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ABSTRACT Staphylococcus aureus is a leading cause of device-associated biofilm in-
fections, which represent a serious health care concern based on their chronicity
and antibiotic resistance. We previously reported that S. aureus biofilms preferen-
tially recruit myeloid-derived suppressor cells (MDSCs), which promote monocyte
and macrophage anti-inflammatory properties. This is associated with increased my-
eloid arginase-1 (Arg-1) expression, which has been linked to anti-inflammatory and
profibrotic activities that are observed during S. aureus biofilm infections. To deter-
mine whether MDSCs and macrophages utilize Arg-1 to promote biofilm infection,
Arg-1 was deleted in myeloid cells by use of Tie-2Cre mice. Despite Arg-1 expression
in biofilm-associated myeloid cells, bacterial burdens and leukocyte infiltrates were
similar between wild-type (WT) and Arg-1fl/fl;Tie-2Cre conditional knockout (KO) mice
from days 3 to 14 postinfection in both orthopedic implant and catheter-associated
biofilm models. However, inducible nitric oxide synthase (iNOS) expression was
dramatically elevated in biofilm-associated MDSCs from Arg-1fl/fl;Tie-2Cre animals,
suggesting a potential Arg-1-independent compensatory mechanism for MDSC-
mediated immunomodulation. Treatment of Arg-1fl/fl;Tie-2Cre mice with the iNOS
inhibitor N6-(1-iminoethyl)-L-lysine (L-NIL) had no effect on biofilm burdens or
immune infiltrates, whereas treatment of WT mice with the Arg-1/ornithine decar-
boxylase inhibitor difluoromethylornithine (DFMO) increased bacterial titers, but only
in the surrounding soft tissues, which possess attributes of a planktonic environ-
ment. A role for myeloid-derived Arg-1 in regulating planktonic infection was con-
firmed using a subcutaneous abscess model, in which S. aureus burdens were signifi-
cantly increased in Arg-1fl/fl;Tie-2Cre mice compared to those in WT mice. Collectively,
these results indicate that the effects of myeloid Arg-1 are context dependent and
are manifest during planktonic but not biofilm infection.
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Staphylococcus aureus is a leading cause of community-acquired and nosocomial
infections in humans (1–7), and the presence of foreign materials increases infection

risk due to the ability of S. aureus to form biofilms (3, 8, 9). Biofilms are heterogeneous
bacterial communities that are difficult to eradicate because of their chronicity and
recalcitrance to antibiotic therapy (3, 8, 9). In addition, previous work from our labo-
ratory has shown that S. aureus biofilms actively skew the host immune response
toward an anti-inflammatory phenotype that is characterized by the preferential re-
cruitment of myeloid-derived suppressor cells (MDSCs) and anti-inflammatory mono-
cytes and macrophages, whereas neutrophils and T cell infiltrates are less abundant
(10–15). MDSCs recruited to the site of biofilm infection express interleukin-10 (IL-10),
which is one contributing mechanism of immune suppression (12). In addition, biofilm-
associated MDSCs and macrophages upregulate arginase-1 (Arg-1) expression, suggest-
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ing that Arg-1 may further potentiate the anti-inflammatory and profibrotic cellular
responses that are favored during S. aureus biofilm infections (10, 16, 17).

Arg-1 catalyzes the hydrolysis of arginine to ornithine and urea (18). During an
immune response, myeloid-derived Arg-1 is an important enzyme involved in the
regulation of arginine availability (18–22), and previous studies have demonstrated that
myeloid-derived Arg-1 can inhibit proinflammatory immune responses (18, 23–27).
Arginine is a substrate for both Arg-1 and inducible nitric oxide synthase (iNOS), which
are characteristic markers of anti- and proinflammatory macrophages, respectively (24,
28–30). In myeloid cells, ornithine generation by Arg-1 is used for proline or polyamine
synthesis through ornithine decarboxylase (ODC), which promotes fibrosis by collagen
formation (18). A previous study demonstrated the importance of host-derived poly-
amines for S. aureus clearance and wound healing in a subcutaneous (s.c.) abscess
model that represents planktonic infection (31); however, a role for Arg-1 action in the
context of biofilms has not yet been explored. Biofilm infections are often encompassed
by a fibrotic response, which coincides with robust Arg-1 expression (10, 15, 16). Arg-1
activity also inhibits NO-mediated killing of pathogens by macrophages, since arginine
is the primary substrate for iNOS (28–30). Furthermore, extracellular arginine depletion
leads to reduced CD3� chain expression and the inability to augment cyclin D3 and
cdk4, leading to T cell hyporesponsiveness and cell cycle arrest, respectively (19–23, 26,
32). However, the effects of MDSC Arg-1 on inhibition of T cell proliferation may be
context dependent, as some studies have not demonstrated a role for the enzyme (33,
34). Previous work reported that myeloid-derived Arg-1 expression has a pathological
role in several cancers, Alzheimer’s disease, and bacterial and helminth infections,
establishing it as a key enzyme in dictating disease pathogenesis and immune out-
comes (18, 24, 35, 36). Therefore, elevated Arg-1 expression by MDSCs and/or macro-
phages may participate in preventing an effective immune response to S. aureus biofilm
infection through the depletion of extracellular arginine and suppression of proinflam-
matory responses.

The objective of the present study was to examine the functional role of myeloid-
derived Arg-1 in promoting device-associated S. aureus biofilm infection. Using condi-
tional knockout (KO) mice to delete Arg-1 in myeloid cells (Arg-1fl/fl;Tie-2Cre mice) (24,
37), we established that Arg-1 expression was significantly reduced in myeloid cells in
vitro and in MDSCs and macrophages isolated from S. aureus biofilm infections ex vivo.
Utilizing two device-associated S. aureus biofilm infection models, we found that bacterial
burdens were not dramatically different between wild-type (WT) and Arg-1fl/fl;Tie-2Cre

myeloid conditional KO mice. Further investigation showed that MDSCs from Arg-1fl/fl;Tie-
2Cre conditional KO animals had upregulated iNOS expression, suggesting a possible
compensatory mechanism for arginine depletion and immunomodulation. However,
treatment of Arg-1fl/fl;Tie-2Cre mice with a small-molecule inhibitor of iNOS did not affect
S. aureus biofilm burdens or leukocyte infiltrates. Additive effects were also not ob-
served when mice were treated with a small-molecule inhibitor of NADPH oxidase.
However, in the orthopedic implant model, treatment of WT mice with the arginase and
ODC inhibitor difluoromethylornithine (DFMO) increased bacterial titers, but only in the
surrounding soft tissue, which possesses some attributes of a planktonic environment,
not in the joint and femur, which model biofilm growth. Indeed, a role for myeloid-
derived Arg-1 in regulating planktonic infection was confirmed using a subcutaneous
abscess model in which S. aureus burdens were significantly increased in Arg-1fl/fl;Tie-
2Cre mice compared to those in WT animals. Collectively, these results demonstrate that
myeloid-derived Arg-1 controls S. aureus growth during planktonic but not biofilm
growth in vivo. By extension, the lack of Arg-1 involvement during biofilm formation
represents another immune evasion mechanism leading to infection persistence.

RESULTS
Arginase-1 expression and enzyme activity are significantly reduced in my-

eloid cells from Arg-1 conditional KO mice. Arginase-1 is a marker of anti-
inflammatory macrophages and inhibits inflammatory responses through depletion of
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available arginine stores (18, 22, 24, 35, 38, 39). Our laboratory previously reported
increased Arg-1 expression in MDSCs, monocytes, and macrophages infiltrating tissues
surrounding an S. aureus biofilm infection (10, 12–14, 16). Although MDSC depletion
improved biofilm clearance by enhancing monocyte proinflammatory activity (12, 14),
the mechanism of action and whether Arg-1 was involved remained unclear. This was
an important issue to address, since Arg-1 activity has been implicated in several types
of cancers, Alzheimer’s disease, and infection (18, 24, 35, 36). In the current study, we
used two mouse models of device-associated S. aureus biofilm infection to determine
the role of myeloid-derived Arg-1 in shaping leukocyte infiltrates and promoting
biofilm persistence. Prior reports demonstrated that LysM-driven expression of Cre
recombinase is inefficient at flox-mediated Arg-1 deletion (24, 40). This was confirmed
in the current study, where significant Arg-1 activity remained in Arg-1fl/fl;LysMCre

macrophages compared to that in wild-type cells (see Fig. S1 in the supplemental
material). As an alternative approach, we utilized Arg-1fl/fl;Tie-2Cre mice, which have
been shown to efficiently delete Arg-1 from myeloid cells (24). We first confirmed
efficient Arg-1 deletion in myeloid cells from Arg-1fl/fl;Tie-2Cre conditional KO mice. Both
Arg-1 expression and enzyme activity were significantly increased in wild-type Arg-1fl/fl;Tie-
2null macrophages in response to IL-4 (Fig. 1A and B). In contrast, bone marrow-derived
macrophages from Arg-1fl/fl;Tie-2Cre mice displayed significant decreases in Arg-1 ex-
pression and activity relative to those in Arg-1fl/fl;Tie-2null control cells, both at baseline
and following IL-4 treatment, confirming effective gene deletion (Fig. 1A and B).
Arginase activity in Arg-1fl/fl;Tie-2Cre macrophages may result from mitochondrial Arg-2
expression that can also catalyze the substrate used for the arginase assay (41).

Myeloid-derived arginase-1 does not dramatically affect S. aureus device-
associated biofilm infection. Based on our in vitro studies demonstrating that Arg-1
activity was significantly reduced in Arg-1fl/fl;Tie-2Cre conditional KO macrophages, we
next examined the role of Arg-1 in the establishment and persistence of S. aureus
biofilms by using two infection models. The first was an orthopedic implant-associated
biofilm infection model, which our laboratory has shown is dominated by MDSCs that
express Arg-1 and monocytes polarized toward an anti-inflammatory state (12–14). No
significant differences in biofilm burdens or leukocyte infiltrates were observed between
Arg-1fl/fl;Tie-2Cre conditional KO and Arg-1fl/fl;Tie-2null mice over the 2-week infection period
(Fig. 2). We next examined a mouse model of catheter-associated biofilm infection, which
is typified by more robust macrophage infiltrates, fibrotic responses, and Arg-1 expres-
sion than those in the orthopedic implant model (10, 15). Although MDSC infiltrates
and bacterial burdens were significantly increased in catheter-associated tissues of
Arg-1fl/fl;Tie-2Cre conditional KO mice at day 10 postinfection (Fig. 3), this did not

FIG 1 Arginase-1 expression and enzymatic activity are significantly reduced in Arg-1fl/fl;Tie-2Cre bone
marrow-derived macrophages. Bone marrow-derived macrophages were left unstimulated or treated
with rmIL-4 (10 ng/ml) for 24 h, whereupon whole-cell protein extracts (20 �g) were used for Western
blotting (A) and arginase activity assays (B). Arginase activity in whole-cell extracts was measured by the
amount of enzyme that converted 1.0 �mol of L-arginine to ornithine and urea per minute. ns, not
significant; **, P � 0.01; ****, P � 0.0001 (one-way ANOVA with Bonferroni’s multiple-comparison test).
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dramatically alter biofilm growth at later time points (days 14 to 28) (data not shown).
No significant differences in arginase activity were observed in either tissue or femur
homogenates from WT and Arg-1fl/fl;Tie-2Cre mice in the orthopedic implant model (Fig.
S2). This is likely because fibroblasts and other stromal cells outnumber myeloid cells
in these compartments and contribute to the arginase pool at the site of infection. In
addition, we did not observe any dramatic alterations in tissue integrity and collagen
content as determined by hematoxylin and eosin (H&E) and trichrome staining, respec-
tively (data not shown). As a quantitative means to assess collagen formation, a
hydroxyproline assay was performed. Although hydroxyproline levels were elevated at
day 3 postinfection in Arg-1fl/fl;Tie-2Cre mice in the catheter-associated infection model
(Fig. S3), this was not observed at later time points, which confirmed the similarities in
collagen levels between the two strains. Collectively, these results indicate that al-
though Arg-1 expression is increased at the site of S. aureus biofilm infection, the
enzyme itself in myeloid cells is not critical for regulating biofilm growth.

iNOS expression is increased in biofilm-associated MDSCs from Arg-1fl/fl;Tie-
2Cre conditional KO mice. To establish that the overall lack of differences between
Arg-1fl/fl;Tie-2Cre myeloid conditional KO and Arg-1fl/fl;Tie-2null mice in both the catheter
and orthopedic implant infection models was not due to inefficient Arg-1 deletion in
vivo, Arg-1 expression was examined in myeloid cells recovered from the site of
infection. Both MDSCs (CD45� Ly6Ghigh Ly6C�) and monocytes (CD45� Ly6G� Ly6C�)
were isolated by fluorescence-activated cell sorter (FACS) analysis from Arg-1fl/fl;Tie-2Cre

and Arg-1fl/fl;Tie-2null control mice at days 7 and 14 postinfection, whereupon Arg-1
expression and activity were assessed by reverse transcription-quantitative PCR (RT-
qPCR) and enzymatic assays, respectively (Fig. 4). As expected, Arg-1 expression and
activity were dramatically reduced in macrophages and MDSCs from Arg-1fl/fl;Tie-2Cre

conditional KO mice compared to those in cells from Arg-1fl/fl;Tie-2null controls in the
catheter-associated infection model at days 7 and 14 (Fig. 4A). Because myeloid
conditional Arg-1 deletion was verified in this model, this analysis was not repeated

FIG 2 Arginase-1 expression in myeloid cells does not influence S. aureus orthopedic implant infection. Titanium orthopedic
implants were placed in the femurs of Arg-1fl/fl;Tie-2null (WT) and Arg-1fl/fl;Tie-2Cre mice and inoculated with 103 CFU S. aureus
LAC. (A to C) Tissues surrounding infected implants, femurs, and knee joints were collected at the indicated intervals
postinfection to quantify bacterial burdens. (D to F) Infiltrating leukocyte populations in implant-associated tissues were
evaluated by flow cytometry. (D) MDSCs; (E) monocytes; (F) macrophages. Results are representative of two independent
experiments.

Yamada et al. Infection and Immunity

July 2018 Volume 86 Issue 7 e00206-18 iai.asm.org 4

 on O
ctober 2, 2018 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org
http://iai.asm.org/


with the orthopedic implant biofilm model. Interestingly, MDSCs from Arg-1fl/fl;Tie-2Cre

myeloid conditional KO mice showed a dramatic increase in iNOS expression (Fig. 4A).
Since prior studies from our laboratory revealed a critical role for MDSCs in attenuating
monocyte/macrophage proinflammatory activity and promoting biofilm persistence
(12, 14), this suggested that a potential compensatory mechanism for arginine deple-
tion may exist via upregulation of iNOS by MDSCs in the absence of Arg-1.

iNOS or ROS do not compensate for arginase-1 deficiency in myeloid cells.
Given the observed increase in iNOS expression in MDSCs from Arg-1 myeloid condi-
tional KO mice, we treated Arg-1fl/fl;Tie-2Cre animals with N6-(1-iminoethyl)-L-lysine
(L-NIL), a small-molecule inhibitor with selectivity for iNOS (cytokine inducible) over

FIG 3 Arginase-1 in myeloid cells does not dramatically affect S. aureus catheter-associated biofilm infection. Catheter-associated
infections were established in Arg-1fl/fl;Tie-2null (WT) and Arg-1fl/fl;Tie-2Cre mice following challenge with 103 CFU of S. aureus LAC.
Animals were sacrificed at the indicated intervals postinfection, whereupon bacterial burdens in the surrounding tissue (A) and
catheter (B) were determined and infiltrating leukocyte populations evaluated by flow cytometry (C to E). Results are representative
of three independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (unpaired 2-tailed Student’s t test).

FIG 4 MDSCs and macrophages from Arg-1fl/fl;Tie-2Cre mice express limited arginase-1 in vivo. Catheter-
associated infections were established in Arg-1fl/fl;Tie-2null (WT) and Arg-1fl/fl;Tie-2Cre mice following
challenge with 103 CFU of S. aureus LAC. Animals were sacrificed at days 7 and 14 postinfection,
whereupon MDSCs (CD45� Ly6Ghigh Ly6C�) and monocytes (CD45� Ly6G� Ly6C�) were isolated by FACS
analysis for RT-qPCR quantification of Arg-1 and iNOS expression (A) and arginase activity assay (B).
Results are representative of two independent experiments. **, P � 0.01; ***, P � 0.001 (unpaired 2-tailed
Student’s t test).
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neuronal NOS (nNOS) and endothelial NOS (eNOS) (42). Both Arg-1fl/fl;Tie-2Cre myeloid
conditional KO and Arg-1fl/fl;Tie-2null control mice received daily administration of L-NIL
or vehicle in the S. aureus orthopedic implant model. No significant differences in
bacterial burdens from the knee, surrounding soft tissue, femur, or leukocyte infiltrates
were observed with L-NIL treatment (Fig. 5A to C and data not shown), suggesting that
the observed increase in iNOS expression by MDSCs does not compensate for reduced
myeloid Arg-1. We next examined the potential role of NADPH oxidase as a redundant
pathway for Arg-1 in modulating biofilm persistence, since reactive oxygen species
(ROS) production by MDSCs has also been implicated in modulating their suppressive
activity (43, 44). Arg-1fl/fl;Tie-2Cre myeloid conditional KO and Arg-1fl/fl;Tie-2null control
mice were treated with the small-molecule NADPH oxidase inhibitor apocynin, which
also revealed no role in limiting the establishment or persistence of orthopedic
implant-associated biofilm infection (Fig. 5A to C).

Inhibition of polyamine synthesis promotes bacterial growth in tissues sur-
rounding biofilm infections. Although our results suggested that myeloid Arg-1
deletion had minimal effects on biofilm development, we treated WT mice with
difluoromethylornithine (DFMO), a small-molecule inhibitor of both arginase and orni-
thine decarboxylase (ODC), in the orthopedic implant infection model to examine the
potential redundancy of ODC during S. aureus biofilm infection. Interestingly, bacterial
burdens were increased at days 7 and 10 postinfection with DFMO treatment but were
manifest only in the soft tissue surrounding the biofilm infection site (Fig. 5D). This
finding agrees with an earlier report showing that polyamines are critical for antistaphy-
lococcal responses and resolution of skin abscesses following DFMO treatment (31).
Importantly, our study advances this finding by identifying myeloid cells as a critical
source of Arg-1 during subcutaneous S. aureus abscess formation, since bacterial
burdens were significantly increased in abscesses from Arg-1fl/fl;Tie-2Cre mice compared
to those from WT mice (Fig. 6A). No gross differences in abscess size or dermatonecrosis

FIG 5 iNOS or reactive oxygen species do not compensate for arginase-1 deficiency in myeloid cells. S. aureus orthopedic implant
infections were established in Arg-1fl/fl;Tie-2null (WT) or Arg-1fl/fl;Tie-2Cre mice (A to C) or in C57BL/6 mice (D to F), whereupon animals
received daily treatments of apocynin (6 mg/kg) (A to C), L-NIL (40 mg/kg) (A to C), or DFMO (50 mg/kg) (D to F) beginning 5 h prior
to infection. Bacterial burdens in surrounding soft tissues (A and D), the femur (B and E), and the knee joint (C and F) were quantified
at the indicated time points postinfection. *, P � 0.05; ***, P � 0.001 (unpaired 2-tailed Student’s t test).
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were observed between Arg-1fl/fl;Tie-2Cre myeloid conditional KO and Arg-1fl/fl;Tie-2null

control mice (Fig. 6B and data not shown). We did not explore the effects of DFMO on
MDSC function, since our data demonstrated that myeloid-derived Arg-1 does not play
a major role during S. aureus biofilm formation. Collectively, these results demonstrate
that myeloid-derived Arg-1 controls S. aureus growth during planktonic but not biofilm
growth in vivo.

DISCUSSION

Our laboratory has demonstrated that MDSCs are preferentially recruited to S.
aureus biofilm infections, where they inhibit monocyte proinflammatory activity to
promote infection persistence (10, 12–16). MDSCs are the primary source of IL-10
during biofilm infection, and prior studies have established that antibody-mediated
depletion of MDSCs and IL-10 deficiency both result in reduced S. aureus biofilm
burdens (10, 12, 14, 16). However, bacteria still remain in implant-associated tissues in

FIG 6 Myeloid-derived arginase-1 contributes to S. aureus clearance during subcutaneous abscess
infection. Subcutaneous abscesses were established in Arg-1fl/fl;Tie-2null (WT) and Arg-1fl/fl;Tie-2Cre mice
following inoculation with 107 CFU S. aureus LAC. Animals were sacrificed at days 3, 7, and 10
postinfection, whereupon abscess-associated bacterial burdens (A) and leukocyte infiltrates (C to F) were
measured. (B) Abscess sizes were monitored by use of calipers throughout the course of infection. Results
are representative of two independent experiments. *, P � 0.05; **, P � 0.01 (unpaired 2-tailed Student’s
t test).
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both of these scenarios, indicating the existence of additional immunosuppressive
mechanisms. Previous reports have shown that MDSCs and macrophages inhibit innate
and adaptive immune responses through extracellular arginine depletion by Arg-1 (23,
26, 45). Our recent studies revealed that Arg-1 expression is increased in MDSCs during
S. aureus orthopedic implant biofilm infection and that macrophages surrounding
biofilm-infected catheters dramatically upregulate Arg-1 (10–12, 14). Furthermore, host
polyamine synthesis is important for controlling S. aureus growth in nonbiofilm infec-
tion models, such as models of sepsis and subcutaneous abscesses (31). Arg-1 also plays
a critical role in models of cancer, Alzheimer’s disease, and infection because of its
immunosuppressive properties (18, 24, 35, 36). Based on these observations, we sought
to determine whether myeloid-derived Arg-1 facilitates S. aureus biofilm persistence,
which may represent a viable treatment target since the enzyme is currently being
explored as a therapeutic target in Alzheimer’s disease (35).

Despite efficient depletion of myeloid-derived arginase activity from Arg-1fl/fl;Tie-2Cre

mice, minimal differences in bacterial burdens or leukocyte infiltrates were observed in
two distinct S. aureus device-associated biofilm infection models. MDSCs are the
primary leukocyte infiltrate in both orthopedic implant and catheter-associated biofilm
infections, whereas fewer T cells and neutrophils are present. However, one important
distinction is that macrophage infiltrates are more abundant in catheter-associated
infections than in the orthopedic implant model (10, 12–14). The finding that leukocyte
infiltrates were similar in Arg-1fl/fl;Tie-2Cre myeloid conditional KO and Arg-1fl/fl;Tie-2null

control mice in both models supports previous reports that Arg-1 activity regulates
cellular activation rather than differential leukocyte recruitment (18, 23–25, 27). How-
ever, cellular activation status was not examined in the current study, since no dramatic
differences in biofilm titers were observed.

Interestingly, a marked increase in iNOS expression was observed in MDSCs from
Arg-1fl/fl;Tie-2Cre myeloid conditional KO animals both 7 and 14 days following infection.
A previous study reported a similar phenomenon, where deletion of macrophage Arg-1
potentiated NO production by increasing arginine availability (24). To determine
whether this increase in iNOS expression could compensate for myeloid-targeted Arg-1
depletion, Arg-1fl/fl;Tie-2Cre mice were treated with L-NIL, a small-molecule inhibitor of
iNOS. L-NIL had no effect on biofilm burdens or leukocyte infiltrates in Arg-1fl/fl;Tie-2Cre

myeloid conditional KO mice, indicating that increased iNOS expression is not a
significant compensatory mechanism for promoting biofilm persistence. In addition,
unpublished data from our laboratory, using iNOS KO mice, demonstrated that iNOS
does not play a role in S. aureus biofilm infections. In contrast, McInnes et al. reported
increased bacterial burdens and mortality during S. aureus septic arthritis in iNOS KO
mice (46), identifying a distinction between biofilm and planktonic infections. In
addition, the current study demonstrates that NADPH does not have an impact on
biofilm growth, since apocynin treatment had no effect on S. aureus burdens. This
differs from the results of a recent study of NADPH oxidase-deficient mice by Sun et al.,
which revealed a critical role for ROS in controlling S. aureus pneumonia (47). Therefore,
our study has revealed novel distinctions between S. aureus biofilm and planktonic
infections, since iNOS and NADPH oxidase do not affect biofilm formation but do
regulate host immunity to planktonic infection.

As another potential point of redundancy, we examined whether ODC contributes
to S. aureus persistence during biofilm infection, since a prior report revealed a critical
role for polyamine synthesis in controlling S. aureus growth in a mouse skin abscess
model (31). Interestingly, treatment of WT animals with the arginase/ODC inhibitor
DFMO increased bacterial burdens in the soft tissue surrounding infected orthopedic
implants at days 7 and 10 postinfection, whereas no changes in bacterial titers were
observed in the knee joint, femur, or implant. The selectivity of DFMO action in the
tissue is reminiscent of our findings with the catheter-associated infection model, in
which S. aureus burdens in Arg-1fl/fl;Tie-2Cre conditional KO mice at day 10 postinfection
were elevated in the surrounding soft tissues, which possess some attributes of a
planktonic environment since bacteria have dispersed from the catheter surface. To
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further demonstrate the importance of Arg-1 in the context of planktonic infection, we
took advantage of a subcutaneous abscess model in which a role for polyamines in
controlling bacterial growth was previously shown (31). Importantly, our study ad-
vances this finding by identifying myeloid cells as a critical source of Arg-1 during
subcutaneous S. aureus abscess formation, since bacterial burdens were significantly
increased in abscesses from Arg-1fl/fl;Tie-2Cre mice compared to those in WT mice.
Collectively, these results demonstrate that myeloid-derived Arg-1 activity and poly-
amine synthesis control S. aureus growth during planktonic but not biofilm growth in
vivo.

The complete repertoire of mechanisms used by MDSCs to inhibit immune function
and promote S. aureus biofilm establishment and persistence is still unknown. Previous
studies from our laboratory implicated roles for IL-12 and IL-10 in the indirect recruit-
ment and immunosuppressive function of MDSCs, respectively (12, 13). In cancer
models, myeloid-derived Arg-1 has been shown to provide two complementary func-
tions. First, depletion of extracellular arginine stores modulates the immune response
by decreasing NO production, synthesis of arginine-containing proteins, and T cell
activation (18, 29, 30, 48). Second, arginine metabolism provides precursor molecules
for collagen and polyamine synthesis, which leads to fibrotic tissue deposition, vascular
remodeling, and direct antibacterial actions (23, 28–31, 39). Although prior work
suggested that myeloid Arg-1 might be important for promoting S. aureus biofilm
infection (12–14), the present study demonstrates that myeloid Arg-1 does not directly
influence the immune response to S. aureus biofilm infections or induce a compensa-
tory increase in arginine flux toward reactive nitrogen intermediate (RNI)/ROS produc-
tion. However, these observations do not provide a specific mechanism by which this
occurs. Namely, they do not rule out potential effects of Arg-1 on arginine bioavail-
ability to support S. aureus growth and fitness in vivo. For example, previous studies
demonstrated that S. aureus growth and virulence are dependent on exogenous
arginine or arginine biosynthesis via proline (49). Alternatively, S. aureus biofilm induc-
tion of Arg-1 expression in nonmyeloid cells, such as fibroblasts or other mesenchymal
cells, may override any potential contribution of myeloid-derived Arg-1 activity during
S. aureus biofilm infection. This would require crossing of an Arg-1fl/fl line with a Cre line
directed by the type I collagen promoter Col1a2 to target gene deletion in fibroblasts
(50). Furthermore, mitochondrial Arg-2 released from dead or dying cells may also
contribute to the overall pool of arginase enzyme activity (41). Additional studies are
needed to address these possibilities; however, the present study demonstrates that
myeloid-derived Arg-1 has minimal effects on S. aureus biofilm growth but instead
plays a unique role in controlling S. aureus planktonic infections.

MATERIALS AND METHODS
Mice. Male and female C57BL/6 mice (8 weeks of age) were purchased from The Jackson Laboratory

(Bar Harbor, ME, USA). Arg-1fl/fl;Tie-2Cre and Arg-1fl/fl;LysMCre mice were generated by crossing Arg-1fl/fl

animals with Tie-2Cre and LysMCre animals, respectively, both on a C57BL/6 background (The Jackson
Laboratory), with Arg-1fl/fl littermates used as WT controls. This study was conducted in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals (51). The animal
protocol was approved by the Institutional Animal Care and Use Committee of the University of Nebraska
Medical Center.

Generation of bone marrow-derived macrophages. Macrophages were expanded from the bone
marrow of Arg-1fl/fl;Tie-2Cre conditional KO, Arg-1fl/fl;LysMCre, and Arg-1fl/fl;Tie-2null control mice by flushing
long bones with sterile RPMI 1640 serum-free medium and culturing cells in RPMI 1640 medium
containing 10% fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA), penicillin-streptomycin-
amphotericin B (Fungizone), and 5% conditioned medium from L929 fibroblasts as a source of macro-
phage colony-stimulating factor (M-CSF) (11, 52). FACS analysis revealed that �99% of cells were
macrophages, based on CD11b and F4/80 staining, after a 6-day culture period (data not shown). At in
vitro day 6, macrophages were harvested, replated, and treated with 10 ng/ml recombinant mouse IL-4
(rmIL-4) (BioLegend, San Diego, CA) for 24 h, whereupon cellular extracts were prepared for Western
blotting and Arg-1 activity assays. Western blotting was performed as previously described (53), with an
anti-Arg-1 antibody (goat anti-mouse; 1:200) (sc-271430; Santa Cruz Biotechnology) followed by a rabbit
anti-goat IgG conjugated to horseradish peroxidase (HRP) (Abcam, Cambridge, MA). Arginase activity in
macrophages was measured using an arginase activity assay kit (Sigma-Aldrich, St. Louis, MO).
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Mouse models of device-associated S. aureus biofilm infection. Mouse models of S. aureus
catheter-associated and orthopedic implant biofilm infections were performed as previously described
(10–13, 15, 17). Briefly, for both device-associated models, mice were anesthetized with ketamine-
xylazine (100 mg/kg of body weight-5 mg/kg of body weight), and the surgical site was disinfected with
povidone-iodine. The health status of mice was regularly monitored throughout the course of infection,
and all mice exhibited normal ambulation and no discernible pain behaviors. S. aureus catheter-
associated biofilm infections were performed as previously described (10, 15, 16). Briefly, a 1-cm
subcutaneous incision was made in the flank, and a blunt probe was used to create a pocket for insertion
of a 1-cm sterile 16-gauge Teflon-coated intravenous (i.v.) catheter (Excel International, St. Petersburg,
FL). The incision was sealed using Vetbond tissue adhesive (3M, St. Paul, MN), whereupon a total of 103

CFU of S. aureus USA300 LAC (54) in 20 �l 1� phosphate-buffered saline (PBS) was injected directly into
the catheter lumen to establish biofilm formation.

To model infectious complications that can arise in patients following arthroplasty, a mouse model
of S. aureus orthopedic implant infection was used as previously described (12–14, 17, 55). Briefly, after
a surgical plane of ketamine-xylazine anesthesia was achieved, a medial incision was created through the
quadriceps, with lateral displacement to access the distal femur. A burr hole was made in the femoral
intercondylar notch through the intramedullary canal, using a 26-gauge needle, whereupon a precut
0.8-cm orthopedic-grade Kirschner wire (0.6-mm diameter) (Nitinol [nickel-titanium]; Custom Wire Tech-
nologies, Port Washington, WI) was inserted into the intramedullary canal, leaving �1 mm protruding
into the joint space. The exposed wire surface was inoculated with 103 CFU of S. aureus USA300 LAC in
2 �l of 1� PBS. Following closure of the surgical site with absorbable nylon sutures, animals received s.c.
buprenorphine (Buprenex) (0.1 mg/kg; Reckitt Benckiser, Hull, United Kingdom) for the first 24 h after
surgery for pain relief. Detailed time course studies were initiated for the catheter-associated model, with
mice sacrificed on days 3, 5, 7, and 10 postinfection. Subsequent studies were conducted with a more
limited set of time points in the orthopedic infection model, with mice analyzed at days 3, 7, and 14
postinfection.

Mouse model of S. aureus abscess infection. S. aureus subcutaneous abscesses were induced as
previously described (31, 49). Briefly, Arg-1fl/fl;Tie-2Cre conditional KO and Arg-1fl/fl;Tie-2null control mice
were anesthetized with ketamine-xylazine (100 mg/kg-5 mg/kg), the flank was shaved using clippers, and
the surgical site was disinfected with povidone-iodine. Mice received subcutaneous injections of S. aureus
(107 CFU in 20 �l PBS), and abscess sizes were measured daily by use of calipers throughout the course
of infection. Mice were euthanized at days 3, 7, and 10 postinfection to quantify bacterial burdens and
leukocyte infiltrates.

Recovery of infected tissues for S. aureus enumeration. The soft tissue surrounding catheter-
associated infections was collected, weighed, and dissociated using the blunt end of a 3.0-ml syringe in
500 �l of PBS supplemented with a protease inhibitor cocktail tablet (Roche Diagnostics, Indianapolis,
IN). Catheters were placed in 500 �l of PBS for sonication to dissociate bacteria from the catheter surface.
For the orthopedic implant infection model, the titanium implant, femur, knee joint, and surrounding soft
tissue were collected by first removing the skin, whereupon the tissue ventral to the patellar tendon was
excised, weighed, and disrupted using the blunt end of a 3.0-ml syringe in 500 �l of PBS supplemented
with a protease inhibitor cocktail tablet. The remaining muscle and tendons were removed and excluded
from analysis. The knee joint and femur were separated and homogenized individually by use of a
hand-held homogenizer for 30 s. The titanium implant was carefully removed and vortexed in 200 �l PBS
to dislodge biofilm-associated bacteria. Subcutaneous abscesses were collected, weighed, and dissoci-
ated using the blunt end of a 3.0-ml syringe in 500 �l of PBS. S. aureus titers were quantified using tryptic
soy agar (TSA) plates supplemented with 5% sheep blood (Remel, Lenexa, KS) and are expressed as CFU
per milliliter for catheters/titanium implants or CFU per gram of wet tissue weight.

Flow cytometry. To characterize leukocyte infiltrates associated with soft tissues surrounding the
infected knee, catheter, or abscess, homogenates were passed through a 35-�m filter (BD Falcon, BD
Biosciences). The cellular filtrate was washed with PBS supplemented with 2% heat-inactivated FBS and
collected by centrifugation (300 � g, 5 min), whereupon red blood cells (RBCs) were lysed using RBC lysis
buffer (BioLegend, San Diego, CA). Cells were washed and resuspended in PBS containing 2% FBS and
then incubated with TruStain fcX (BioLegend, San Diego, CA) to minimize nonspecific antibody binding.
Cells were then stained with Live/Dead Fixable Blue dead cell stain (Invitrogen, Eugene, OR), CD45-
allophycocyanin (CD45-APC), Ly6G-phycoerythrin (Ly6G-PE), Ly6C-peridinin chlorophyll protein (PerCP)-
Cy5.5, and F4/80-PE-Cy7 (BioLegend, San Diego, CA). An aliquot of pooled cells was stained with
isotype-matched control Abs to assess the degree of nonspecific staining per treatment group. For
individual samples, 10,000 to 100,000 events were analyzed using BD FACSDiva software, with cell
populations expressed as percentages of total viable CD45� leukocytes.

Hydroxyproline assay. To determine the relative collagen content in infected tissues, hydroxyproline
assays were performed using a hydroxyproline assay kit (Sigma-Aldrich). Briefly, samples were prepared by
homogenization of 10 mg of infected tissue in 100 �l of water, transferred to a pressure-tight vial with 100
�l of 12 M hydrochloric acid, and hydrolyzed at 120°C for 3 h. A total of 10 to 50 �l per sample was transferred
to a 96-well plate and evaporated at 60°C. Following the addition of reaction buffer, the plate was read at 570
nm by use of an iMark microplate absorbance reader (Bio-Rad, Hercules, CA).

Statistics. Significant differences between experimental groups were determined by an unpaired
two-tailed Student t test or one-way analysis of variance (ANOVA) with Bonferroni’s multiple-comparison
test, using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). For all analyses, P values of �0.05 were
considered statistically significant.
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