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Diabetic individuals are at considerable risk for invasive infection by Staphylococcus aureus, however, the mechanisms
underlying this enhanced susceptibility to infection are unclear. We observed increased mortality following i.v. S. aureus
infection in diabetic mice compared with nondiabetic controls, correlating with increased numbers of low-density neutrophils
(LDNSs) and neutrophil extracellular traps (NETs). LDNs have been implicated in the inflammatory pathology of diseases such
as lupus, given their release of large amounts of NETs. Our goal was to describe what drives LDN increases during

S. aureus infection in the diabetic host and mechanisms that promote increased NET production by LDNs. LDN development
is dependent on TGF-, which we found to be more activated in the diabetic host. Neutralization of TGF-§, or the TGF-p-
activating integrin o, B, reduced LDN numbers and improved survival during S. aureus infection. Targeting S. aureus directly
with MEDI4893% an a toxin-neutralizing monoclonal antibody, blocked TGF-p activation, reduced LDNs and NETSs, and
significantly improved survival. A comparison of gene and protein expression in high-density neutrophils and LDNs identified
increased GPCRs and elevated phosphatase and tensin homolog (PTEN) in the LDN subset. Inhibition of PTEN improved the
survival of infected diabetic mice. Our data identify a population of neutrophils in infected diabetic mice that correlated with
decreased survival and increased NET production and describe 3 therapeutic targets, a bacterial target and 2 host proteins,

that prevented NET production and improved survival.

Introduction

Staphylococcus aureus is a major human pathogen responsible
for causing numerous types of human disease. Defense against
S. aureus infection requires a highly coordinated innate immune
response, including cytokine production by resident cells, produc-
tion and release of antimicrobial peptides, recruitment of phago-
cytes, and phagocytic killing of the bacteria. Proper coordination
requires a balance of inflammatory and antiinflammatory signals,
not only to recruit the appropriate cells but also to prevent inflam-
matory tissue damage. Alterations in this balance can render the
host incredibly susceptible to infection with opportunistic patho-
gens such as S. aureus.

Diseases associated with chronic inflammation, such as dia-
betes, are linked to an increased risk of opportunistic infections
(1-3). Although the nature of the diabetic immune defect has yet
to be fully elucidated, murine models of diabetic infection pointed
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to defective respiratory burst in neutrophils isolated from diabetic
mice as a potential mechanism through which elevated glucose
impairs innate immune function (4). Similar defects were reported
in a study of neutrophils from patients with type 1 diabetes,
whereas phagocytic function remained intact (5, 6).

Neutrophils have been implicated in the heightened inflam-
matory state in the diabetic host. In mice, a reduction in neutro-
phil clearance by macrophages and slower rates of neutrophil
apoptosis led to prolonged release of inflammatory cytokines such
as TNF-a (7). In addition to cytokines, neutrophils release DNA
strands coated with antimicrobial peptides, which are structures
known as neutrophil extracellular traps (NETs) (8, 9). Originally
thought to have antimicrobial function, more recent data show-
ing recovery of viable bacteria from DNAse-disrupted NETs and
damage to endothelial cells suggest a more pathogenic and less
bactericidal nature of NET release (10-12). In the context of dia-
betes, analysis of patients’ serum has shown increased NET levels
in patients with early-onset type 1 diabetes, as well as increased
NETs visualized in the wounds of diabetic mice (13-16).

In this study, we identify a subset of neutrophils, low-density
neutrophils (LDNs), that increase in diabetic mice during infec-
tion. Increases in this cell population were not observed in non-
diabetic control mice when infected with S. aureus. We found that
TGF-B, activated in response to S. aureus o toxin (AT) and integrin
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Figure 1. Diabetic mice are more susceptible to infection with S. aureus. (A) Survival of C57BKS and db/db mice infected i.v. with 5 x 107 CFU S. aureus (n = 15 mice
per group). (B) Survival of C57BL/6 control or STZ-treated mice infected iv. with 5 x 107 CFU S. aureus (n = 20 mice per group). (C and D) Numbers of S. aureus CFU
recovered from the kidneys 48 hours after infection. (E) Glucose levels in the blood of mice treated with rosiglitazone or DMSO (n = 10 mice per group). (F) Survival
of db/db mice treated with rosiglitazone or DMSO for 7 days prior to infection with 5 x 107 CFU S. aureus (n = 20 mice per group). (G) Numbers of S. aureus CFU
recovered from the kidneys of db/db mice 48 hours after infection. All data are representative of at least 3 independent experiments. Statistical significance was
determined by log-rank test (A, B, and F) and Mann-Whitney U test (C, D, and G). Bars indicate the median.

o, B, was responsible for increased LDNs during infection. Addi-
tionally, we identified a key signaling cascade involving phospha-
tase and tensin homolog (PTEN) thatis altered in the LDN popula-
tion. Inhibition of PTEN resulted in improved survival of diabetic
mice during infection with S. aureus. These data highlight poten-
tial therapeutic targets and identify mechanisms that promote
opportunistic infections in individuals with diabetes.

Results

Elevated glucose levels correlate with more severe S. aureus infection.
We used 2 murine diabetes models, streptozotocin-induced (STZ-
induced) (type 1 diabetes) and obese db/db (type 2 diabetes), to
study the effect of diabetes on the systemic response to a S. aureus
bloodstream infection. In each model, diabetic mice had a non-
fasting glucose level greater than 450 dg/ml, whereas levels in the
nondiabetic control mice were less than 200 dg/ml. Mice were
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infected i.v. with 5 x 107 CFU S. aureus (USA300, SF8300). CFU
were enumerated in the kidneys 48 hours after infection, and mor-
tality was monitored for 14 days. We observed increased mortality
in both the STZ (P=0.0011) and db/db (P = 0.0241) models as com-
pared with mortality rates for the nondiabetic controls (Figure 1, A
and B). Of note, this enhanced mortality did not correlate with a
difference in bacterial CFU recovered from the kidneys 48 hours
after infection (Figure 1, C and D). To confirm that increased mor-
tality was a consequence of elevated glucose in the diabetic host,
we treated db/db mice with the insulin-sensitizing PPARy agonist
rosiglitazone for 1 week prior to infection to reduce circulating glu-
cose levels (Figure 1E). We found that rosiglitazone significantly
reduced mortality (P = 0.0041) following infection with S. aureus,
without affecting bacterial burden in the kidney (Figure 1, F and G).

Enhanced NET release in diabetic mice. Neutrophilsin a diabetic
host, orin the presence of elevated glucose levels, are increasingly
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Figure 2. NET induction in response to S. aureus. (A) ELISA measurement of NETs in the serum of C57BKS and db/db mice with or without infection

(24 h) with S. aureus. (B) ELISA measurement of NETs in the serum of db/db mice treated with MEDI4893* or c-IgG and infected with S. aureus (24 h). (C)
Western blot of liver tissue taken from mice treated with MEDI4893* or c-1gG 24 hours prior to infection (48 h) with S. aureus. (D) Confocal micrographs
of livers isolated from naive or infected db/db mice 48 hours after infection with S. gureus. Original magnification, x40. (E) Survival of db/db mice treated
with MEDI4893* or c-IgG 24 hours prior to infection with 5 x 107 CFU S. aureus (n = 15 mice per group). All data are representative of at least 3 indepen-
dent experiments. n >10 per group (A and B); n >5 per group (C and D). Statistical significance was determined by Mann-Whitney U test (A and B) (bars

represent the median) and log-rank test (E).

prone to forming NETs, which are composed of DNA, citrullinated
histones, enzymes, and antimicrobial peptides. In the diabetic
population, NET release has been shown to impair wound heal-
ing in mice, and the presence of NETs in the serum correlates with
nonhealing wounds in patients (15, 16). As neutrophils also release
NETs in response to bacterial infection, we hypothesized that
S. aureus infection would result in increased systemic NET release
in diabetic mice. Complexes of neutrophil elastase (NE) and
double-stranded DNA have been used as a measurement of NET
formation and quantified by ELISA (15). We observed significant
increases (P = 0.0003) in serum NE-DNA complexes in diabetic
mice infected i.v. with S. aureus for 24 hours, whereas significant
increases were not observed in the nondiabetic control mice (Fig-
ure 2A). AT, once released by S. aureus, binds to ADAM10 on the
surface of platelets. AT-bound platelets induce NET production
when bound to circulating neutrophils (17). Consistent with these
findings, neutralization of AT with the monoclonal antibody
MEDI4893* significantly reduced the number of NE-DNA com-
plexes in the serum 48 hours after infection in diabetic animals

(Figure 2B). Increased AT-dependent NET production was con-
firmed 48 hours after infection by increased citrullinated histone
H3 (H,Cit) in the liver as detected by Western blotting and visual-
ization of liver sections stained with anti-Ly6G to mark neutrophils
and anti-H,Cit (Figure 2, C and D). Importantly, neutralization
of AT significantly increased the survival (P = 0.0255) of diabetic
mice, but not nondiabetic control mice, infected with S. aureus (Fig-
ure 2E and Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI126938DS1).
We concluded that systemic infection of the diabetic host led to
an AT-dependent increase in circulating NETSs, with therapeutic
blockade of AT significantly improving survival after infection.
LDNs correlate with increased NET release. Like macrophages,
neutrophils can be separated into different classes on the basis of
functional characteristics. Tsuda et al. demonstrated that a severe
burn altered the phenotype of circulating neutrophils, altering
TLR expression, cytokine production, and their ability to drive
macrophage polarization (18). An altered neutrophil phenotype
correlated with an inability of the animals to survive S. aureus
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infection. Neutrophils can also be separated by density. High-
density neutrophils (HDNs) are antitumor, phagocytic cells,
whereas LDNs are considered protumor, phagocytosis-defective
cells (19). Although Tsuda et al. did not measure the density of
neutrophils isolated from S. aureus-susceptible mice, the shape
of the nuclei in these neutrophils was similar to that of nuclei in
low-density cells (19, 20). We found striking differences in the
shapes of the nuclei in neutrophils taken from nondiabetic mice
and diabetic mice, with the nuclei in cells isolated from diabetic
mice more closely resembling the ringed nuclei reported in LDNs
(Supplemental Figure 2).

Hyperproduction of NETs is a characteristic of LDNs, and we
hypothesized that higher numbers of LDNs in infected diabetic
mice were responsible for the increases in NETs (21). To test this
hypothesis, we collected blood from C57BKS and db/db mice
48 hours after i.v. infection and analyzed it for the presence of
LDNs. The amount of LDNs in the blood of infected db/db mice
was significantly increased compared with numbers in the blood
of uninfected db/db mice (P < 0.0001) aswell as infected C57BKS
control mice (P = 0.0003) (Figure 3A). Increases in LDNs were
not observed in C57BKS mice following infection (Figure 3A).
We observed similar increases in STZ-induced diabetic mice but
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or c-1gG 24 hours prior to infection (48 h)
with S. aureus. All data representative of at
least 3 independent experiments. n >10 per
group (A, B, D, and E); n =5 per group (C).
Statistical significance was determined by
Kruskal-Wallis followed by Dunn'’s test (A
and D) and Mann-Whitney U test (B and E).
All data are represented as individual points,
with the bar representing the median.

not in C57BL/6 control mice (Supplemental Figure 3). Enhance-
ment of LDNs after infection was dependent on glucose levels,
as lowering glucose levels with rosiglitazone prior to infection
significantly (P = 0.0116) reduced LDN numbers 48 hours after
infection (Figure 3B).

To ensure that we were not simply observing degranulated neu-
trophils, we isolated LDNs and HDNs from the blood of infected
db/db mice and measured the amount of lactoferrin (secondary
granules) and MMP9 (tertiary granules) by Western blotting. Con-
sistent with previous work (19), we detected equivalent amounts
of both lactoferrin and MMP9 in each cell type, indicating that
LDNs have a granular content similar to that of HDNs (Figure 3C).
Since neutralizing AT prevented systemic NET release (Figure 2B),
we questioned whether AT influenced the number of LDNs. We
measured LDNs in the blood of db/db mice passively immunized
with ¢-IgG or MEDI4893* twenty-four hours before infection with
S. aureus. We observed a significant reduction in LDNs in mice pro-
phylactically treated with MEDI4893* (Figure 3D), whereas the over-
all numbers of neutrophils were not affected (Figure 3E) 48 hours
after infection, indicating that AT contributes to the increase in LDN.

TGF-f drives expansion of the LDN population. Next, we
attempted to determine additional important mechanisms driving
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represent the median. (C) Numbers of S. aureus CFU recovered from the kidneys of db/db mice treated with anti-TGF-p or c-IgG and infected for 48 hours
with S. aureus. Bars represent the median. (D) Survival of db/db mice treated with anti-TGF-p or c-1gG and infected for 14 days with S. aureus (n = 20 mice
per group). (E) Confocal micrographs of liver tissue from mice 48 hours after infection with S. aureus. Original magnification, x40. All data are represen-
tative of at least 3 independent experiments. n >10 per group (A-C); n >5 per group (E). Statistical significance was determined by Mann-Whitney U test

(A-C) and log-rank test (D).

enhanced LDN and NET formation in diabetic mice. TGF-f has
been implicated as a central regulator of neutrophil phenotype
and in tumor models can drive a phenotypic switch from HDNs to
LDNs (19, 20). To test the importance of TGF-f in the regulation
of neutrophils in diabetic mice, we treated blood from nondia-
betic and diabetic mice with TGF-. We observed that addition of
TGF-B to diabetic blood significantly increased (P = 0.0021) the
number of LDNs, whereas there was no difference in LDNs when
TGF-B was added to the blood of nondiabetic mice (Figure 4A).
Additionally, prophylactic treatment of diabetic mice with a TGF-B~
neutralizing antibody 24 hours prior to infection with S. aureus
resulted in a significant reduction (P = 0.0003) in the number of
LDNs in the bloodstream, whereas bacteria numbers in the kid-
neys were similar between the groups (Figure 4, B and C). Survival
was also significantly improved (P = 0.0072) by neutralizing TGF-

(Figure 4D). Visualization of H,Cit in the liver revealed a loss of
NETs when TGF-f was neutralized (Figure 4E). Thus, these data
suggest that TGF- promotes LDN formation and that reducing
LDNs by blocking TGF- could promote survival after infection.
Activation of TGF-f3 by integrin a S, drives LDN formation. TGF-p
is secreted as a pro-form protein that needs to be activated in
order to function. Binding of pro-TGF-p by o f, integrin on DCs
has been linked to its activation (22). To determine whether
S. aureus infection influences the expression of o B, integrin, we
isolated innate immune cells from the livers of C57BKS and db/db
mice 24 hours after infection and analyzed the expression of a f, by
flow cytometry (Supplemental Figure 4). The numbers of integrin
B, inflammatory monocytes and DCs increased significantly (P =
0.0015 and P < 0.0001, respectively) in the livers of db/db mice,
but not C57BKS mice, following infection (Figure 5A). Interest-
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Kruskal-Wallis followed by Dunn’s test (C and D), and log-rank test (E).

ingly, while integrin expression increased on the surface of mono-
cytes, it was the overall number of DCs that increased, not the den-
sity of B, (Figure 5B).

To determine the functional relevance of integrin a B, in this
model, mice were prophylactically treated with antibodies neutraliz-
ing o, B, o, o B, or c-IgG and then infected with S. aureus. Forty-eight
hours after infection, we found that LDN numbers were significantly
decreased (P = 0.0090) in the bloodstream of mice treated with
o, B, -neutralizing antibody compared with those treated with c-IgG
(Figure 5C). Neutralization of o B, alone did not reduce the numbers
of these cells. We also noted that integrin inhibition did not affect
the numbers of bacteria in the kidneys 48 hours after infection (Fig-
ure 5D). Survival was significantly improved in the mice treated
with anti-o, f, , antibody as compared with the ¢-IgG- or anti-a B~
treated mice (Figure 5E). Therefore, consistent with direct neutral-
ization of TGF-B, inhibition of the integrin responsible for activating
this pathway improved survival in diabetic mice.

AT drives TGF-f activation. As neutralization of either AT or
TGF-p blocked increases in LDNs, we hypothesized that AT
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influenced LDN numbers by affecting the TGF-B signaling path-
way. Activation of SMAD signaling is commonly used as a surro-
gate measurement of active TGF-p signaling (23). We therefore
analyzed phosphorylated SMAD (p-SMAD) levels in the lives of
diabetic and nondiabetic mice infected (24 h) with S. aureus. We
observed significantly increased levels of p-SMAD in the livers
of infected diabetic mice compared with levels in naive diabetic
(P < 0.0001) and infected nondiabetic (P = 0.0338) mice (Fig-
ure 6A). In diabetic mice, MEDI4893* significantly reduced (P <
0.0001) p-SMAD levels in the liver, indicating that AT was con-
tributing to the activation of TGF-B signaling (Figure 6B). We
found that neutralization of AT did not alter the numbers of o, B,-
expressing innate immune cells (Figure 6C). Therefore, we con-
clude that AT influences the activation of TGF-p, although the
mechanism is independent of a B, expression on the surface of
innate immune cells.

Altered gene and protein expression in LDNs. While our data
indicate that AT activation of TGF-p signaling is important for the
increases in LDNs, we sought to better understand what leads to
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increased NET release by LDNs. We purified LDNs and HDNs
from infected mice and ran gene expression as well as mass spec-
trometric (MS) analyses on isolated cell membranes to identify
surface-expressed proteins. We found a large number of both
genes and proteins that were significantly up- or downregulated in
LDNs compared with expression levels in HDNs (Figure 7, A and
B). Consistent with the role that TGF-p plays in the development
of LDNs, we observed increases in both gene and protein levels
of TGF-B-induced protein in LDNs (data are available in the
repositories Gene Expression Omnibus [GEO], GSE122195, and
PRoteomics IDEntifications [PRIDE], PXD012176). Pathway anal-
ysis revealed significant upregulation in pathways such as those
for platelet activation and GPCR signaling (Figure 7C). Platelet
activation in response to AT has previously been shown to induce
NET release by neutrophils, therefore, we focused on developing
a deeper understanding of how GPCR activation could result in
enhanced NET release by LDNs (17).

Ligation of G -linked GPCRs activates PLC, which leads to the
degradation of PIP, (phosphatidylinositol 4,5-biphosphate) into
DAG (diacylglycerol) and IP, (inositol trisphosphate). IP, induces
calcium release from the ER following binding to its receptor,
IP,R (Figure 7E). Calcium release is required for the induction
of NET release (24-26), therefore, activation of this pathway in
LDNs could explain why they are prone to NET secretion. Three
GPCRs were found to be upregulated in the LDNs as compared
with HDNs by both MS and RNA analyses (Figure 7D, Supple-

mental Figure 5, and Supplemental Table 1). Of the 3 GPCRs, only
MRGPRA2a s a G -linked GPCR and capable of driving PIP, deg-
radation. PIP, is converted from PIP, by the phosphatase PTEN,
and loss of PIP, can be monitored by a drop in AKT phosphoryla-
tion (27, 28). Analysis of membrane-associated AKT and p-AKT in
LDNs as compared with HDNs revealed a significant (P < 0.0001)
reduction of AKT activation in LDNSs, consistent with a loss of
PIP, (Figure 7F). AKT phosphorylates IP R (IP3 receptor), thereby
inhibiting Ca?* flux (29). We observed reduced phosphorylation of
IP3R in LDNs as compared with HDNs, consistent with reduced
AKT activity (Supplemental Figure 6). To determine whether
reduced levels of p-AKT were simply due to LDNs not being acti-
vated in vivo, we exposed purified HDNs and LDNs to N-formyl-
methionyl-leucyl-phenylalanine (fMLP) ex vivo. Minimal addi-
tional activation of AKT was observed in either HDNs or LDNs,
suggesting that both were maximally activated in vivo (Supple-
mental Figure 7). PTEN expression (both RNA and protein) was
significantly (P < 0.05) increased in LDNS, correlating with the loss
of AKT activation (Figure 7G). We decided to test whether inhibi-
tion of PTEN with the small-molecule VO-OHpic would improve
the survival of diabetic mice. VO-OHpic-treated mice survived
at a significantly higher rate than did control mice infected with
S. aureus (P = 0.0491) (Figure 7H). We conclude that increased
PTEN levels in LDNs lead to an altered PIP,/PIP, balance, result-
ing in excessive NET production, and that inhibition of PTEN can
improve the survival of diabetic mice infected with S. aureus.
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Figure 7. Altered PTEN expression in LDNs. (A) Volcano plots demon-
strating significantly up- and downregulated surface proteins in LDNs as
compared with HDNs. (B) Volcano plots demonstrating significantly up-
and downregulated RNA expression in LDNs as compared with HDNs. (C)
Pathway analysis based on gene expression. (B) MS analysis of GPCRs on
the surface of HDNs and LDNs. Bars show the minimum and maximum.
(E) Signaling pathway altered in LDNs. (F) FACS analysis of AKT phos-
phorylation in HDNs and LDNs isolated from the blood of db/db mice 48
hours after infection with S. aureus. Bars represent the median. (G) West-
ern blot analysis of PTEN expression in HDNs and LDNs isolated from the
blood of db/db mice 48 hours after infection with S. aureus. (H) Survival
of db/db mice treated daily with the PTEN inhibitor VO-OHpic (iPTEN). All
data are representative of at least 3 independent experiments. n 210 per
group. Statistical significance was determined by Mann-Whitney U test
(F) and log-rank test (H).

Discussion

Diabetes is a major risk factor for severe infection with the oppor-
tunistic pathogen S. aureus (30). Here, we describe a unique popu-
lation of neutrophils that contribute to the pathogenesis of S. aureus
infection in diabetic mice. We demonstrate that neutralization of a
key S. aureus virulence factor limits activation of TGF-p signaling
and subsequently reduces LDN numbers and NET release. A hall-
mark of these LDNSs is excessive NET release, which we observed
in both the liver, a key target organ of systemic infections, and
the blood. PTEN regulation of the PIP,/PIP, balance was shifted
toward increased PIP,, which can be linked to the excessive pro-
duction of NETs by LDNS (31).

The involvement of AT and NETs in the host response to
S.aureushasbeendescribed previously. Neutrophilsdonotexpress
appreciable levels of ADAMIO, the receptor for AT, but platelets
do at very high levels (17, 32). In response to AT, platelets aggre-
gate and bind to neutrophils, resulting in activation of caspase-1-
mediated signaling and NET release (17, 33). Knocking out
ADAM10 on platelets reduces the severity of infection in nondia-
beticmice. Ourdatademonstrate that,inthe diabetichost,AT can
act through a second pathway, which alters the neutrophil pheno-
typeandsubsequentresponsetoS.aureusinfection.Inthediabetic
host, AT-dependent activation of TGF-p signaling drives expan-
sion of LDNs. These specialized neutrophils have been shown to
spontaneously release NETSs in other disease contexts, and we
now show that their presence correlates with NET release in a
diabetic infection model (21). Comparison of LDNs with HDNs
revealed an upregulation of platelet-binding proteins in the
LDN population. We identified alterations in GPCR and PI3k/
PTEN signaling in LDNs, which can potentiate NET production.
Therefore, AT promotes both expansion of LDNs, which spon-
taneously release NETs, and platelet activation, which further
activates neutrophils.

Activation of TGF- signaling is dependent on the interac-
tion of pro-TGF-B and integrins, which facilitates activation of
the latent complex (34). Following its activation, TGF-f binds to
its receptor complex, activating SMAD transcription factors and
driving the expression of downstream genes. In this model of
diabetic infection, a B . integrin was primarily responsible for
TGF-B-dependent LDN increases. Neutralization of either the
integrin or TGF-p prevented LDN increases and reduced animal
mortality. We identified 2 populations of cells, an inflammatory
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monocyte population and a DC population, that expressed the
B, component and were markedly increased in the infected dia-
betic mice. DCs were previously implicated in the activation of
TGF-B in the context of autoimmunity and parasitic infection
(22, 35, 36). Our data suggest that these cells play a central role
in the pathogenesis of diabetic infection, given their ability to
activate TGF-p and promote expansion of LDNSs.

Transcriptional analysis of LDNs also reflected their
increased activation state as compared with HDNs. Pathway
analysis demonstrated enrichment in innate immune pathways
including those for phagocytic, Toll-like signaling, transendo-
thelial migration, and inositol phosphate metabolism. PTEN
plays a central role in regulating much of this signaling. Upreg-
ulated in LDNs, PTEN shunts signaling away from AKT, which
is involved in chemotaxis and sensing of bacteria via TLRs
(37-39). By degrading PIP, into PIP,, PTEN decreases AKT
recruitment to the cell membrane, preventing its phosphory-
lation, as well as enabling GPCR degradation of PIP, into IP,
and activating Ca* signaling from the ER. When active, AKT
blocks IP, signaling through its interaction with the IP_R on the
ER membrane. PTEN therefore not only increases the substrate
for IP R signaling but also limits the ability of the cell to block
signaling through this receptor. Uninhibited IP, signaling could
potentially override other inhibitory pathways, such as the abil-
ity of the serum to prevent NET formation (40). PTEN has been
implicated previously in NET formation, and we now link its
activation to altered neutrophil function in a model of diabetic
infection (31).

It is notable that we did not observe a bacterial clearance
defect early in the course of infection in the diabetic mice as
compared with nondiabetic control mice. The similar bacterial
numbers we observed 48 hours after infection, despite sig-
nificant differences in survival, highlight the contribution of
excessive inflammation or an exaggerated host response to
the increase in mortality. Infection in diabetic mice results in
an increased and prolonged inflammatory response (41). NETs
can contribute to the proinflammatory environment in a variety
of diseases, including in inflammatory bowel disease, lupus,
cancer, and infection (17, 42-46). The DNA backbone of the
NETs activates TLR signaling, drives barrier disruption by
altering endothelial and epithelial cell junctions, and prevents
efferocytosis of neutrophils by other immune cells such as
macrophages (47-49). NETs can also inhibit complement acti-
vation, a key component of the innate immune defense against
bacterial pathogens (50). In the context of a diabetic wound,
NETs contribute to delayed healing, perhaps enabling addi-
tional opportunities for infection (16). We now show that NETs
correlate with increased mortality in a model of systemic infec-
tion in a diabetic host.

Diabetes is associated with an increased incidence of
severe bacterial infections. We identified a neutrophil subset,
previously linked to noninfectious diseases such as lupus,
that is elevated during S. aureus infection in the diabetic host.
Release of proinflammatory NETs by LDNs correlated with
increased mortality. We also identify 3 potential therapeutic
targets for the prevention of LDN development. Targeting a
key toxin released by S. aureus or blocking steps in the LDN
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maturation pathway prevented LDN increases and subsequent
NET induction and increased survival following infection in
the diabetic host.

Methods
In vivo model of systemic infection. Frozen stock cultures of S. aureus
USA300 strain SF8300 were thawed and diluted to the appropri-
ate inoculum in sterile PBS, pH 7.2 (Invitrogen, Thermo Fisher Sci-
entific) (32). Specific pathogen-free 7- to 8-week-old female BKS.
Cg-Dok7<m>+/+Lepr<db>/] (db/db), C57BKS, C57BL/6] - STZ,
and C57BL/6] mice (The Jackson Laboratory) were briefly anes-
thetized and maintained in 3% isoflurane (Butler Schein Animal
Health) with oxygen at 31/min and infected i.v. All bacterial suspen-
sions were administered in 100 ul PBS. In select experiments, the
neutralizing antibodies MEDI4893%, anti-a.f,, (clone 264RAD)
(51), anti-a, B, (clone 3G9), c-IgG (AstraZeneca), anti-TGF-p (clone
1D11.16.8, Bio X CELL), or control mouse IgG1 were administered
i.p. (15mg/kg) in 0.5 ml 24 hours prior to infection. MEDI4893* and
c-IgG have been previously described (32). Rosiglitazone (Sigma-
Aldrich) was administered (10 mg/kg) orally for 7 days. Mice were
infected 24 hours after the final dose of rosiglitazone. Animals
were euthanized with CO, at the indicated time points and blood,
liver, or kidneys were collected for analysis. The bacterial load in
the kidneys was determined by plating serial dilutions on trypticase
soy agar (TSA).

ELISA. To measure NETs, a hybrid of 2 different ELISA kits
was used. Plates were initially coated with anti-elastase capture
antibody (R&D Systems). Fresh serum samples were added to the
coated wells and then incubated and washed. Next, anti-DNA-POD
antibody (Roche) was used to detect DNA in the captured proteins
in the wells. SMAD2/3 activation was measured by ELISAs for
total SMAD2/3 (Cell Signaling Technology, catalog 12000C) and
p-SMAD2/3 (Cell Signaling Technology, catalog 12001). Plates
were developed with ABTS solution and ABTS stop solution. Absor-
bances were measured at 405 nm on a plate reader using Soft-
Max Pro software. SMAD2/3 activation is reported as the ratio of
p-SMAD2/3 to total SMAD2/3.

HDN and LDN purification. HDNs and LDNs were isolated
from whole blood. Following sacrifice, blood was collected and
layered over with Histopaque 1077 (Sigma-Aldrich). Cells were
separated by centrifugation (500 g, 30 minutes). The lower frac-
tion was treated with ACK lysis buffer (Thermo Fisher Scientific)
to remove red blood cells from the HDNs. The upper (PBMC)
fraction was washed twice with PBS, and LDNs were isolated
with the EasySep Mouse Neutrophil Enrichment Kit (STEM-
CELL Technologies). Purified cell populations were lysed for pro-
tein or RNA analysis as described in the Supplemental Methods.
In select experiments, whole blood was stimulated with TGF-$
(10 ng/ml for 3 hours, R&D Systems) or albumin prior to density
separation. Gene array data are available in the NCBI's GEO data-
base (GEO GSE12219). Proteomics data are available in the Proteo-
meXchange Consortium (PRIDE accession no. PXD012176).

Flow cytometry. The liver was minced and digested (5 mg/ml
collagenase D [Roche], 5 mg/ml DNase I [Sigma-Aldrich], 30 mg/ml
dispase II [Roche]) for 45 minutes. Following digestion, the tissue was
dissociated using a GentleMACS tissue dissociator (Miltenyi Biotec).
Following dissociation, cells were purified by Percoll gradient. Cells
Volume 129 Number 5
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were washed twice inice-cold FACS buffer (PBSwith 5% FBS and 0.1%
sodium azide). Fc receptors were blocked with anti-mouse CD16/
CD32 (eBioscience), and cells were stained with antibodies against
mouse CD45 (BV605 or BV711 conjugated, clone 30-F11; Biolegend,
I-A/I-E (BV650 conjugated, clone M5/114; Biolegend), CD24 (BV711
conjugated, clone M1/69; Biolegend), CD103 (PE/Dazzle conjugat-
ed, clone 2E7; Biolegend), CD11c (APC-Cy5.5 or BV785 conjugated,
clone N418; Biolegend or eBioscience), CD11b (BV605 or APC-Cy7
conjugated, clone M1/70; Biolegend or eBioscience), Ly6-G (APC
or PE-Cy7 conjugated, clone 1A8, Biolegend or eBioscience), and
Ly6-C (BV421 or AF488 conjugated, clone HK1.4; Biolegend). The
polyclonal antibody against integrin §,was FITC conjugated (VWR).
Dead cells were excluded with Live/Dead Aqua (BioLegend). Cells
were imaged using the LSR II Flow Cytometer (BD Biosciences) and
analyzed with Flow]Jo software.

Western blot analysis. Cells were lysed with RIPA buffer (Thermo
Fisher Scientific) containing cOmplete protease inhibitor (Sigma-
Aldrich) and then frozen. In select experiments, IP,R was immuno-
precipitated using anti-IP,R (Abcam, catalog ab5804) and the
Dynabeads Protein G Immunoprecipitation Kit (Thermo Fisher Sci-
entific). Equal amounts of protein were separated on 4% to 12% Bis-
Tris NuPAGE gels and transferred onto PVDF membranes (Thermo
Fisher Scientific). Inmunodetection was performed using anti-H,Cit
(Abcam, catalog ab5103), anti-lactoferrin (Abcam, catalog ab77705),
anti-MMP9 (Abcam, catalog ab38898), anti-IP,R (Abcam, catalog
ab5804), anti-p-Ser/Thr (Abcam, catalog ab17464), anti-p-AKT
(Cell Signaling Technology, catalog 4060), and anti-actin (Sigma-
Aldrich, catalog A3854). Proteins were visualized with the Odyssey
imaging system (Li-COR).

Confocal imaging. Livers were fixed overnight in 10% formalin,
paraffin mounted, and sectioned. Slides were washed in xylene (20
minutes) and rehydrated in sequential ethanol baths (5 minutes each
in 100%, 95%, 70%, and 50% EtOH in H,0). The tissue was rinsed
in PBS prior to antigen retrieval (0.1 M citrate buffer, 95°C, 20 min-
utes). Slides were blocked for 1 hour with BlockAid (Thermo Fisher
Scientific) and stained overnight with anti-Ly6-G (BD Pharmingen,
clone 1A8) and anti-H,Cit (Abcam). Neutrophils and NETs were visu-
alized with AF488 anti-rabbit and AF647-conjugated anti-rat IgG
secondary antibodies (Molecular Probes). The slides were imaged
using a Zeiss LSM 880 with an Airyscan confocal microscope (Zeiss;
x40 magnification).

Neutrophil restimulation. HDNs and LDNs were purified from
the blood of infected mice 48 hours after infection and incubated
with 100 nM fMLP (Sigma-Aldrich). At select time points, the cells
were lysed and processed for analysis of AKT activation by Western
blotting as described above.

Statistics. Data were analyzed using 2-tailed t tests, Mann-
Whitney U tests, Kruskal-Wallis followed by Dunn’s tests, or log-rank
tests where appropriate. All statistical analyses were performed using
GraphPad Prism, version 6.0. Sample sizes for all animal studies were
estimated using a log-rank test with a 5% type I error rate and 80%
power. The hypothesized effect size for each comparison was derived
from historical data or pilot study data. Sample sizes were calculated
using nQuery Advisor 7.0 software. All animals were randomly
assigned to treatment groups using an online randomization tool
implemented in Microsoft Excel. A P value of 0.05 or less was consid-
ered statistically significant.
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