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COMPOSITIONS AND METHODS FOR THE TREATMENT OF BIOFILM
INFECTIONS

Cross Reference to Related Applications

[0001] This application claims the priority benefit of provisional U.S. Patent Application
Number 61/859,500, filed July 29, 2013, and provisional U.S. Patent Application Number
62/014,864 tiled June 20, 2014, each of which is incorporated herein by reference in its

entirety.

Government Support

[0002] This invention was made with government support under Grant No. P01 A1083211
awarded by the National Institutes of Health (NIH/NIAID). The government has certain

rights in the invention.
Field

[0003] The disclosed technology generally relates to the field of infectious disease and,
more particularly, to materials and methods for preventing, ameliorating or treating biofilm

infections.

Background

[0004] Microorganisms, specifically bacteria, form biofilm, which is an extra-cellular
polysaccharide-based organic polymer. These biofilms are heterogeneous bacterial
communities encased in a self-produced matrix, i.e., the polysaccharide-based organic
polymer, that present a serious health care concern based on their chronicity and recalcitrance
to antibiotic therapy (15). Biofilm can also incorporate divalent metal ions that can form a
lattice structure consisting of both organic and inorganic mass. Once this formation develops
within a system it is very difficult to remove. Biofilm will protect the organisms from
antibiotic therapy and allow them to reproduce with the potential to disseminate and establish
new sites of infection in the body. The recalcitrance of biofilm infections to a wide range of
antibiotic therapies poses a serious threat to human and non-human animal health. Biofilms
can form on both natural body surfaces and structures as well as foreign devices, including
indwelling catheters and orthopedic implants. The presence of a foreign body increases the

likelihood of infection and drastically lowers the threshold for device colonization.

[0005] Biofilm infections, also referred to herein as biofilms, represent over 80% of
infections, and about 65% of nosocomial infections caused by microorganisms in the
developed world involve biofilms. Biofilms also contribute to catheter infections that cause
about 10,000 U.S. deaths and more than 11 billion US dollars in losses in hospital costs
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annually. In addition, 20% of urinary catheters inserted into 5 million U.S. patients have
developed biofilm infections. Biofilms are implicated in urinary tract infections that result in
medical expenses of 1.6 billion U.S. dollars each year. Worldwide, over 70,000 people have
been diagnosed with cystic fibrosis caused by biofilms of Pseudomonas aeruginosa.
Between 5 to 7 billion U.S. dollars are spent in medical care and productivity losses in the
United States due to 25 to 80 million cases annually of biofilm-related food-borne diarrhea
and 8,000 to 18,000 cases of biofilm-related Legionnaire’s disease. In general, biofilms cost
about 500 billion dollars annually, attributable largely to equipment damage, product

contamination, energy losses and medical infections.

[0006] Biofilm infections have been associated with a variety of diseases and medical
conditions beyond cystic fibrosis, including but not limited to, dental caries, periodontitis,
infective endocarditis, musculoskeletal infections, necrotizing fasciitis, osteomyelitis,
melioidosis, infectious kidney stones, airway infections, otitis media, biliary tract infections,
chronic bacterial prostatitis and infections of medical devices (intravenous catheters, artificial

joints, contact lenses, cerebrospinal fluid shunts), among others.

[0007] Biofilm infections often lead to significant morbidity due to their chronicity and
recalcitrance to antibiotics. Bacterial biofilms are associated with catheters, artificial joints
(e.g., hip, knee) and other artificial implants, becoming a growing health problem as
populations have aged. The frequency of device-related biofilm infections are continuing to
rise, with current infection rates totaling 1-2% of primary arthroplasties, 3-5% of all
revisions, around 10-50% of short-term urinary catheterizations, and the majority of all
patients with long-term catheterization. The incidence of biofilm infections is projected to
increase from 17,000 to 266,000 per year by 2030 as the need for arthroplasty in the aging

population will exceed 3.8 million surgeries.

[0008] These numbers do not take into account the propensity of bacterial biofilms to
colonize other medical devices as well as natural body surfaces. Further complicating
currently available treatment paradigms is the fact that bacteria within a biofilm are not
responsive to conventional antibiotics, which is thought to be the result of altered metabolism
and cell growth. Likewise, bacterial biofilms alter host immune responses to favor anti-
inflammatory and pro-fibrotic pathways, which also contribute to biofilm persistence.
Methicillin-resistant Staphylococcus aureus (MRSA) is a common etiologic agent of biofilms
and often causes chronic and recurrent infections when associated with indwelling medical
devices. The current therapeutic option for managing device-associated biofilm infections is

a staged replacement of the hardware, either as a single-step exchange, whereby the entire
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implant is replaced in a single procedure or, more commonly, as a 2-stage exchange. In the
latter case, patients receive extended antibiotic regimens in addition to surgical management,
which generally consists of device removal and replacement with an antibiotic-impregnated
temporary spacer, followed by insertion of a new prosthesis after a 2- to 8-week period. This
is a long and debilitating process associated with significant morbidity and economic impact

for patients.

[0009] The cycle of prosthesis removal and replacement, which is the current therapeutic
option for dealing with biofilm-infected artificial devices, presents an inconvenient,
ineffective, and undesirable option. These difficulties in biofilm treatment and control are
underscored even further when the biofilm is associated with more permanent artificial
implants such as hips, knees, and heart valves. This issue becomes even more pronounced
against the backdrop of the rapidly increasing population of the elderly, who will be the
primary recipients of such artificial implants and who grow increasingly less

immunoresponsive over time.

[0010] As noted, conventional antibiotics are ineffective in treating and controlling
bacterial burden in biofilms. Nevertheless, they are commonly used to control bacteria that
escape the biofilm matrix in order to prevent their colonization of other tissue sites. Such use
of antibiotics imposes selection pressures on the bacteria and increases the chance of
antibiotic-resistant strains arising. Like surgical intervention, conventional antibiotics do not
present an ideal therapeutic option for addressing biofilm infections, including biofilm-fouled

implants.

[0011] Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of
immature monocytes and granulocytes that are potent inhibitors of T cell activation (1). In
mice, MDSCs are characterized by their expression of CD11b and Gr-1, but can be further
subdivided into monocyte- and granulocyte-like subsets based on their differential expression
of Ly6C and Ly6G, which are referred to as monocyte-like MDSC (M-MDSC) and
granulocyte-like MDSC (G-MDSC), respectively (2, 3). CD11b"Gr-1" cells normally reside
in the bone marrow prior to their differentiation into mature granulocytes, macrophages, or
dendritic cells. However, MDSCs can be recruited into lymphoid and inflamed tissues during
pathologic conditions by the actions of growth factors, such as G-CSF, GM-CSF, and VEGF,
where disturbances in cytokine homeostasis block their differentiation into mature myeloid
effector cells, resulting in MDSC expansion (3, 4). Several factors influence MDSC
activation, including proinflammatory cytokines driven by MyD88-dependent signaling (i.e.,

IL-6), reactive oxygen species (ROS), and cyclooxygenase-2 (COX-2). These
3
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proinflammatory molecules induce the expression of arginase-1 (Arg-1) and several anti-
inflammatory cytokines that not only contribute to the inhibition of T cell responses, but may

also play a role in macrophage polarization towards an alternatively activated M2 phenotype
4.

[0012]  Staphylococcus aureus (S. aureus) is a leading cause of community-acquired and
nosocomial infections (11, 12). Infection risk is increased by the presence of foreign
materials, and S. aureus is a leading cause of biofilm infections on indwelling medical
devices and orthopedic implants (13, 14). S. aureus biofilms have been shown to skew
macrophages toward an alternatively activated M2 anti-inflammatory phenotype, typified by
robust Arg-1 expression that correlates with the failure to recruit T cells to the site of
infection (16). Arg-1 expression, however, was also detected in other cell types, leading to

an examination of the identity of alternative Arg-1" cells associated with S. aureus biofilms.

[0013] The foregoing discussion highlights the urgent need for new approaches to prevent
biofilm formation, maintenance, or growth, and/or to facilitate biofilm eradication, without
the need for surgical intervention, or dangerous (ozone) or ineffective (antibiotics)
therapeutics. Thus, a need exists in the art for compositions and methods for preventing and
treating biofilms that are efficacious and cost-effective without incurring significant risk of

toxicity or other complications arising from prophylactic or therapeutic treatment.

Summary

[0014] The disclosure provides compositions and methods for the prevention,
amelioration, or treatment of biofilm infections. More particularly, the disclosure provides
for the targeting of myeloid-derived suppressor cells (MDSCs) to treat biofilm based
infection. The disclosed compositions and methods can be used to treat any biofilm infection
caused by, or associated with, any known infectious organism, such as microbes including
gram-positive and gram-negative bacteria, yeast, and fungi. The biofilm infections may be
associated with medical implants or devices such as catheters and joint replacements or
natural surfaces found within the body, such as heart valves. Compositions of the disclosure
include any compound (synthetic or biologic) that inhibits MDSC function. These
compounds include, but are not limited to, antibodies, peptides, small molecules, and/or
DNA/RNA based therapeutics. Inhibition of MDSC function includes, but is not limited to,
the inhibition of overall function of MDSCs, inhibition of specific functions of MDSCs such
as arginase inhibitors, killing of MDSCs, inhibition of MDSC proliferation, and inhibition of

formation of new MDSCs. It is further envisioned that the MDSC inhibitors are used in
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conjunction with other existing drugs such as antibiotics, proteolytic enzymes such as matrix
metalloproteinases, MMPs, and collagenase, or activated macrophage therapy, as described in

W0 2013/032964.

[0015] Disclosed herein are studies identifying a predominant CD11b*Gr-1"Arg-1" MDSC
infiltrate that contributes to the anti-inflammatory environment typical of S. aureus biofilm-
associated infections. As disclosed in the following working examples, the functional role of
MDSC:s in shaping the anti-inflammatory milieu during S. aureus orthopedic biofilm
infection was examined. Although MDSCs were identified using well-established markers
(17-19), their ability to attenuate T cell proliferation was required to establish their identity as
a bona fide MDSC population. It was found that MDSC:s infiltrating S. aureus biofilms were
capable of inhibiting T cell proliferation, which represents the first report of MDSCs in any
type of staphylococcal infection. Furthermore, qRT-PCR analysis of FACS-purified MDSCs
revealed increased expression of typical MDSC molecules, including Arg-1, iNOS, and IL-
10. Administration of monoclonal antibody 1A8 (anti-Ly6G), which specifically depleted the
immunosuppressive MDSC population and mature neutrophils, significantly increased
monocyte and macrophage proinflammatory activity, which translated into decreased S.
aureus burdens in the infected joint. Consistent with the foregoing discussion, MDSCs were
recently identified as the predominant cell type infiltrating S. aureus biofilm infections

typified by Arg-1 expression, as disclosed herein.

[0016] Evidence to support the importance of monocytes/macrophages in biofilm
containment in the absence of MDSCs was obtained by demonstrating that RB6-C85 (anti-
Gr-1 or anti-Ly6G/Ly6C) treatment, which depleted effector monocytes and macrophages in
addition to MDSCs and granulocytes, significantly increased S. aureus burdens and
proinflammatory mediator expression as well as bacterial dissemination to peripheral organs.
These results indicate that MDSCs establish an anti-inflammatory milieu during S. aureus
biofilm infection that thwarts monocyte and macrophage proinflammatory activity leading to
persistent colonization. This prominent MDSC infiltrate also explains the paucity of T cells
associated with S. aureus biofilms. Collectively, these studies demonstrate a role for MDSCs
during staphylococcal biofilm infection and preventing their immunosuppressive actions
provides treatment strategies to mitigate, eliminate or prevent these devastating, chronic

infections.

[0017] In one aspect, the disclosure provides a method of preventing or treating a biofilm
infection comprising administering a therapeutically effective amount of an inhibitor of a

myeloid-derived suppressor cell (MDSC). Some embodiments provide for the method
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wherein the MDSC is a CD11b" Gr-1" MDSC. In some embodiments, the inhibitor is
Gemcitabine, a STAT3 inhibitor, STAT3-targeted siRNA, a Janus kinase (JAK) inhibitor, an
anti-CD15 (SSEA-1), an anti-CD33, an anti-CD34, an anti-CD66b, an anti-CD162, an anti-
MRP-14 (S100A9), an anti-NF-kB (p50) antibody, an anti-SHIP-1 antibody, an anti-STAT1
antibody, an anti-STAT3 antibody, an indoleamine 2,3-dioxygenase (IDO) inhibitor, an Nrf-2
activator, an IL-10 inhibitor, an IL-10 receptor inhibitor, or an arginase inhibitor. The
disclosure also comprehends the method wherein the arginase inhibitor is C-201 or C-301. In
some embodiments of the method, the IDO inhibitor is INCB24360, norharmane, rosmarinic
acid, 1-methyltryptophan, a tryptophan derivative, Indoximod, or NLG919. Some
embodiments provide for administration of a JAK inhibitor in the form of AZD1480,
tofacitinib, ruxolitinib (Jakafi), baricitinib, decernotinib, GPLG034, CEP-701 (lestaurtinib),
INCB39110, INCB16562, INCB47986, SB1518 (pacritinib), SAR302503, XL.019, or NVP-
BSKS805. In some embodiments, the STAT3 inhibitor is stattic, galiellalactone, a
galiellalactone analog, GLG-101, GLG-202, GLG-302, GLG-401, or OPB-31121. In some
embodiments, the Nrf-2 activator is RTA-408.

[0018] In addition, embodiments are contemplated wherein the biofilm is associated with
an artificial substance in vivo, such as wherein the artificial substance is an implant or a
prosthesis. In some embodiments, the biofilm infection is a Staphylococcus infection or a
Pseudomonas infection. Exemplary Staphylococcus infections are caused by Staphylococcus
aureus such as methicillin-resistant S. aureus (MRSA). Exemplary Pseudomonas infections

are caused by Pseudomonas aeruginosa.

[0019] Another aspect of the disclosure provides a method of preventing or treating
inflammatory activity in a subject with a biofilm infection comprising administering a
therapeutically effective amount of an inhibitor of a MDSC. In some embodiments, the
inhibitor is Gemcitabine, a STAT3 inhibitor, STAT3-targeted siRNA, a Janus kinase (JAK)
inhibitor, an anti-CD15 (SSEA-1) antibody, an anti-CD33 antibody, an anti-CD34 antibody,
an anti-CD66b antibody, an anti-CD162 antibody, an anti-MRP-14 (S100A9) antibody, an
anti-NF-kB (p50) antibody, an anti-SHIP-1 antibody, an anti-STAT]1 antibody, an anti-
STAT?3 antibody, an indoleamine 2,3-dioxygenase (IDO) inhibitor, an Nrf-2 activator, an IL-
10 inhibitor, an IL-10 receptor inhibitor, or an arginase inhibitor. In some embodiment, the
arginase inhibitor is C-201 orC-301. In some embodiments, the IDO inhibitor is INCB24360,
norharmane, rosmarinic acid, 1-methyltryptophan, a tryptophan derivative, Indoximod, or
NLG919. Some embodiments are provided wherein the JAK inhibitor is AZD1480,
tofacitinib, ruxolitinib (Jakafi), baricitinib, decernotinib, GPLG034, CEP-701 (lestaurtinib),
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INCB39110, INCB16562, INCB47986, SB1518 (pacritinib), SAR302503, XL.019, or NVP-
BSK&805. The disclosure also comprehends embodiments wherein the STAT3 inhibitor is
stattic, galiellalactone, a galiellalactone analog, GLG-101, GLG-202, GLG-302, GLG-401, or
OPB-31121. Some embodiments provide for administration of a NR-2 activator wherein the
Nrf-2 activator is RTA-408. Some embodiments provide the method wherein the MDSC is a
CD11b" Gr-1" MDSC. In some embodiments, the disclosure provides a method wherein the
biofilm is associated with an artificial substance in vivo, such as wherein the artificial
substance is an implant or a prosthesis. As with other aspects of the disclosure, embodiments
are contemplated wherein the biofilm infection is a Staphylococcus infection or a
Pseudomonas infection. Exemplary Staphylococcus infections are Staphylococcus aureus
infections, such as methicillin-resistant S. aureus (MRSA). Exemplary Pseudomonas

infections are Pseudomonas aeruginosa infections.

[0020] Yet another aspect of the disclosure is a method of preventing or treating a biofilm
infection comprising administering a therapeutically effective amount of a pro-inflammatory
stimulator of a monocyte or macrophage. This could include the administration of M 1-
activated macrophages, as described in W0 2013/032964, incorporated herein by reference,
or administration of exogenous cytokines such as IFN-y, TNF-q, or neutralization of anti-
inflammatory molecules that can be secreted by MDSC:s to inhibit anti-biofilm responses,
including IL-10 or TGF-. More particularly, the disclosure comprehends a method of
preventing or treating a biofilm infection comprising administering a therapeutically effective
amount of a stimulator of a monocyte. In some embodiments, the stimulator of a monocyte is
IFN-y or TNF-0. Some embodiments further comprise administration of an M1-activated
macrophage. In some embodiments, the method further comprises administration of an
inhibitor of an anti-inflammatory molecule secreted by a MDSC selected from the group
consisting of IL-10 and TGF-f3. In some embodiments, the monocyte is an effector Ly-6C

monocyte.

[0021]  Still another aspect of the disclosure is a method of inhibiting the accumulation of a
bacterial biofilm infection of an implant, a prosthesis, or a natural or artificial joint,

comprising administering a therapeutically effective amount of an inhibitor of a MDSC.

[0022] A related aspect of the disclosure provides a method of reducing the number of
MDSCs comprising administering a therapeutically effective amount of an inhibitor of IL-10
or the IL-10 receptor. In some embodiments, the inhibitor of IL-10 is an anti-IL-10 antibody,

an anti-IL-10 receptor antibody, including any antibody form of the foregoing antibodies that
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is known in the art (e.g., single-chain antibody, scFv, fusion), Rituximab, Sorafenib, AS101,

or a bispecific anti-CD11b anti-GR-1 antibody.

[0023] Yet another aspect of the disclosure is a method of diagnosing a biofilm infection
comprising: (a) obtaining a sample from a subject; (b) measuring a myeloid-derived
suppressor cell (MDSC) infiltrate or MDSC activation status; and (c) diagnosing a biofilm
infection based on the level of MDSC infiltrate or MDSC activation. The measuring of

MDSC infiltrates involves quantitating MDSC infiltrates in some embodiments.

[0024]  Other features and advantages of the disclosure will become apparent from the
following detailed description, including the drawing. It should be understood, however, that
the detailed description and the specific examples, while indicating preferred embodiments,
are provided for illustration only, because various changes and modifications within the spirit
and scope of the disclosure will become apparent to those skilled in the art from the detailed

description.
Brief Description of the Drawings

[0025] Figure 1. Demonstration of S. aureus biofilm formation in vivo on orthopedic
implants. Titanium orthopedic implants were isolated from wild type mice at day 28
following S. aureus infection and processed for SEM analysis. (A) Biofilm formation is
visible on the concave surface of the implant (300X magnification) demonstrating the
irregular pattern of the biofilm surface with tower structures visible (arrows); (B) Higher
magnification of the biofilm surface revealing numerous cocci interspersed with matrix

material (20,000X magnification). The image has been pseudocolored to highlight S. aureus
(gold).

[0026] Figure 2. Accumulation of CD11b*Gr-1" cells during S. aureus orthopedic
biofilm infection. Implant-associated tissues were collected from sterile and infected mice
and analyzed by flow cytometry for CD11b"Gr-17 cells at the indicated time points. (A)
Representative contour plots and (B) CD11b"Gr-1" infiltrates expressed as a percent of the
total CD45" leukocyte population. (C) Cytospin preparations of FACS-purified CD11b"Gr-
1" cells from infected tissues at day 14. Arrowheads and arrows indicate cells suggestive of
immature granulocytes and monocytes, respectively. Significant differences are denoted by
asterisks (***, p < 0.001; unpaired two-tailed Student #-test) and are representative of 3 sterile

and 5 infected mice per group.

[0027] Figure 3. CD11b*Gr-1" infiltrates from the site of S. aureus biofilm infection
inhibit T cell proliferation. FACS-purified CD11b"Gr-1" cells recovered from infected

8
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joint tissues at day 14 were immediately cultured ex vivo with efluor670-labeled CD4" T cells
at a 1:1 ratio for proliferation assays. (A) Representative histograms of fluorescence
intensity, with percent proliferation reported. (B-E) Supernatants from MDSC-CD4" T cell
co-cultures were collected at 72 hours to quantitate TNF-a (B), IFN-y (C), IL-17 (D), and IL-
4 (E) by MILLIPLEX. Significant differences are denoted by asterisks (*, p < 0.05; ***, p <
0.001; unpaired two-tailed Student ¢-test). ND; Not detected; (-) T cells only; (+) T cells
incubated with CD3/CD28 Dynabeads. Results are representative of three to nine

independent experiments.

[0028] Figure 4. Ly6G™®"Ly6C" cells infiltrating S. aureus biofilms are bona fide
MDSCs. Leukocyte infiltrates associated with S. aureus-infected joints were collected at day
14 and analyzed for Ly6C and Ly6G expression by flow cytometry. Representative contour
plot (A) and cytospin preparations of FACS-purified Ly6G™&"Ly6C* (B), Ly6G"“Ly6C'"
(C), and Ly6G Ly6C™ (D) cells. (E) Analysis of ex vivo polyclonal CD4" T cell proliferation
following a 1:1 and 1:5 co-culture with Ly6G"™"Ly6C", Ly6G"VLy6C"*", and Ly6G Ly6C*
cells for 72 h, whereupon conditioned supernatants were assessed for TNF-a (F) and IL-17
(G) expression by MILLIPLEX. Significant differences are denoted by asterisks (*, p < 0.05;
% p <0.001; one-way ANOVA with Bonferroni’s multiple comparison post-hoc analysis)
and results are representative of three to nine replicates. ND, Not detected; (-) T cells only;

(+) T cells incubated with CD3/CD28 Dynabeads.

[0029] Figure 5. Ly6G™®"Ly6C"* biofilm-associated infiltrates express genes
characteristic of MDSCs. FACS-purified Ly6G"&"Ly6C* MDSCs and Ly6G Ly6C*
inflammatory monocytes were recovered from infected joint tissues at day 14, whereupon
RNA was immediately isolated for qRT-PCR analysis. Gene expression levels in
Ly6GhighLy6C+ MDSCs were calculated after normalizing signals against GAPDH and are
presented as the fold-change relative to the Ly6G Ly6C" monocyte population. Results

represent the mean + SEM of three independent experiments.

[0030] Figure 6. MDSC depletion augments monocyte recruitment during S. aureus
orthopedic biofilm infection. Implant-associated tissues from 1A8- and isotype control-
treated mice were collected at the indicated time points after infection and analyzed by flow
cytometry. (A) Representative contour plots of Ly6C and Ly6G staining and (B) quantitation
of Ly6G Ly6C" MDSCs and (C) Ly6C" inflammatory monocytes. Results are presented as a
percentage of the total CD45" leukocyte infiltrate and are representative of two independent
experiments (n = 10 mice per group). Significant differences are denoted by asterisks (**, p

< 0.01; #** p <0.001; unpaired two-tailed Student #-test).

9
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[0031] Figure 7. MDSC depletion enhances intrinsic proinflammatory gene
expression in Ly6C* monocytes during S. aureus biofilm infection. Ly6GLy6C*
monocytes were purified from tissues surrounding the infected joints of 1A8- and isotype
control-treated mice at days 7 and 14 post-infection by FACS, whereupon RNA was
immediately isolated for gRT-PCR analysis. Gene expression levels in Ly6G Ly6C*
monocytes recovered from MDSC depleted animals were calculated after normalizing signals
against GAPDH and are presented as the fold-change relative to Ly6G Ly6C" cells from

isotype control mice. Results represent the mean + SEM of two independent experiments.

[0032] Figure 8. MDSC depletion reduces S. aureus burdens during orthopedic
biofilm infection. (A) Gross appearance of infected tissues from animals receiving 1A8 or
an isotype-matched IgG. (B) Bacterial burdens associated with the knee joint, surrounding
soft tissue, femur, and orthopedic implant and (C) heart and kidney of IgG control or 1A8-
treated animals at days 7 and 14 post-infection. Results are expressed as the number of CFU
per ml for orthopedic implants or CFU per gram tissue to correct for alterations in tissue
sampling sizes. Significant differences in bacterial burdens between IgG and 1A8-treated

mice are denoted by asterisks (*p < 0.05; **, p < 0.01; unpaired two-tailed Student #-test).

[0033] Figure 9. 1AS8 treatment attenuates inflammatory mediator production during
S. aureus orthopedic biofilm infection. Tissue homogenates surrounding orthopedic
implants were prepared at days 7 and 14 post-infection from 1A8- and isotype control-treated
mice, whereupon G-CSF (A), IL-1 (B), IL-6 (C), CXCLI1 (D), CXCL9 (E) and CCL3 (F)
expression was quantitated by MILLIPLEX. Results were normalized to the amount of total
protein recovered to correct for alterations in tissue sampling size. Significant differences are
denoted by asterisks (*, p < 0.05; unpaired two-tailed Student r-test) and are representative of

five mice per group.

[0034] Figure 10. RB6-C85 administration alters leukocyte infiltrates during S.
aureus orthopedic biofilm infection. Implant-associated tissues from RB6-C85- and
isotype control-treated mice were collected at the indicated time points after infection and
analyzed by flow cytometry. (A) Representative contour plots of Ly6C and Ly6G staining
and quantitation of (B) Ly6G™¢"Ly6C* MDSCs and Ly6G¥Ly6C"" neutrophils and (C)
inflammatory monocytes (CCR2") and macrophages (F4/80") present in infected animals
receiving RB6-C85 or isotype control antibody. Results are expressed as a percent of the
total CD45" leukocyte population. Significant differences are denoted by asterisks (*, p <
0.05; **, p < 0.01; unpaired two-tailed Student r-test) and are representative of 10 mice per

group from two independent experiments.
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[0035] Figure 11. RB6-C8S treatment enhances S. aureus biofilm burdens and
dissemination. (A) Gross appearance of infected tissues from animals receiving RB6-C85 or
an isotype-matched IgG revealed a marked caseous exudate in the former. (B) Bacterial
burdens associated with the knee joint, surrounding soft tissue, femur, and orthopedic implant
and (C) heart, kidney and spleen of control IgG or RB6-C85-treated animals at days 7 and 14
post-infection. Results are expressed as CFU per ml for orthopedic implants or CFU per
gram of tissue to correct for differences in tissue sampling size. Significant differences
between IgG and RB6-C85 animals are denoted by asterisks (*p < 0.05; **, p < 0.01; ***, p
< 0.001; unpaired two-tailed Student #-test) and are representative of 10 mice per group from

two independent experiments.

[0036] Figure 12. RB6-C85 administration results in increased osteolysis during S.
aureus orthopedic biofilm infection. CT images (dorsal view) are presented at day 14 post-
infection from mice receiving RB6-C85 or isotype control Antibody. Arrows indicate the
region of bone loss near the implant tip at the patella. Color intensity is indicative of bone
density, where white = most dense, dark orange = least dense. Images are representative of 4

individual animals per group.

[0037] Figure 13. RB6-C8S treatment leads to splenomegaly and extramedullary
hematopoiesis during S. aureus orthopedic biofilm infection. Gross appearance (A) and
weight (B) of spleens from RB6-C85- or IgG-treated mice at days 7 and 14 after S. aureus
orthopedic biofilm infection (n = 10 per group). (C) H&E-stained sections of spleens from
IgG- and RB6-C85-treated mice at day 14 post-infection (n = 3/group; 40X magnification;
zoomed images (60X) depict areas delineated by rectangles in the 40X field of view).
Arrows indicate presence of megakaryocytes in RB6-C85-treated spleens. Significant
differences between IgG and RB6-C85 animals are denoted by asterisks (***, p < 0.001;

unpaired two-tailed Student #-test).

[0038] Figure 14. RB6-C85 administration exacerbates inflammatory mediator
production during S. aureus orthopedic biofilm infection. Tissue homogenates
surrounding orthopedic implants were prepared at days 7 and 14 post-infection from RB6-
C85- and isotype control-treated mice, whereupon IL-1B (A), G-CSF (B), IL-17 (C), CXCL1
(D), CXCL2 (E), and CCL3 (F) expression was quantitated by MILLIPLEX. Results were
normalized to the amount of total protein recovered to correct for alterations in tissue
sampling size. Significant differences are denoted by asterisks (*p < 0.05; **, p < 0.01; ***,

p <0.001; unpaired two-tailed Student #-test) and are representative of five mice per group.
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[0039] Figure 15. MDSCs exhibit less inherent proinflammatory activity than
macrophages. Bone marrow-derived macrophages (M®) and FACS-purified
Ly6GhighLy6C+ MDSCs recovered from the site of S. aureus orthopedic biofilm infection
(tissue MDSC) or the spleen (spleen MDSC) of infected animals were stimulated with 10
heat-inactivated (HI) S. aureus or PGN (10 pg/ml). Supernatants were collected at 24 h,
whereupon G-CSF (A), CCLS (B), CCL3 (C) and IL-6 (D) expression was quantitated by
MILLIPLEX. Significant differences are denoted by asterisks (*, p < 0.05; **, p < 0.01; **%*,
p <0.001; one-way ANOVA with Bonferroni’s multiple comparison post-hoc analysis) and

are representative of three independent replicates.

[0040] Figure 16. The Ly6G"*"Ly6C" infiltrate observed during Gr-1 depletion does
not suppress T cell proliferation. FACS-purified Ly6G™€"Ly6C" cells recovered from
infected joint tissues of mice treated with RB6-C85 (Gr-1) or isotype-matched control IgG at
day 14 were immediately cultured ex vivo with efluor670-labeled CD4" T cells for
proliferation assays at either a 1:1 or 5:1 ratio [(-) T cells only; (+) T cells incubated with
CD3/CD28 Dynabeads]. Results are representative of two independent replicates with
significant differences denoted by asterisks (*, p < 0.05; ***, p < 0.001; one-way ANOVA

with Bonferroni’s multiple comparison post-hoc analysis).

[0041] Figure 17. CD11b*Gr-1* MDSC infiltrates are observed during S. aureus
catheter-associated biofilm infection. Mice (n = 4 per time point) were infected with 10°
CFU of USA300 LAC::/ux in the lumen of surgically implanted catheters to establish biofilm
infection. Catheter-associated tissues were collected from mice at the indicated time points,
whereupon CD11b*Gr-1" infiltrates were quantitated by flow cytometry. Results are

presented as the percentage of the total CD45" infiltrate.

[0042] Figure 18. RB6-C8S treatment during S. aureus catheter-associated biofilm
infection results in increased bacterial burdens and dissemination. Mice (n =4 IgG and
5 RB6-C85 per time point) were infected with 10° CFU of USA300 LAC::lux in the lumen of
surgically implanted catheters to establish biofilm infection. Animals received i.v. injections
of 100 ng RB6-C85 or IgG isotype control antibody at days -1, 2, and 5 following S. aureus
exposure, whereupon bacterial burdens associated with infected catheters, surrounding tissue,
and dissemination to the kidney were quantitated at day 7 post-infection. Significant
differences between groups are denoted by asterisks (*, p < 0.05; **, p < 0.01; unpaired two-

tailed Student #-test).
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Detailed Description

[0043] The disclosure provides compositions and methods for preventing, ameliorating or
treating biofilm infections by reducing or eliminating the effect of myeloid-derived
suppressor cells (MDSCs) on the establishment and/or maintenance of biofilm infections.
The compositions and methods disclosed herein are suitable for preventing, ameliorating or
treating biofilm infections comprising any bacterium, a member of the Fungi Kingdom (e.g.,
yeast, fungus), or single-celled protozoan, and are suitable for biofilms found in any
vertebrate (e.g., mammal, including man), regardless of whether the biofilm is found
associated with a natural structure (e.g., a joint) or an artificial structure (e.g., a catheter, a

prosthesis, a replacement joint or bone, or an implant).

[0044] Studies disclosed herein demonstrate that MDSCs represent the major leukocyte
infiltrate associated with two distinct models of S. aureus biofilm infection (i.e., orthopedic
device and catheter). Confirmation of the immune suppressive properties of these cells has
been demonstrated by the ability of MDSCs recovered from the site of S. aureus orthopedic
infection to inhibit T cell proliferation, which is a hallmark of MDSC action, as well as by
showing the ability of these MDSC:s to actively inhibit the influx of professional phagocytes
(i.e., monocytes/macrophages) into sites of biofilm infection. Depletion of MDSCs
using antibody-mediated strategies results in a significant reduction in biofilm burdens,
likely because the inhibitory action of MDSCs has been negated, allowing anti-
microbial effector responses (primarily mediated via macrophage activation) to proceed.
It is also expected that the compositions and methods disclosed herein are suitable for
use in combination with activated macrophage therapy, as disclosed in WO

2013/032964, incorporate herein by reference.

[0045] This disclosure provides compositions and methods to conveniently and
effectively treat biofilm infections (e.g., bacterial biofilm infections) associated with

catheters and other artificial implants.

[0046] The data disclosed herein demonstrate that depleting MDSCs, such as by
antibody-mediated approaches, significantly facilitates the clearance of biofilm-associated
bacteria from infected medical devices as well as from the surrounding tissue. Given the
growing prevalence of nosocomial infections and biofilm development, the increased use
of procedures that can give rise to biofilm development, the growing elderly population
who will be receiving artificial implants, and the difficulties of treating/controlling

bacteria within a biofilm, it is important to develop new approaches to the prevention,
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amelioration and treatment of biofilm infection, such as by targeting immunosuppressive
populations that accumulate at the infection site, such as MDSCs, in both the young and

the elderly.

[0047] There are several strategies suitable for eliminating MDSCs in the field of cancer
biology, including the use of Gemcitabine. In addition to these approaches, an antibody-
mediated strategy is disclosed in the working examples described herein, which
represents another viable technology for manipulating MDSC:s to facilitate biofilm
clearance. Reducing MDSC influx into biofilm infections not only appears to be
effective in treating bacterial burdens associated with biofilms, this strategy has the
added advantage of doing so by targeting the host's own innate immune cells, thus
eliminating or minimizing selection pressures imposed directly on the bacteria by

antibiotics, decreasing the likelihood of resistant strains.

[0048] MDSCs are a heterogeneous population of immature monocytes and granulocytes
that are potent inhibitors of T cell activation. A role for MDSCs in bacterial infections has
only recently emerged. Because S. aureus biofilms are capable of subverting immune-
mediated clearance, MDSCs were examined to determine if they could play a role in this
process. CD11b"Gr-1" MDSCs represented the main cellular infiltrate during S. aureus
orthopedic biofilm infection, accounting for over 75% of the CD45" population. Biofilm-
associated MDSCs inhibited T cell proliferation and cytokine production, which correlated
with a paucity of T cell infiltrates at the infection site. Analysis of FACS-purified MDSCs
recovered from S. aureus biofilms revealed increased Arg-1, iNOS, and IL-10 expression,
key mediators of MDSC suppressive activity. Targeted depletion of MDSCs and neutrophils
using the monoclonal antibody (mAb) 1A8 (anti-Ly6G) improved bacterial clearance by
enhancing the intrinsic pro-inflammatory attributes of infiltrating monocytes and
macrophages. Furthermore, the ability of monocytes/macrophages to promote biofilm
clearance in the absence of MDSC action was revealed with RB6-C85 (anti-Gr-1 or anti-
Ly6G/Ly6C) administration, which resulted in significantly increased S. aureus burdens both
locally and in the periphery, since effector Ly-6C monocytes and by extension, mature
macrophages, were also depleted. Collectively, these results are the first to demonstrate that
MDSC:s are key contributors to the chronicity of S. aureus biofilm infection, as their
immunosuppressive function prevents monocyte/macrophage proinflammatory activity,

which facilitates biofilm persistence.

[0049] An emerging role for MDSCs has been described in several diseases aside from

cancer, most recently to include bacterial infections (7-10, 42, 47). Using a mouse model of
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S. aureus orthopedic biofilm infection, a population of CD11b"Gr-1" MDSCs was shown to
accumulate in the joint tissue, and depletion of this population resulted in improved bacterial
clearance by promoting the proinflammatory attributes of infiltrating monocytes and
macrophages. This is the first disclosure of a functional role for MDSCs in any type of
staphylococcal or biofilm infection and indicates that MDSCs are key contributors to the

chronicity of S. aureus biofilms through their modulation of the host immune response.

[0050] It has been shown that S. aureus biofilms augment Arg-1 expression and polarize
macrophages toward an M2 anti-inflammatory state (16). The current study has expanded the
repertoire of immune suppressive effectors to include MDSCs. MDSCs are notable for their
robust Arg-1 expression, which depletes extracellular arginine, causing T cell dysfunction at
multiple levels, including cell cycle arrest, reduced expression of the CD3( chain, and a
global reduction in several proteins essential for T cell activity (48-51). Limited numbers of
CD4" T cells were detected in implant-associated tissues during S. aureus biofilm infection
(i.e., 2-5%). It was expected that T cell infiltrates would be enhanced following Gr-1 and
Ly6G depletion originating from the loss of MDSC activity; however, this was not the case.
One possibility to explain this finding is that the combined action of MDSCs and regulatory
cytokines serve to limit T cell numbers at the site of biofilm infection. Besides actions on T
cells, arginine depletion via MDSC Arg-1 activity reduces its availability for iNOS, which

thwarts M1 classical macrophage activation, as has been shown in S. aureus biofilms (16).

[0051] By extension, the significant MDSC infiltrate associated with S. aureus biofilms in
vivo is likely an important factor in skewing monocytes/macrophages towards a M2 anti-
inflammatory phenotype that promotes bacterial persistence. The studies disclosed herein
confirmed that MDSCs recovered from the site of orthopedic biofilm infection express Arg-1
and IL-10. Depletion of the suppressive MDSC population was thus expected to allow
infiltrating monocytes to act as true effector cells. This was confirmed by the finding that
Ly6C" monocytes recovered from MDSC depleted animals expressed a wide array of
proinflammatory genes compared to monocytes recovered from IgG treated mice where the
MDSC population remained intact. In addition, MDSC depletion significantly decreased
biofilm burdens, confirming the importance of this population in orchestrating the anti-
inflammatory biofilm milieu to facilitate infection persistence. Besides MDSCs, regulatory T
cells (Tregs) also possess anti-inflammatory attributes similar to MDSCs (52). However, no
CD4"CD25"Foxp3" cells associated with S. aureus biofilm infections were detected, whereas

another group has reported Treg involvement in biofilm clearance (33). Based on the
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analysis disclosed herein, it is expected that MDSCs represent the main immunosuppressive

effector cell during S. aureus orthopedic biofilm infection.

[0052] RB6-C85 depletion studies revealed significant increases in bacterial dissemination
from the orthopedic infection site. As mentioned previously, RB6-C85 recognizes both
Ly6G and Ly6C epitopes, effectively depleting MDSCs, neutrophils, monocytes, and by
extension, macrophages. Therefore, although MDSC infiltrates were reduced, effector
populations were also targeted, leaving fewer leukocytes either locally or systemically to
prevent S. aureus dissemination to peripheral organs. By extension, the function of each
leukocyte subset is expected to differ depending on the local microenvironment; namely,
although the inhibitory actions of MDSCs were negated following RB6-C85 treatment, this
coincided with a local reduction in inflammatory monocytes/macrophages, such that biofilm
growth could not be held in check at the primary infection site (i.e., joint). When biofilm-
associated bacteria seeded peripheral sites, the paucity of systemic neutrophils likely
accounted for the failure to effectively clear the infection, which is essential since neutrophils
are a main effector cell against planktonic S. aureus (53-56). Dissemination was not
observed with anti-Ly6G antibody treatment, which was attributed to the local
monocyte/macrophage population that remained intact and exhibited heightened
proinflammatory activity. MDSC infiltrates were also detected in a S. aureus catheter-
associated biofilm infection model (Fig. 17) and RB6-C85 treatment similarly increased
bacterial burdens and dissemination (Fig. 18), providing independent confirmation that

MDSCs are a hallmark of S. aureus biofilm infection.

[0053] One notable finding in the studies disclosed herein was the extensive
extramedullary hematopoiesis observed in the spleens of RB6-C85-treated animals compared
to isotype controls. Extramedullary hematopoiesis is frequently seen during chronic
inflammatory diseases and cancer (19), and expansion of CD11b"Gr-1" MDSCs has been
reported in tumor and polymicrobial sepsis models (7, 57, 58). During infection, the
requirement for myeloid cells dramatically increases in response to an expanding infectious
burden, which creates a need for emergency myelopoiesis and the mobilization of immature
myeloid cells from the bone marrow and spleen (19). The targeted reduction in Gr-17 cells
coincident with increasing biofilm burdens with RB6-C85 treatment likely explains the
extensive extramedullary hematopoiesis observed in the spleens of these animals. Another
unexpected finding was that Gr-17 (Ly6G/Ly6C) infiltrates were increased at the site of
orthopedic infection following RB6-C85 administration. However, this was likely a

compensatory mechanism in response to elevated bacterial burdens both locally and
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systemically in Gr-1-depleted mice, since these newly recruited Ly6G Ly6C" cells were
unable to suppress CD4" T cell proliferation, which agrees with reports of polymicrobial
sepsis (7). In addition, enhanced levels of G-CSF, IL-6, and VEGF were also observed in the
serum of RB6-C85-treated mice, all of which contribute to the expansion of immature
myeloid cell populations (2, 4). Alternatively, the failure to deplete Ly6GLy6C™ infiltrates
at later intervals could be explained by the induction of anti-rat IgG antibodies that would be
expected to impair the efficacy of RB6-C85 treatment (rat anti-mouse Gr-1). However, this
appears less likely because RB6-C85 was still capable of significantly reducing inflammatory
monocyte and macrophage infiltrates into S. aureus infected joints two weeks after repeated

antibody administration.

[0054] Live CT scans revealed significantly more osteolysis in the femurs of RB6-C85-
treated animals compared to 1A8 and isotype control mice, which may be attributed to the
increased bacterial burdens in the former. The exact mechanisms of osteolysis are still not
completely understood, and differ depending on pathologic conditions (59, 60). However,
several studies suggest that proinflammatory mediators, such as IL-18, could play a role in
the initiation and progression of osteolysis (61-63) and numerous proinflammatory mediators
were significantly elevated in the joint and surrounding soft tissue following RB6-C85
treatment, including IL-1f that coincided with increased bone destruction. Additionally, S.
aureus is not only capable of colonizing the bone matrix, it can also invade osteoblasts,
which could contribute to chronicity (64). Furthermore, S. aureus internalization by
osteoblasts can lead to apoptosis and disrupt the balance of osteoblast and osteoclast

activities, which could facilitate bone destruction.

[0055] The studies disclosed herein explore the role of MDSCs during S. aureus infection.
By manipulating these cells with antibody depletion strategies, it was demonstrated that their
immunosuppressive function prevents monocytes/macrophages from eliminating biofilm-
associated bacteria by attenuating their proinflammatory properties. These findings do not
exclude the possibility that the biofilm matrix may also play a role in thwarting immune
recognition in vivo; however, this remains an area of debate. Although it is clear that intact
biofilms do afford some degree of protection against macrophage phagocytosis (16, 23, 66-
69), it is clear that neutrophils are fully capable of invading and phagocytosing biofilm-
associated bacteria (23, 70-72), yet there is no apparent impact on biofilm growth. The fact
that staphylococcal biofilms polarize macrophages towards an alternatively activated M2

phenotype does indicate that macrophage surface receptors are triggered to elicit this
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programming event. Preventing the immunosuppressive action of infiltrating MDSCs offer a
new therapeutic strategy to thwart these devastating, chronic infections.

Example 1

Materials and Methods

[0056] Mice. Male C57BL/6 mice (8 weeks of age) were purchased from the National
Cancer Institute (Frederick, MD). These studies were performed in strict accordance with
recommendations found in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The animal use protocol was reviewed by the Institutional

Animal Care and Use Committee of the University of Nebraska Medical Center.

[0057] Mouse model of S. aureus orthopedic biofilm infection. To simulate infectious
complications in patients following surgical device placement, a mouse S. aureus orthopedic
implant infection model was utilized as previously described with minor modifications (20).
Animals were anesthetized with ketamine/xylazine (Hospira, Inc., Lake Forest, IL. and Akorn,
Inc., Decatur, IL; 100 mg/kg and 5 mg/kg, respectively) and the surgical site was disinfected
with povidone-iodine. A medial parapatellar arthrotomy with lateral displacement of the
quadriceps-patella was performed to access the distal femur. A burr hole was created in the
femoral intercondylar notch extending into the intramedullary canal using a 26-gauge needle,
whereupon a pre-cut 0.8 cm orthopedic-grade Kirschner (K)-wire (0.6 mm diameter, Nitinol
[nickel-titanium]; Custom Wire Technologies, Inc., Port Washington, WI) was inserted into
the intramedullary canal, leaving approximately 1 mm protruding into the joint space. A total
of 10° colony forming units (CFU) of the bioluminescent S. aureus USA300 LAC::lux isolate
(16) was inoculated at the implant tip. In some experiments, control mice received sterile
implants using an identical procedure. Animals received Buprenex (0.1 mg/kg s.c.; Reckitt
Benckiser, Hull, England) immediately after infection and 24 hours later for pain relief.

After this interval, all mice exhibited normal ambulation and no discernable pain behaviors.

[0058] Scanning electron microscopy (SEM). Mice were sacrificed at day 28 following S.
aureus infection, whereupon the whole femur harboring the titanium implant was fixed in 0.1
M Sorensen’s phosphate buffer containing 2% glutaraldehyde and 2% paraformaldehyde for
1 hour at room temperature and held in fixative overnight at 4°C. Fixed specimens were
washed three times in Tris-buffered saline followed by three rinses in ddH»O and
decalcification in 14% EDTA for two days. After rinsing in ddH»O, each specimen was
dehydrated using a graded series of ethanol washes and the critical point dried in a Pelco

CPD2 critical point dryer (Ted Pella, Inc., Redding, CA). Dried specimens were mounted on
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aluminum stubs with carbon tabs and colloidal silver paste and sputter-coated with gold-
palladium using a Hummer VI sputter coater (Anatech, LTD, Battle Creek, MI). Samples
were viewed using a Quanta 200 scanning electron microscope (FEI Hillsboro, OR) operated

at 25 Kv.

[0059] In vivo depletion studies. To deplete MDSCs in vivo, mice received i.p. injections
of either 1A8 (anti-Ly6G) or RB6-C85 (anti-Gr-1) antibodies (100 pg/each) one day prior to
S. aureus infection and every 72 hours thereafter until sacrifice. Control mice received
equivalent amounts of isotype-matched control antibodies (rat IgG2a and 1gG2b,
respectively) using the same treatment regimen. All antibodies were purchased in Ultra-
LEAF form (low endotoxin, azide-free) from BioLegend (San Diego, CA). Animals were
euthanized at 7 or 14 days after infection to determine the impact of cell depletion on S.
aureus persistence and tissue-associated leukocyte infiltrates. Bone marrow and splenocytes
were also collected to determine the efficiency of Antibody-mediated depletion. A separate
model of §. aureus catheter-associated biofilm infection was utilized in some experiments, as

previously described, to confirm the action of RB6-C85 antibody depletion (16, 21).

[0060] Computed tomography (CT) of S. aureus orthopedic biofilm infections. Bone
integrity in the context of Gr-1" cell depletion during S. aureus orthopedic biofilm infection
was monitored using live CT scans. Briefly, mice were anesthetized with 1.5% isoflurane in
a 70% nitrous oxide/30% oxygen mixture and imaged using a FLEX Triumph X-ray
computed tomography/single photon emission computed tomography (CT/SPECT) system
and software (TriFoil Imaging, Inc., Northridge, CA). 1024 CT projections for each image
were acquired at 75kVp and reconstructed using Triumph X-O 4.1. CT images were
generated using the 3D image visualization and analysis software VIVID, which is based on

Amira 4.1 (TriFoil Imaging, Inc.).

[0061] Recovery of orthopedic implant and surrounding tissues for S. aureus
enumeration. For collecting inflamed soft tissue surrounding the infected knee joint, the skin
was removed and the subcutaneous tissue dorsal to the patellar tendon was excised, weighed,
and processed for flow cytometry as described below. Muscle and tendon tissues were
excluded from the analysis. After processing, a small aliquot was removed for quantitation of
bacterial burdens. Next, the implant was extracted from the femur and sonicated for 5
minutes in 1 ml of PBS to dislodge bacteria from the implant. The knee joint (including
cartilage and ligaments) and femur were homogenized using two sequential procedures due to
the resilient nature of these tissues. Initially a 30-second dispersal was performed using a

hand-held homogenizer, followed by disruption in a Bullet Blender (Next Advance, Inc.,
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Averill Park, NY) using 100 um stainless steel beads (0.9-2.0 mm stainless steel blend).
After centrifugation, serial 10-fold dilutions of tissue, knee, or femur homogenates as well as
implant sonicates were plated on trypticase soy agar with 5% sheep blood (Remel Products,
Lenexa, KS). Titers were expressed as CFU per gram of tissue or per ml of sonicate fluid for
titanium implants. Remaining homogenates were centrifuged (20,000 x g, 20 minutes) and

frozen at -80°C for further analysis by MILLIPLEX bead arrays, as described below.

[0062] Morphologic and histologic analyses. To confirm that FACS-purified CD11b*Gr-
1" and Ly6G Ly6C" cells recovered from infection sites appeared morphologically similar to
MDSCs, cells were adhered to glass slides by cyto-centrifugation (Cytopro, Wescor; Logan,
UT) and stained with StainRITE (Polysciences, Inc., Warrington, PA). Images were obtained
using a Zeiss Axioskop 40 microscope (Zeiss, Thornwood, NY). For hematoxylin and eosin
(H&E) staining, implant-associated tissues were fixed in 10% formalin and washed with
ddH,O0 prior to decalcification (Super Decalcification I-Delicate Decalcifier, Polysciences,
Inc., Warrington, PA), according to the manufacturer’s instructions. Decalcified tissue was
washed thoroughly with ddH,O before an incision was made in the quadriceps muscle and
the femur to remove the implant. Tissues were then embedded in paraffin, with 4 um
sections mounted for H&E staining. H&E-stained tissues were evaluated for inflammatory
changes by a board-certified pathologist (J.A.K.) with the degree of inflammation determined
using a scoring scale ((0), no observable pathology; (1), low; (2), moderate; and (3), severe
pathology). To evaluate splenic architecture following antibody-mediated cell depletion,

spleens were fixed in 10% formalin, paraffin embedded, and sectioned for H&E staining.

[0063] MILLIPLEX multi-analyte bead array. To evaluate the effects of Ly6G- versus
Gr-1-mediated cell depletion on the inflammatory milieu during S. aureus orthopedic biofilm
infection, a custom-designed mouse microbead array was used (MILLIPLEX; Millipore
Corporation, Billerica, MA), which detects the following mediators: G-CSF, GM-CSF, IFN-
Y, IL-1a, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17,
CCL2, CCL3, CCL5, CXCL1, CXCL2, CXCL9, CXCLI10, TNF-a and VEGF. A Bio-Plex
workstation (Bio-Rad, Hercules, CA) was used to analyze results and values were normalized

to the total amount of protein recovered from each sample.

[0064] Flow Cytometry. To characterize leukocyte infiltrates in inflamed soft tissues
surrounding the knee joint during S. aureus biofilm infection, tissues were excised,
dissociated using the rubber end of a plunger from a 3 cc syringe, and passed through a 35
um filter (BD Falcon, Bedford, MA). The resulting filtrate was washed with 1X PBS and
cells were collected by centrifugation (300 x g, 10 minutes), whereupon red blood cells
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(RBCs) were lysed using BD Pharm Lyse (BD Biosciences; San Diego, CA). After lysis,
cells were resuspended in PBS containing 2% FBS, followed by incubation in Fc Block (BD
Biosciences, San Diego, CA) to minimize non-specific antibody binding. Cells were stained
with CD45-APC, Ly6G-PE, Ly6C-PerCPCyS5.5, F4/80-PE Cy7, CCR2-FITC (R&D Systems;
Minneapolis, MN), and CD11b-eFluor450. All fluorochrome-conjugated antibodies were
purchased from BD Biosciences (San Diego, CA) or eBioscience (San Diego, CA), unless
otherwise indicated. An aliquot of cells was stained with isotype-matched control antibodies
to assess the degree of non-specific staining and fluorescence minus one was used to identify
gating thresholds (22). The number of events analyzed ranged from 20,000-100,000 per
sample, depending on the experimental setup. Analysis was performed using BD FACSDiva

software with cells gated on the total leukocyte population (CD45").

[0065] MDSC recovery from S. aureus orthopedic biofilm infections for T cell
proliferation assays. MDSCs were collected from the soft tissues surrounding infected knee
joints as described above, using either Gr-1-PE and CD11b-FITC or Ly6G-PE, Ly6C-PerCP
Cy5.5 and CD11b-eFluor450 depending on the experimental setup. For comparisons,
CD11b*Gr-1" MDSCs were isolated from the spleens of naive and S. aureus-infected
animals. The purity of MDSC populations was not examined post-sort due to limiting cell
numbers. However, cytospins and gene expression analysis revealed that sorted MDSCs
were highly enriched, as they displayed characteristic markers and nuclear morphologies
consistent with that reported for MDSCs in the literature. For CD4" T cell isolation, spleens
from naive mice were pressed through a 250 pum Nitex filter (Genesee, San Diego, CA) to
generate a single-cell suspension. RBCs were lysed using BD Pharm Lyse and splenocytes
were incubated in Fc Block and subsequently stained with CD4-Pacific blue (BD
Biosciences). CD4" T cells collected by FACS were greater than 95% pure and were
immediately labeled with efluor670 Cell Proliferation Dye (eBioscience) according to the

manufacturer’s instructions.

[0066] For establishing the functional activity of MDSCs associated with S. aureus
orthopedic biofilm infections, T cell proliferation assays were performed. Briefly, efluor670-
labeled CD4" T cells were plated at 1.5x10° cells/well in a 96-well round bottom plate in
RPMI-1640 with 10% FBS, supplemented with 100 ng/ml recombinant mouse IL-2
(Invitrogen; Frederick, MD). FACS-purified Gr-1"CD11b" (MDSCs), Ly6GhighLy6C+
(MDSCs), Ly6G“Ly6C"" (neutrophils), or Ly6G Ly6C" (monocytes) cells were added at
1:1 or 1:5 ratios to CD4" T cells subjected to polyclonal stimulation with CD3/CD28

Dynabeads (Gibco; Oslo, Norway), because TCR immunodominant epitopes for S. aureus are
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not defined. Cells were incubated at 37°C for 72 hours, whereupon the extent of T cell

proliferation was determined by flow cytometry and supernatants were saved for cytokine

evaluation by MILLIPLEX analysis.

[0067] Quantitative real-time reverse transcription-PCR (qRT-PCR). Ly6GhighLy6C+
MDSCs and Ly6G Ly6C" inflammatory monocytes from S. aureus infected tissues were
purified by FACS, whereupon total RNA was immediately isolated using the TagMan Gene
Expression Cells-to-CT " Kit (Ambion, Austin, TX). qRT-PCR was performed using
TaqMan primer/probe mixes (Foster City, CA) for the following genes of interest: iNOS,
Arg-1, COX-2, IL-10, IL-13, and IL-12p40. Gene expression levels were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression and are presented as the
fold-induction (22" value for Ly6G""Ly6C* MDSCs relative to Ly6G Ly6C*™ monocyte

fraction.

[0068] In vitro macrophage and MDSC experiments. Ly6GhighLy6C+ MDSCs were
isolated by FACS from S. aureus implant-associated tissues or spleens at day 14 after
infection and bone marrow-derived macrophages were prepared, as previously reported (23).
Cells were plated at 5x10” cells/well in a 96-well plate and stimulated with either
peptidoglycan (PGN; 10 pg/ml) or heat-inactivated S. aureus (10’/well) for 24 hours. After a
24-hour incubation period, supernatants were collected and stored at -80°C until MILLIPLEX

analysis.

[0069] Statistics. Significant differences between experimental groups were determined
by an unpaired two-tailed Student 7-test or a one-way ANOVA with Bonferroni’s multiple
comparison post-hoc analysis using GraphPad Prism version 4 (LaJolla, CA). For all

analyses, P < 0.05 was considered statistically significant.
Example 2

[0070] Accumulation of CD11b*Gr-1" cells during S. aureus orthopedic biofilm
infection. S. aureus biofilms skew infiltrating macrophages towards an alternatively
activated M2 state typified by Arg-1 expression (16, 24). However, Arg-1" cells distinct
from macrophages were also observed, which led to an investigation of their identity. A
likely candidate was MDSCs based on their robust Arg-1 expression and well-described anti-
inflammatory attributes in cancer (2, 4, 5). Here, a mouse model of orthopedic biofilm
infection (20) was used to demonstrate the presence and functional importance of MDSCs in
shaping the anti-inflammatory biofilm milieu in an immunocompetent host. Biofilm

formation on the orthopedic implant was confirmed by SEM, which revealed S. aureus
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attachment to a dense matrix deposited on the implant surface and bacterial tower formation
(Fig. 1). A prominent CD11b"Gr-17 infiltrate was observed, which accounted for
approximately 75% of the total CD45" leukocyte population by day 14 after infection (Figs.
2A and B). Co-expression of CD11b and Gr-1 is used to define MDSCs and cytospin
preparations of FACS-purified CD11b"Gr-1" cells recovered from the site of S. aureus
biofilm infection confirmed their heterogeneous composition of both granulocytic and
monocytic morphologies (Fig. 2C). In particular, cells with ringed nuclei suggested the
presence of immature granulocytes, and immature monocytes with large rounded nuclei and
little cytoplasm were also observed (Fig. 2C). CD11b"Gr-1" cells were also detected in mice
receiving sterile implants, which was not unexpected, because MDSCs have been reported in
virtually every inflammatory environment and are associated with wound healing responses
under normal conditions (19, 25). Their numbers, however, were significantly lower
compared to S. aureus-infected animals (Fig. 2B). The abundance of CD11b"Gr-17 cells
during early S. aureus orthopedic infection may be one mechanism that contributes to the

establishment of chronic disease.
Example 3

[0071] CDI11b*Gr-1" MDSCs recruited to the site of S. aureus orthopedic biofilm
infection inhibit T cell activation. A hallmark of MDSC:s is their ability to inhibit antigen-
specific and polyclonal T cell activation (4, 18). This is a critical attribute based on the
promiscuity in surface marker expression between MDSCs and other myeloid lineages (25,
26). To determine whether S. aureus biofilm-associated CD11b"Gr-1" infiltrates were bona
fide MDSCs, their ability to inhibit polyclonal CD4" T cell activation was examined, because
S. aureus immunodominant TCR epitopes have not yet been identified. MDSCs were
recovered from tissues at day 14 post-infection, which coincided with maximum cell numbers
at the infection site (Fig. 2B). CD11b"Gr-1" cells from S. aureus-infected tissues
significantly suppressed T cell proliferation (Fig. 3A), establishing their identity as MDSCs.
The inhibitory activity of biofilm-associated MDSCs was further demonstrated by their
ability to significantly impair T cell cytokine secretion, including TNF-a, IFN-y, IL-17, and
IL-4 (Figs. 3B-E).

[0072] Also examined was whether the immunosuppressive nature of MDSCs was
restricted to the biofilm infection site or if they were also suppressive in the periphery, which
has been reported for MDSCs in tumor-bearing animals (27, 28). CD11b"Gr-1" cells from
the spleens of either naive or infected animals were unable to suppress CD4" T cell

proliferation. It was not unexpected that MDSCs from naive animals failed to inhibit T cell
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activation, as pathologic conditions are known to elicit MDSC expansion and activation (2, 4,
29, 30). Several groups have reported that MDSCs only acquire suppressive function after
exposure to factors in inflammatory environments (25, 27, 31) and the results disclosed

herein indicate that these signals are only present within in the local biofilm milieu.

[0073] Since the Gr-1 antibody RB6-C85 recognizes both Ly6G and Ly6C epitopes (32),
staining for both markers was undertaken, which identified three distinct populations
associated with S. aureus orthopedic biofilms, namely Ly6G™¢"Ly6C*, Ly6G~Ly6C"", and
Ly6GLy6C" (Fig. 4A). Each subset was purified by FACS to determine which was
responsible for the observed CD4" T cell suppression of the original Gr-1" population (Fig.
3). Ly6GhighLy6C+ cells significantly inhibited CD4" T cell proliferation in a ratio-dependent
manner, confirming their identity as MDSCs (Fig. 4E). Similar to observations with the bulk
CD11b*Gr-1* population (Fig. 3), Ly6G""Ly6C" cells decreased TNF-g, and IL-17
expression (Figs. 4F and G, respectively). Cytospins of the Ly6GhighLy6C+ population
revealed an immature granulocytic morphology characterized by numerous ringed nuclei
(Fig. 4B), which when taken together with their suppressive action, is indicative of G-
MDSCs. The Ly6G Ly6C™ population was typified by a relatively homogeneous monocyte-
like morphology that was unable to suppress CD4" T cell activation (Figs. 4D and E),
indicating these cells are inflammatory monocytes. Collectively, these results are the first to
demonstrate the recruitment of a bona fide MDSC population in any model of staphylococcal

infection or biofilm formation caused by any bacterial species.

[0074] Studies by other groups have reported neutrophil infiltrates in mouse models of S.
aureus orthopedic infection (33-35). These reports, however, utilized either immunostaining
with Ly6G, Ly6G depletion, or LysM-GFP mice to identify neutrophils, and these
approaches cannot differentiate between neutrophils and MDSCs (36). It is possible that the
Ly6G"™¥Ly6C™" cells observed in the model of S. aureus orthopedic biofilm infection
disclosed herein are neutrophils based on their cytospin morphology, revealing fewer
immature cells compared to the MDSC population (Figs. 4C and B, respectively), and lack of
T cell suppressive activity (Fig. 4E).

Example 4

[0075] Ly6G""Ly6C* cells recruited to sites of S. aureus orthopedic biofilm infection
express genes characteristic of MDSCs. Due to the differential immunosuppressive
properties of the Ly6G™€"Ly6C* and Ly6G Ly6C* subsets associated with S. aureus

orthopedic biofilm infection, gene expression profiles of FACS-purified populations
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immediately ex vivo were examined by qRT-PCR as further confirmation of their identity.
The Ly6G"™"Ly6C* MDSC subset displayed increased iNOS, Arg-1, COX-2, and IL-10
concomitant with reduced IL-12p40 expression compared to the Ly6G Ly6C" monocytic
fraction (Fig. 5), similar to MDSC profiles described in other disease models (1, 37-40).

[0076] MDSCs play an important role in regulating inflammatory processes through their
production of several pro- and anti-inflammatory cytokines (7, 25). To assess the
inflammatory status of MDSCs, cells were recovered from the site of biofilm infection or the
spleen and immediately stimulated ex vivo with heat-inactivated S. aureus or peptidoglycan
(PGN). Regardless of their origin, it was found that Ly6GhighLy6C+ MDSCs were inherently
less proinflammatory than macrophages (Fig. 15). Collectively, these results provide further
evidence to support the identity of infiltrating Ly6GhighLy6C+ cells into S. aureus orthopedic
biofilm infections as MDSCs.

[0077] A cytokine that could play a significant role in immuno-evasion by biofilm
infections is the anti-inflammatory Interleukin 10 (IL-10). This cytokine is also known to
have immunosuppressive properties. To assess the role that MDSCs might play in the
production of IL-10, a transgenic mouse line harboring an IL-10-Green Fluorescent Protein
fusion construct was used. The transgenic mouse line is available from the Jackson
Laboratory (stock no. 014530) or it can be generated using conventional technologies. For
this experiment, IL-10-GFP reporter mice were infected with 10° CFU S. aureus USA300
LAC and sacrificed at days 3 and 5 post-infection, whereupon the percentages of IL-10-
producing MDSCs (Ly6G™€*Ly6C™), neutrophils (Ly6G*~Ly6C""), monocytes (Ly6G”
Ly6C"), and macrophages (F4/807) in the soft tissue surrounding the knee were quantified by
FACS. The CD45+ marker characteristic of leukocytes was stained and used to identify, by
FACS, the MDSCs, neutrophils, monocytes and macrophages in the samples taken from the
soft tissue surrounding the knee. The results showed that, at day 3, MDSCs constituted about
40% of leukocytes expressing GFP, neutrophils were about 4%, monocytes were about 4%
and macrophages were about 8%. At day 5 post-infection, MDSCs were about 75% of
leukocytes expressing GFP, with neutrophils at about 5%, monocytes at about 9% and
macrophages at about 3%. Thus, MDSCs provide the major source of the
immunosuppressive cytokine IL-10 during S. aureus biofilm infection. It is expected,
moreover, that MDSCs are the major source of the immunosuppressive IL-10 contributing to
the persistence of all biofilm infections, as there is no reason to expect a different role for the
immune system for biofilm infections involving other microbes — the immune system

functions at the level of recognizing all such infections as “foreign.”
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Example 5

[0078] Depletion of Ly6G* MDSCs increases monocyte infiltrates and their intrinsic
proinflammatory activity, resulting in enhanced S. aureus biofilm clearance. To assess
the functional role of Ly6GhighLy6C+ MDSC:s in orchestrating the anti-inflammatory biofilm
milieu to facilitate bacterial persistence, mice were treated with the monoclonal antibody 1A8
to target Ly6G" cells (37, 41, 42). This approach would deplete MDSCs, leaving the Ly6C*
monocyte and macrophage populations intact and able to combat S. aureus infection,
presumably in the absence of immunosuppression. It was confirmed that 1 A8 was effective
at depleting the Ly6GhighLy6C+ MDSC population, which was more robust at day 7 compared
to day 14 (Figs. 6A and B). Interestingly, the frequency of Ly6C" monocytes was
significantly increased at day 7 (Fig. 6C) and the absence of immunosuppressive Ly6G*
MDSCs was expected to promote the proinflammatory attributes of these Ly6C*
mononuclear phagocytes. To address this possibility, the activation state of FACS-purified
Ly6GLy6C" cells from the infection site of 1A8-treated, versus isotype control, mice was
examined by qRT-PCR. In the context of MDSC depletion with 1AS, iNOS, IL-12p40, and
IL-6 expression was increased in Ly6GLy6C" cells at day 7 (Fig. 7). Increased Arg-1 and
IL-10 expression was also observed in Ly6G Ly6C" cells (Fig. 7) and although both possess
anti-inflammatory properties, they may be important in maintaining a balanced inflammatory
environment at the site of infection, due to the absence of normally immunosuppressive

MDSCs.

[0079] Because Ly6C" monocyte infiltrates were increased in the context of MDSC
depletion and displayed intrinsic proinflammatory activity, next examined was whether this
would translate into superior anti-biofilm activity. This expectation was confirmed, because
Ly6G™ cell depletion with 1A8 significantly reduced S. aureus burdens in both the tissue and
knee joint at days 7 and 14 post-infection compared to isotype control animals (Fig. 8B),
which correlated with less gross evidence of exudate formation in MDSC-depleted mice (Fig.
8A). Ly6G" cell depletion did not cause S. aureus dissemination from the primary site of
infection (Fig. 8C) and histopathologic analysis of H&E-stained tissues showed no dramatic
differences in the degree of joint inflammation or splenic architecture (as a measure of

extramedullary hematopoiesis) between 1A8-treated and isotype control animals.

[0080] To investigate the impact of Ly6G" cell depletion on the inflammatory milieu
during S. aureus orthopedic biofilm infection, soft tissues surrounding the knee, the knee
joint itself, and a femur were analyzed using MILLIPLEX arrays. Levels of several

cytokines (G-CSF, IL-1, IL-6) and chemokines (CXCL1, CXCL9 and CCL3) were
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dramatically reduced in 1A8-treated, compared to isotype control, mice primarily at day 7
(Fig. 9), in agreement with increased bacterial clearance in the former (Fig. §B).
Collectively, these results demonstrate that during S. aureus orthopedic biofilm infection,
Ly6GhighLy6C+ MDSC:s elicit a local microenvironment that restricts monocyte/macrophage
proinflammatory activity, facilitating the establishment of an anti-inflammatory milieu that
favors bacterial persistence. It was expected that these effects would not be significantly
influenced by neutrophil loss following 1A8 treatment, because the majority of Ly6G*
leukocytes infiltrating infected joints (i.e., about 75%) were MDSCs, and the data confirmed

this expectation.

[0081] Having shown that MDSCs maintained an immunosuppressive, anti-inflammatory
environment conducive to persistent biofilm infection, and that removal of these cells
promoted microbe clearance, an experiment was designed to determine how MDSC levels are
controlled. More particularly, the mouse model was again used, this time to assess the role
that IL-10 might have in maintaining and/or recruiting MDSCs to biofilm infection sites over
time. IL-10 knockout (KO) and wild-type (WT) mice were infected with 10° CFU S. aureus
USA300 LAC and sacrificed at post-infection days 3, 7, and 14, whereupon the percentages
of MDSCs (Ly6G™¢"Ly6C"), neutrophils (Ly6G'**Ly6C'*"), monocytes (Ly6G Ly6C"), and
macrophages (F4/80") were quantitated by FACS. A comparison of WT and corresponding
IL-10 KO cells showed significant changes in relative cell levels at day 14 post-infection for
MDSCs, monocytes and macrophages. For MDSCs, WT and IL-10 KO cells were at
equivalent levels at days 3 (about 70% of leukocytes) and 7 (about 55% of leukocytes) post-
infection, but at day 14 post-infection, wild-type MDSCs remained in excess of 50% of all
leukocytes while IL-10 KO MDSC:s fell from over 50% to about 13%, a relative 4-fold

decrease.

[0082] The situation with macrophages was different in that the significant change in
relative numbers of WT macrophages versus IL-10 KO macrophages was attributable to a
decline in WT macrophage levels, from about 8% to less than 1% of leukocytes, while IL-10
KO macrophage levels remained relatively constant at about 5%. The relative changes in
monocyte levels also reflected a slight increase in the numbers of IL-10 KO monocytes
relative to WT monocytes at day 14 post-infection. At day 3 post-infection, WT and IL-10
KO monocytes each were about 8% of leukocytes; at day 14 post-infection, WT cells
remained at about 8% but IL-10 KO cells increased to represent 15% of all leukocytes.
Neutrophils showed a slight decline in both WT and IL-10 KO cells comparing day 3 post-
infection (each about 12%) to day 14 post-infection (each about 8%). Thus, loss of IL-10 led
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to a dramatic reduction in MDSC:s at the site of biofilm infection, while having little effect on
neutrophils and a modest but statistically significant stimulatory effect on monocytes and
macrophages. Based on these data, it is apparent that IL-10 is important for MDSC

recruitment during later stages of biofilm infection, such as S. aureus biofilm infection.
Example 6

[0083] Loss of MDSCs is associated with clearance of biofilm infections. Example 5
showed that the absence of the immunosuppressive and anti-inflammatory cytokine I1L-10
resulted in a dramatic and selective reduction in the numbers of MDSCs, but not monocytes,
macrophages or neutrophils. An experiment was then designed to assess the effect on biofilm
infection of the loss of IL-10, now known to lead to a reduction in MDSC infiltrates. In
particular, IL-10 knockout (KO) and wild-type (WT) mice were infected with 10° CFU .
aureus USA300 LAC and sacrificed at post-infection day 3, 7, or 14, whereupon bacterial
burdens in the soft tissue surrounding the knee, the knee joint itself, a femur, and an implant
(see Example 1) were determined. In the soft tissue surrounding the knee region, bacterial
burdens in WT and IL-10 KO mice were equivalent at about 6 x 10’ cfu S. aureus per gram
of tissue. At day 3, there was a statistically insignificant decrease in IL-10 KO biofilm
burdens relative to WT animals, while at day 14 post-infection, bacterial burdens in WT mice
held relatively steady at about 107 cfu/gram tissue, while IL-10 KO titers dropped to about 7

x 10* cfu/gram tissue, a difference significant at the p < 0.001 level.

[0084] In the knee joint itself, WT and IL-10 KO biofilm burdens were equivalent at about
7 x 10° at day 3, but at day 7, WT cell levels remained constant while IL-10 KO titers
dropped to 10° cells/gram tissue, a relative reduction of statistical significance at the p < 0.05
level. In the femur, WT biofilm burdens ranged around 5 x 10* to 5 x 10° cfu/gram, but IL-
10 KO titers steadily fell from 2 x 10° cfu/gram at day 3 post-infection to about 7 x 10°
cfu/gram at 7 days post-infection and down to about 10* cfu/gram at day 14 post-infection.
The differences in biofilm burdens in WT versus IL-10 KO mice were significant at the
p<0.01 level by day 7 post-infection and at the P<.001 level by day 14 post-infection.
Finally, for the implant, biofilm burdens were at about 20-40 cfu/ml of sample at day 3 post-
infection. By post-infection day 7, WT animals had just under 10° cfu/ml while IL-10 KO
mice were at about 5 cfu/ml, a statistically significant difference at the p<0.05 level. By day
14 post-infection, however, biofilm burdens in both backgrounds had dropped, with WT
MDSC:s at about 7 cfu/ml and IL-10 KO MDSCs at O cfu/ml.
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[0085] Reduction in the level of IL-10, shown to lead to a lower level of MDSCs (Example
5), also leads to a reduction in biofilm infection burden, as shown by the experiment
described in this Example, where a S. aureus biofilm infection associated with each of a soft
tissue surrounding a joint, a joint (the knee) itself, a bone (the femur), and a prosthetic or
artificial device (the implant) was shown to be reduced over time in an IL-10 KO mouse
versus a WT mouse. Thus, it is expected that reducing, eliminating, or preventing IL-10
expression or activity is/are suitable for methods of reducing an MDSC level, and for

methods of preventing, treating or ameliorating a biofilm infection.

[0086] Having shown that IL-10 loss led to a reduction in MDSC levels and that this
observation could be extended to a reduction in biofilm infection burden, an experiment was
designed and conducted to elucidate any effect of IL-10 loss on cytokine signaling. Again,
IL-10 knockout (KO) and wild type (WT) mice were infected with 10° CFU S. aureus
USA300 LAC and sacrificed at days 7 and 14 post-infection, whereupon cytokine assays
using MILLIPLEX arrays were performed. In particular, G-CSF, IL-1{, IL-6, IL-9, MIP-1a,
and MIG were subjected to quantitative assay using a Milliplex array. The results showed
that, for all pro-inflammatory cytokines except IL-9, loss of IL-10 and a reduction/loss of
biofilm burden led to a relative reduction in pro-inflammatory cytokines (G-CSF, IL-1p3,
MIP-1a, and MIG). For IL-6, there was a slight increase over time, but the increase was only
significant at p<0.05. IL-9 levels increased about three-fold over time in the IL-10 KO
background relative to the WT background, and this change, like the reductions in the four
cytokines noted above, was significant at the p<0.001 level. These results show that, in
general, loss of IL-10, and a reduction in biofilm infection burden, is associated with reduced
inflammatory mediator production, consistent with the results disclosed elsewhere herein that
MDSC:s play a significant role in maintaining biofilm infections in a persistent state, and that

MDSC:s yield this result, at least in part, through the production of IL-10.

[0087] Having shown that IL-10 KO mice display significant reductions in MDSC
infiltrates that coincide with reduced biofilm burdens, direct demonstration that MDSCs were
responsible for these outcomes was demonstrated by the adoptive transfer of WT MDSCs
into orthopedic infections of IL-10 KO mice. Direct evidence of MDSCs as being
responsible for promoting biofilm formation was shown by the ability of adoptively
transferred WT MDSC:s to restore bacterial burdens in IL-10 KO mice to those observed in
WT animals. Specifically, at day 14 post-infection, in the soft tissue surrounding the knee
region, bacterial burdens in WT mice were about 10’ cfu/gram tissue, while IL-10 KO titers

dropped to about 5 x 10° cfu/gram tissue, a difference significant at the p < 0.05 level. Thus,
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adoptive transfer of WT MDSCs into IL-10 KO mice restored biofilm levels to that observed

in WT animals at about 10’ cfu/gram tissue.

[0088] In the knee joint itself, biofilm burdens in WT mice were about 10’ cfu/gram tissue,
while IL-10 KO titers dropped to about 5 x 10° cfu/gram tissue, a difference significant at the
p < 0.01 level. Adoptive transfer of WT MDSCs into IL-10 KO mice restored biofilm levels

to that observed in WT animals at about 5 x 10° cfu/gram tissue.
Example 7

[0089] Gr-1"cell depletion confirms the inhibitory action of MDSCs on
monocytes/macrophages to prevent S. aureus biofilm clearance. The results disclosed
herein have established that MDSC depletion with 1AS facilitated S. aureus biofilm
clearance, in part, due to decreased immunosuppressive effects that promoted the
proinflammatory attributes of infiltrating monocytes and macrophages. To further
demonstrate that monocytes/macrophages were critical for anti-biofilm activity in the absence
of an MDSC infiltrate, mice were treated with the monoclonal antibody RB6-C85. Similar to
1A8, RB6-C85 depletes Ly6G™ MDSC's and neutrophils, but also targets monocytes based on
its reactivity with Ly6C, which would also impact macrophage numbers by default (29, 37,
41-43). Therefore, any differences between 1A8 and RB6-C85 depletion would further
support a role for monocytes/macrophages in mediating biofilm clearance without the
suppressive MDSC population. As previously demonstrated, Ly6G/Ly6C staining detected
three cell populations in implant-associated tissues of isotype control animals at days 7 and
14 following infection, namely Ly6G"&"Ly6C* MDSCs, a Ly6G“"Ly6C"" granulocyte-like
population, and a Ly6G Ly6C" inflammatory monocyte subset (Fig. 10A). At day 7 post-
infection, however, RB6-C85-treated animals only displayed one cell population that shifted
from Ly6G'™*Ly6C™" to Ly6G""Ly6C" at day 14 after infection (Fig. 10B). The percentage
of Ly6G¥Ly6C"" cells in RB6-C85-treated animals was significantly higher than isotype-
treated controls at day 7 post-infection; however, no differences were apparent at day 14,
because the population had shifted to Ly6G""Ly6C" (Fig. 10B). Although Ly6G™¢"Ly6C*
infiltrates were increased in RB6-C85-treated animals at day 14 post-infection (Fig. 10B),
they were unable to inhibit T cell proliferation (Fig. 16) and, as such, do not represent a true
MDSC phenotype. Therefore, it is expected that the presence of Ly6G“Ly6C"" and
Ly6GhighLy6C+ populations in the infected joint of RB6-C85-treated mice results from
increased demand from the overwhelming infection (Fig. 11), which agrees with the results to

follow demonstrating extensive extramedullary hematopoiesis in the spleens of these animals.
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This is supported by the finding that Ly-6GLy-6C" cells were significantly lower in RB6-

C85-treated mice receiving sterile implants compared to isotype control antibody.

[0090] Also examined were CCR2 and F4/80 expression as markers for inflammatory
monocytes and macrophages, respectively (44-46). Because RB6-C85 also recognizes the
Ly6C epitope, it was expected that both of these cell populations would be decreased, as
CCR2" inflammatory monocytes express Ly6C and differentiate into F4/80" macrophages
once they have migrated into tissues (45). As expected, the percentage of Ly6C"CCR2" cells
was significantly decreased in RB6-C85-treated animals compared to isotype controls at days
7 and 14 after infection (Fig. 10C). Likewise, there were significantly fewer F4/80"
macrophages in RB6-C85-depleted mice at day 7 post-infection, and only a very small

percentage of cells remained at day 14 (Fig. 10C).
Example 8

[0091] Gr-1"cell depletion exacerbates S. aureus orthopedic biofilm infection due to
the loss of monocyte/macrophage effectors. Strikingly, S. aureus-infected mice treated
with RB6-C85 displayed a grossly visible caseous exudate (Fig. 11A), which was typified by
significantly increased bacterial burdens in the knee joint, surrounding soft tissue, and femur
at days 7 and 14 after infection compared to infected animals receiving an isotype-matched
control antibody (Fig. 11B). Histological analysis of tissues collected from RB6-C85-treated
mice revealed increased inflammation in the joint space, surrounding soft tissue, and bone
compared to isotype control animals (Table 1). Furthermore, the degree of osteolysis was
more severe in RB6-C85-treated animals, as evidenced by CT imaging (Fig. 12) and femurs
were more brittle upon harvest. These results are in stark contrast with those obtained during
1A8 depletion, where biofilm burdens were reduced, indicating monocytes and macrophages
are able to promote bacterial clearance in the absence of an immunosuppressive MDSC
population, since the only difference between the antibody-depletion strategies was the

targeting of monocytes/macrophages.

[0092] Targeting Gr-1" cells by RB6-C85 administration not only increased bacterial
burdens and inflammation at the site of S. aureus orthopedic biofilm infection, it also led to
significant systemic effects. First, Gr-1" depletion enhanced S. aureus dissemination, as
bacterial burdens in the heart, kidney, and spleen of RB6-C85-treated animals were
significantly elevated at day 7 post-infection compared to the isotype control group (Fig.
11C). Second, RB6-C85-treated animals displayed significant splenomegaly (Figs. 13A and

B). Histopathology revealed marked expansion of the splenic sinuses and red pulp with
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extensive extramedullary hematopoiesis, typified by numerous erythroid islands,
megakaryoctyes, and leukocyte islands in RB6-C85-treated animals, which was not observed

in infected isotype control mice (Fig. 13C).

[0093] To examine changes in the inflammatory milieu after RB6-C85 treatment,
inflammatory mediator expression was assessed. Numerous cytokines (IL-1f, G-CSF, and
IL-17) and chemokines (CXCL1, CXCL2, and CCL3) were significantly increased at days 7
and 14 post-infection in RB6-C85-treated animals compared to isotype controls (Fig. 14).
Similar changes were observed in the infected knee joint and femur. Taken together with the
results from 1A8 depletion, these findings demonstrate that MDSCs are critical for limiting
the proinflammatory activity of monocytes and macrophages during S. aureus biofilm

infection, which sets the stage for bacterial persistence.
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WHAT IS CLAIMED IS:
1. A method of preventing or treating a biofilm infection comprising administering a

therapeutically effective amount of an inhibitor of a myeloid-derived suppressor cell.

2. The method of claim 1 wherein the myeloid-derived suppressor cell (MDSC) is a
CD11b* Gr-1" MDSC.

3. The method of claim 1 wherein the inhibitor is Gemcitabine, a STAT3 inhibitor,
STAT3-targeted siRNA, a Janus kinase (JAK) inhibitor, an anti-CD15 (SSEA-1), an anti-
CD33, an anti-CD34, an anti-CD66b, an anti-CD162, an anti-MRP-14 (S100A9), an anti-NF-
kB (p50) antibody, an anti-SHIP-1 antibody, an anti-STAT]1 antibody, an anti-STAT3
antibody, an indoleamine 2,3-dioxygenase (IDO) inhibitor, an Nrf-2 activator, an IL-10

inhibitor, an IL-10 receptor inhibitor, or an arginase inhibitor.

4, The method of claim 3 wherein the arginase inhibitor is C-201 or C-301.

5. The method of claim 3 wherein the IDO inhibitor is INCB24360, norharmane,

rosmarinic acid, 1-methyltryptophan, a tryptophan derivative, Indoximod, or NLG919.

6. The method of claim 3 wherein the JAK inhibitor is AZD1480, tofacitinib, ruxolitinib
(Jakafi), baricitinib, decernotinib, GPLG034, CEP-701 (lestaurtinib), INCB39110,
INCB16562, INCB47986, SB1518 (pacritinib), SAR302503, XL019, or NVP-BSKS05.

7. The method of claim 3 wherein the STAT3 inhibitor is stattic, galiellalactone, a
galiellalactone analog, GLG-101, GLG-202, GLG-302, GLG-401, or OPB-31121.

8. The method of claim 3 wherein the Nrf-2 activator is RTA-408.

0. The method of claim 1 wherein the biofilm is associated with an artificial substance in
Vivo.

10. The method of claim 9 wherein the artificial substance is an implant or a prosthesis.
11. The method of claim 1 wherein the biofilm infection is a Staphylococcus infection or

a Pseudomonas infection.

12. The method of claim 11 wherein the Staphylococcus infection is a Staphylococcus

aureus infection.
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13. The method of claim 12 wherein the Staphylococcus aureus infection is a methicillin-

resistant Staphylococcus aureus (MRSA) infection.

14. A method of preventing or treating inflammatory activity in a subject with a biofilm
infection comprising administering a therapeutically effective amount of an inhibitor of a

myeloid-derived suppressor cell.

15. The method of claim 14 wherein the inhibitor is Gemcitabine, a STAT3 inhibitor, a
STAT3-targeted siRNA, a Janus kinase (JAK) inhibitor, an anti-CD15 (SSEA-1) antibody,
an anti-CD33 antibody, an anti-CD34 antibody, an anti-CD66b antibody, an an anti-CD162
antibody, an anti-MRP-14 (S100A9) antibody, an anti-NF-kB (p50) antibody, an anti-SHIP-1
antibody, an anti-STAT1 antibody, an anti-STAT3 antibody, an indoleamine 2,3-dioxygenase
(IDO) inhibitor, an Nrf-2 activator, an IL-10 inhibitor, an IL-10 receptor inhibitor, or an

arginase inhibitor.
16. The method of claim 15 wherein the arginase inhibitor is C-201 or C-301.

17. The method of claim 15 wherein the IDO inhibitor is INCB24360, norharmane,

rosmarinic acid, 1-methyltryptophan, a tryptophan derivative, Indoximod, or NLG919.

18. The method of claim 15 wherein the JAK inhibitor is AZD 1480, tofacitinib,
ruxolitinib (Jakafi), baricitinib, decernotinib, GPLGO034, CEP-701 (lestaurtinib), INCB39110,
INCB16562, INCB47986, SB1518 (pacritinib), SAR302503, XL019, or NVP-BSKS05.

19. The method of claim 15 wherein the STAT3 inhibitor is stattic, galiellalactone, a
galiellalactone analog, GLG-101, GLG-202, GLG-302, GLG-401, or OPB-31121.

20. The method of claim 15 wherein the Nrf-2 activator is RTA-408.

21. The method of claim 14 wherein the MDSC is a CD11b* Gr-1" MDSC.

22. The method of claim 14 wherein the biofilm is associated with an artificial substance
in vivo.

23. The method of claim 22 wherein the artificial substance is an implant or a prosthesis.
24. The method of claim 14 wherein the biofilm infection is a Staphylococcus infection or

a Pseudomonas infection.
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25. The method of claim 24 wherein the Staphylococcus infection is a Staphylococcus

aureus infection.

26. The method of claim 25 wherein the Staphylococcus aureus infection is a methicillin-

resistant Staphylococcus aureus (MRSA) infection.

27. A method of preventing or treating a biofilm infection comprising administering a

therapeutically effective amount of a stimulator of a monocyte.

28. The method of claim 27 wherein the stimulator of a monocyte is IFN-y or TNF-q.

29. The method of claim 27 further comprising administration of an M1-activated
macrophage.
30. The method of claim 27 further comprising administration of an inhibitor of an anti-

inflammatory molecule secreted by a MDSC selected from the group consisting of IL-10 and

TGF-p.
31. The method of claim 19 wherein the monocyte is an effector Ly-6C monocyte.

32. A method of inhibiting the accumulation of a bacterial biofilm infection of an implant,
a prosthesis, or a natural or artificial joint, comprising administering a therapeutically

effective amount of an inhibitor of a myeloid-derived suppressor cell.

33. A method of reducing the number of monocyte-derived suppressor cells comprising
administering a therapeutically effective amount of an inhibitor of IL-10 or the IL-10

receptor.

34. The method of claim 33 wherein the inhibitor of IL-10 is an anti-IL-10 antibody form,
an anti-IL-10 receptor antibody, Rituximab, Sorafenib, AS101, or a bispecific anti-CD11b
anti-GR-1 antibody.

35. A method of diagnosing a biofilm infection comprising:
(a) obtaining a sample from a subject;
(b) measuring a myeloid-derived suppressor cell infiltrate or MDSC activation

status by evaluating inflammatory mediator expression and arginase activity; and

(c) diagnosing a biofilm infection based on the level of MDSC infiltrate or MDSC
activation.
40
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This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I:l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescrlbed requnrcmems to such an
extent that no meaningful international search can be carrled out, specnﬁcally

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
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1. I:I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort Justlfymg additional fees, this Authority did not invite payment of
additional fees.

3. I:I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. W No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Group I: Claims 1-26, 31-34

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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-***_Continued from Box No. lll: Observations Where Unity of Invention s Lacking:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-26 and 31-34 are directed toward a method of preventing or treating a biofilm infection, or inflammatory activity in a
subject with a biofilm infection; and a method of reducing the number of monocyte-derived suppressor cells.

Groups |I: Claims 27-30 are directed toward a method of preventing or treating a biofilm infection comprising administering a
therapeutically effective amount of a stimulator of a monocyte.

Group IlI: Claim 35 is directed toward a method of diagnosing a biofilm infection comprising: (a) obtaining a sample from a subject; (b)
measuring a myeloid-derived suppressor cell infiltrate or MDSC activation status by evaluating inflammatory mediator expression and
arginase activity; and (c) diagnosing a biofilm infection based on the level of MDSC infiltrate or MDSC activation. -

The inventions listed as Groups I-lIl do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical features of Group |
inciude an inhibitor or monocyte-derived suppressor cells, which is not present in Groups 1 or Iil, the special technical features of Group
Il including a stimutator of a monocyte, which is not present in Groups | or li}, the special technical features of Group Il including a
method of diagnosing a biofilm infection. :

Groups I-ll share the technical features including myeloid-related cells and a biofilm infection in a subject; a method of preventing or
treating inflammatory activity in a subject with a biofilm infection comprising administering a therapeutically effective amount of an,
.inhibitor of a myeloid-derived suppressor cell; including MDSCs.

However, these shared technical features are previously disclosed by US 2011/0293658 A1 to Cerundolo, et al. (hereinafier ‘Cerundolo’)
in view of WO 2013/032964 A1 to Kielian, et al. (hereinafter 'Kielian').

Cerundolo discloses myeloid-related cells (myeloid-derived suppressor cells, MDSC (myeloid-related cells); abstract, paragraph [0002]);
a bacterial infection in a subject (a bacterial infection in a subject; paragraph [0054]), including an infection with S. aureus (Staphyloccus
species, including Staphylococcus aureus; paragraph [0058]); MDSCs (MCSCs; abstract); a method of preventing or treating a bacterial
infection (a method of preventing or treating a bacterial infection; paragraph {0054]) comprising administering a therapeutically effective
amount (comprising an amount of an iINKT agonist to enable efficacious immunization; paragraphs (0021}, [0024]) of an inhibitor of a
myeloid-derived suppressor cell (of an INKT agonist which diminishes levels of MDSC; paragraphs [0021], [0024]); a method of
preventing or treating inflammatory activity (a method of reducing the number of MDSC to enhance immune response in order to
enhance immune response in conditions, including inflammatory conditions; paragraphs [0003], [0008), [0009]) in a subject with a
bacterial infection (paragraphs [0054], [0058]) comprising administering a therapeutically effective amount (comprising an amount of an
iNKT agonist to enable efficacious immunization (comprising administering a therapeutically effective amount); paragraphs [0021],
[0024]) of an inhibitor of a myeloid-derived suppressor celi (of an INKT agonist which diminishes levels of MDSC (of an inhibitor ofa
myeloid-derived suppressor cell); paragraphs [0021], [0024]); and a method of reducing the number of monocyte-derived suppressor
cells (a method of reducing the number of monocyte-derived suppressor cells; paragraph [0024]). Cerundolo does not disclose a
method of preventing or treating a biofilm infection in a subject; and preventing or treating inflammatory activity in a subject with a biofilm
infection. Kielian discloses a method for preventing and treating a biofilm infection in a subject (a biofilm infection in a subject; abstract),
including an S. aureus infection (including a Staphylococcus aureus biofilim (infection); abstract); wherein biofilm infections prevent
inflammatory activity in a subject (biofilm infections prevent inflammatory activity in a subject; paragraph [0014]) by inducing a specific
macrophage phenotype that exhibits anti-inflammatory properties (by inducing a specific macrophage phenotype that exhibits
anti-inflammatory properties; paragraph {0014]). it would have been obvious to a person of ordinary skill in the art at the time of the
invention was made to have modified the disclosure of Cerundolo to have provided a method of reducing the number or activity of
MDSCs by providing a therapeutically effective amount of an inhibitor of IL-10 or the IL-10 receptor, based on the disclosure of
Cerundolo that an inhibitor blocks the activity of the cells, and to have modified the previous disclosure of Cerundolo, for utilizing the
methods of effective treatment, including reducing the activity of numbers of MDSCs for treating or preventing an S. aureus-based
biofilm, and to have implemented when reduction of inflammation was desirable in a subject having an infection, providing an effective
amount of MDSC cells to inhibit the inflammatory response, while simultaneously providing an additional treatment, such as an antibiotic,
effective to reduce the presence of the infective agent, such as bacteria, based on the previous disclosure of Kielian, indicating that the
“alternatively-activated macrophage types inhibited inflammation, for providing a mechanism of treatment of inflammation which was a
part of the natural response of the immune system to inflammation in a patient, where the response was naturally inhibited or lacking.

Since none of the special technical features of the Groups I-tl inventions is found in more than one of the inventions, and since all of the
shared technical features are previously disclosed by a combination of the Cerundolo and Kielian references, unity of invention is
lacking.
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