbyt (Cambridge, UK). The
nitrotyrosine antibody was obtained from Millipore (Temecula,
CA). Primary antibodies were detected with the use of biotinylated
secondary antibodies followed by incubation with Alexa Fluor 594–
conjugated streptavidin (Jackson ImmunoResearch, West Grove,
PA). Stained sections were mounted in ProLong Antifade Gold
reagent with DAPI (Invitrogen, Grand Island, NY). Samples were
viewed with an Olympus BX60 fluorescence microscope. iVision
Software v.4.0.0.0 (BioVision Technologies, New Minas, Nova Scotia)
was used for image collection.
Macrophage assays
RAW 264.7 macrophages were suspended in RPMI 1640 (catalog
no. 11875-093; Gibco) supplemented with fetal bovine serum (FBS)
(10%) and at a concentration of 1 × 106 cells/ml, seeded into the
wells of a 48-well plate at 0.5 ml per well, and incubated for 18 hours
at 37°C. The cells were then activated via incubation in RPMI 1640
plus lipopolysaccharide (LPS) (100 ng/ml) and interferon- (IFN-)
(20 ng/ml) for 1 hour at 37°C and then spin inoculated in RPMI
1640 alone with S. aureus (opsonized in Hanks’ balanced salt solution plus 10% mouse serum with active complement at 37°C for
30 min) at a multiplicity of infection of 10:1 (S. aureus/RAW 264.7).
Following incubation of the RAW 264.7 cells with S. aureus for
30 min at 37°C, the cells were washed twice with PBS and then incubated in RPMI 1640 plus gentamicin (100 g/ml) for 1 hour at
Thurlow et al., Sci. Adv. 2020; 6 : eabc5569
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabc5569/DC1
View/request a protocol for this paper from Bio-protocol.
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generated on a Tecan Infinite M200 (software, Magellan V7.2).
Samples were shaken with amplitude of 1, continuously at 37°C,
read every 15 min, OD660 (no. of flashes, 25), YFP emission at 485,
excitation at 535, and gain at 100. Graphs were generated using
Prism 7.

37°C. The infected RAW 264.7 cells were then washed twice with PBS,
after which certain wells were treated with 0.01% Triton X-100 to
induce RAW 264.7 cell lysis for bacterial enumeration (time zero),
while the remaining infected RAW 264.7 cells were incubated in
RPMI 1640 plus gentamicin (12 g/ml) at 37°C for an additional
12 hours. Experiments involving glucose titration used RPMI 1640
without glucose (catalog no. 11879-020; Gibco) that was supplemented
with FBS (10%). Oxidative burst was measured using Dihydrorhodamine 123 (DHR) (Cayman Chemical, Ann Arbor, MI). DHR is
a cell-permeable fluorogenic probe that measures intracellular peroxynitrite formation. For DHR experiments, RAW 264.7 at a concentration of 2 × 106 cells in 1 ml of media in a six-well plate were incubated
for 24 hours at 37°C in the presence or absence of glucose. Following the 24-hour incubation, cells were washed and incubated in fresh
media containing LPS (100 ng/ml), IFN- (20 ng/ml), and 10 M
DHR for 1 hour. Following incubation, cells were washed three
times in PBS and resuspended in 200 l of PBS in a 96-well plate,
and fluorescence was measured using a Tecan Infinite M200 Pro
microplate reader following the manufacturer’s instructions.
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