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Abstract Clinical studies over the past several years have
reported that metastasis-free survival times in humans and
dogs with osteosarcoma are significantly increased in
patients that develop chronic bacterial osteomyelitis at their
surgical site. However, the immunological mechanism by
which osteomyelitis may suppress tumor growth has not
been investigated. Therefore, we used a mouse model of
osteomyelitis to assess the effects of bone infection on
innate immunity and tumor growth. A chronic Staphylococ-
cal osteomyelitis model was established in C3H mice and
the effects of infection on tumor growth of syngeneic
DLMS osteosarcoma were assessed. The effects of infection
on tumor angiogenesis and innate immunity, including NK
cell and monocyte responses, were assessed. We found that
osteomyelitis significantly inhibited the growth of tumors
in mice, and that the effect was independent of the infecting
bacterial type, tumor type, or mouse strain. Depletion of
NK cells or monocytes reversed the antitumor activity elic-
ited by infection. Moreover, infected mice had a significant
increase in circulating monocytes and numbers of tumor
associated macrophages. Infection suppressed tumor angio-
genesis but did not affect the numbers of circulating endo-
thelial cells. Therefore, we concluded that chronic localized
bacterial infection could elicit significant systemic antitu-
mor activity dependent on NK cells and macrophages.
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Introduction

The ability of bacterial infections to inhibit tumor growth
was first described over a century ago by Dr. Coley [1].
Coley suggested that the fever accompanying the infection
led to a warming of the tumor which triggered tumor
regression [2]. More recent studies have shown that sys-
temic infection with non-bacterial pathogens is capable
of inhibiting tumor growth. For example, infection with
Toxoplasma gondii has been shown to suppress tumor
growth via induction of IFN-y release and suppression of
tumor angiogenesis leukocyte recruitment [3, 4].

Models of tumor localized infection, where bacteria
home directly to the tumor, have been used as one approach
for tumor immunotherapy [5—8]. The homing of the patho-
gen to the tumor triggers leukocyte recruitment to tumor
tissues, which is believed to stimulate non-specific antitu-
mor immunity. Genetically altered bacteria and viruses
have also been used to deliver immunostimulatory cyto-
kines and other anti-tumor molecules to the tumor microen-
vironment [6, 7, 9—13]. Studies in various tumor models
have shown that these approaches elicit leukocyte recruit-
ment to the tumor and promote anti-tumor activity.

Osteosarcoma is the most common primary bone tumor
in humans and dogs, and the tumor in dogs is widely
viewed as the most relevant animal model for human osteo-
sarcoma [14, 15]. Tumor metastasis is the most common
cause of death from osteosarcoma [16]. For this reason,
both humans and dogs with osteosarcoma typically receive
adjuvant chemotherapy [14, 17]. Despite the use of chemo-
therapy, the long term survival of dogs with osteosarcoma
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remains less than 30% [16]. In humans, the overall 5-year
survival is 60% with surgery and adjuvant chemotherapy as
the standard of care [17].

It was recently reported that dogs with osteosarcoma
developing localized osteomyelitis following limb-sparing
surgery had significantly increased metastasis-free intervals
and survival times, compared to dogs that did not develop
infections [18]. Survival times were nearly doubled in dogs
that developed osteomyelitis. Even when adjusted for other
confounding variables, bone infection was significantly
associated with inhibition of metastasis in these dogs. Fur-
thermore, the authors noted that disease progression and
survival effects were due to the delay in metastasis, rather
than to local recurrence of disease [18]. Similar findings
were reported in humans with osteosarcoma that developed
osteomyelitis at the site of limb-sparing surgery [19],
although it should be noted that a second study in humans
with osteosarcoma failed to find an association with bone
infection and survival times [20]. These findings suggest
that localized osteomyelitis may elicit an immune response
that is associated with the inhibition of tumor growth and
metastasis.

Therefore, we hypothesized that localized bacterial osteo-
myelitis was capable of eliciting systemic antitumor immu-
nity. To test this hypothesis, we developed a mouse model of
chronic osteomyelitis and subcutaneously implanted synge-
neic DLMS8 osteosarcoma cells [21]. Using this model, we
found that localized bone infection could suppress tumor
growth through sustained activation of innate immune
responses. These findings are important because they suggest
that chronic, sustained, low-level inflammation could be used
therapeutically to control tumor growth.

Materials and methods
Cell lines

The mouse osteosarcoma tumor cell line, DLMS, was gen-
erously provided by Dr. Eugenie Kleinerman (MD Ander-
son Cancer Center) and was maintained in C/10 Dulbecco’s
modified Eagle media [DMEM (Lonza, Walkersville, MD,
USA) supplemented with 1 x MEM vitamin solution (Cell-
gro, Henderson, VA, USA), 2 mM L-glutamine (Cellgro),
1 mM sodium pyruvate (Cellgro), 1 x non-essential amino
acid solution (Cellgro), 1x antibiotic/antimycotic (Cell-
gro), and 10% heat inactivated fetal bovine serum (FBS,
Atlas, Fort Collins, CO, USA)]. The murine CT26 (colon
carcinoma) and B16 (melanoma) cell lines were maintained
in C/5/5 MEM media [MEM (Lonza) and supplemented as
described above with 5% FBS and 5% heat inactivated
newborn calf serum (Hyclone, Logan, UT, USA)].
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Bacteria

Staphylococcus aureus stably expressing both the lucifer-
ase and luciferin genes (XEN36) was purchased from
Xenogen/Caliper Life Sciences (Hopkinton, MA, USA).
Pseudomonas aeruginosa engineered to stably express
luciferase and luciferin was kindly provided by Dr. Herbert
Schweizer (Colorado State University). Bacteria were
grown to log phase in LB Broth (USB Corporation, Cleve-
land, OH, USA), then bacterial stocks were tittered and
frozen at —80C prior to use.

Animals

All animal studies were performed in an AALAC-approved
facility, with approval of the Colorado State University
Institutional Animal Care and Use Committee. Female
mice 8—10 weeks of age were used for all experiments, and
were purchased from Harlan Sprague-Dawley (Indianapo-
lis, IN, USA). C3H-HeN mice were used for all experi-
ments involving the DLMS8 tumor cell line, BALB/c mice
were used for all studies involving the CT26 tumor cell
line, and C57BL/6 mice were used for experiments involv-
ing the B16 tumor cell line. Five mice per group were used
for all in vivo experiments.

Bacterial osteomyelitis model

Osteomyelitis was induced in mice, using a modification of
a previously reported technique [22]. Briefly, bacteria were
cultured in sterile LB broth at 37°C in a shaking incubator
for 4-6 h to log growth. Bacteria were diluted to a concen-
tration of 1 x 10° CFU per mL in LB broth, and 3 mm
segments of 3—0 braided silk suture (Syneture, Norwalk,
CT, USA) were incubated in the bacteria for 2 h at 37°C on
a shaking incubator. To induce biofilm formation on the
suture material, suture segments were then transferred to
sterile LB broth and incubated for an additional 36 h in a
shaking incubator, with the culture medium changed every
12 h. Control suture segments were prepared similarly,
except without bacterial infection.

Mice were anesthetized using isoflurane (Minrad,
Bethlehem, PA, USA) for the procedure. A 25 g needle
(Becton—Dickinson, Franklin Lakes, NJ, USA) was used
to drill a perpendicular hole in the proximal tibia. The
hole was then enlarged through the use of a 23 g needle
(Becton—Dickinson) to facilitate insertion of the suture
segment. Suture segments were placed into the medullary
cavity of the tibia. Mice receiving infected and sham
treated suture material received buprenorphine (0.05 mg/kg)
administered subcutaneously every 12 h for 72 h post-
surgery.
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In vivo imaging of infected bone

The bone site of infection was evaluated 2-3 times weekly
to assess the intensity of bacterial infection by quantifying
luciferase expression intensity. Imaging was performed
using an IVIS 100 imaging system and Living Image ver-
sion 2.50.1 software (Xenogen). Mice were anesthetized
with isoflurane and imaged. A 1 min exposure time with
high sensitivity binning was used to enhance quantification
of the infection. The minimum intensity was set at 10% of
the maximum, and a contour ROI plot with default parame-
ters (ROI edge value of 5%) chosen to increase objectivity.
Total flux of the ROI was recorded as photons/s for each
sample.

Determination of bacterial burden in tissues

To determine whether bacterial infection had dissemi-
nated from the site of bone infection to other tissues, mice
were sacrificed at the peak of bone infection, 10 days
post-infection, and blood, spleen, liver, lung, infected
tibia, opposite tibia, and tumor tissue were dissociated for
determination of bacterial counts (colony forming units;
CFU). Tissues were subjected to collagenase digestion
and trituration before serial dilutions of supernatants were
plated on LB agar plates (Fisher, Fair Lawn, NJ, USA)
and incubated overnight at 37°C. Bacterial colonies were
counted visually and CFU per organ were determined.
Plates were imaged using the IVIS system described
above to identify luciferase-positive colonies and exclude
contaminating organisms.

Tumor challenge and growth model

Three days after establishment of bone infection, mice were
injected with 2 x 10° DLMS tumor cells subcutaneously
(s.c.) on the contralateral flank to the bone infection. In
other experiments, B16 and CT26 tumor cells were injected
s.c. at a concentration of 5 x 10° cells per mouse. Mice
were then imaged as previously described, and tumors mea-
sured two to three times a week using calipers. Mice were
tail bled weekly by lateral tail vein to assess changes in cir-
culating cell populations by flow cytometry. All mice were
euthanized when the tumor of the first mouse in the control
group reached a tumor diameter of 10 mm, except in sur-
vival experiments where each mouse was sacrificed when
the individual tumor reached a size of 10 mm.

NK cell depletion
NK depletion was performed by intraperitoneal (i.p.) injec-

tion of 50 pL rabbit anti-asialo GM1 antiserum (Wako Pure
Chemical Industries, Inc., Osaka, Japan), as described pre-

viously [23]. Treatment was initiated 3 days post-tumor
challenge and continued weekly. This treatment resulted in
depletion of 73% of NKG2D" cells in the spleen (data not
shown).

Macrophage depletion

Monocytes and macrophages were depleted by intravenous
(i.v.) injection of liposomal clodronate, as reported previ-
ously [24-27]. Liposomal clodronate was prepared as
described previously [28]. Control liposomes were pre-
pared similarly, except that phosphate-buffered saline
(PBS) was used instead of clodronate. Treatment with lipo-
somal clodronate was initiated 3 days after tumor challenge
and continued weekly. The efficiency of monocyte deple-
tion was assessed by flow cytometry, and i.v. injection of
liposomal clodronate was found to deplete 71% of circulat-
ing monocytes (Fig. 7a). Injection of PBS liposomes did
not deplete monocytes (data not shown).

Flow cytometry

Leukocytes in the blood, tumor, spleen, and lymph node
tissues were quantified using flow cytometry. Blood was
lysed in ACK lysis buffer to remove red blood cells from
analysis. Cells were then washed in FACS buffer (1 x PBS
with 2% FBS and 0.1% sodium azide). Tumor, spleen, and
lymph node tissues were prepared by collagenase digestion
and the single cell suspension were washed once in FACS
buffer.

Single cell suspensions, at a concentration of 5 x 10°—
1 x 10° cells per well, were immunostained with the fol-
lowing antibodies: anti-mouse CD3-APC-alexa fluor 750
(clone 17A2), anti-mouse NKG2D-APC (clone CX5), anti-
mouse CD4-PB (clone RM4-5), anti-mouse CD8-PE/Cy7
(clone 53-6.7), anti-mouse CD11b-biotin (clone M1/70),
anti-mouse CD3-biotin (clone ebio5S00A2), anti-mouse
CD31-FITC (clone 390), anti-mouse CDI11b-APC/Cy7
(clone M1/70), anti-mouse CD115-PE (clone AFS98), anti-
mouse F4/80-APC (clone BMS), and anti-mouse Gr-1-PE/
Cy7 (clone RB6-8C5) were purchased from eBioscience
(San Diego, CA, USA); anti-human CD45-Pacific Orange
(clone HI30) and nuclear stain (LDS-75) were purchased
from Caltag/Invitrogen (Eugene, OR, USA); and anti-
mouse Ly6G-FITC (clone 1A8) and anti-mouse Ly6C
(clone AL-21) were purchased from BD Pharmingen (San
Jose, CA, USA). For biotinylated antibodies, streptavidin
conjugates were used to provide flourophores for analysis
(eBioscience and Invitrogen).

Neutrophils were defined as being Ly6G*CDI1b".
Monocytes were defined as being Ly6G~CD11b*CD115*
Ly6C* and were further subdivided into steady state (Ly6C'®)
and inflammatory (Ly6C™) monocytes. Macrophages were

@ Springer



370

Cancer Immunol Immunother (2010) 59:367-378

defined as Ly6G~CD11b"F4/80*. NK cells were defined as
CD37CD4-CD8 NKG2D". Circulating endothelial cells
were defined as CD45 CD11b~CD3~CD31*LDS-751%.
Endothelial cells in tumor tissues were identified as CD45~
CDI11b~CD3~CD31.

Prior to immunostaining, cells were first blocked for
non-specific staining using unlabelled anti-mouse Fcr III
antibody (CD16/32; clone 93; eBioscience) diluted in nor-
mal mouse serum (Jackson Immunoresearch). Immuno-
staining was performed at room temperature for 30 min,
and then the samples were washed. Spleen and lymph node
samples were fixed in 1% paraformaldehyde prior to flow
cytometric analysis; blood and tumor samples were not
fixed but analyzed immediately. Samples were analyzed
using a CyAn ADP flow cytometer (Beckman-Coulter,
Fullerton, CA, USA) and analysis performed using Summit
software v4.3 (Beckman-Coulter).

Immunochemistry

The following antibodies were used for immunohistochem-
istry: anti-mouse purified CD31 antibody (clone 390; eBio-
science), anti-mouse purified CD68 antibody (clone FA-11;
AbD Serotec, Raleigh, NC, USA), biotinylated donkey
anti-rat (Jackson ImmunoResearch). Tumor tissues were
embedded in OCT embedding medium (Sakura, Torrance,
CA, USA) and cryosectioned into 4 pm sections. Slides
were rehydrated, non-specific binding blocked with appro-
priate serum, then incubated with appropriately diluted pri-
mary antibodies. After washing, sections were incubated
with appropriate biotinylated secondary antibody described
above. A Vectastain ABC kit (Vector) and subsequent AEC
peroxidase substrate kit (Vector) were used according
to manufacturer’s instructions. Slides were then counter-
stained with hematoxalin and crystal mount (Biomeda,
Foster City, CA, USA) applied.

Immunohistochemical staining was analyzed in a random-
ized and blinded fashion. Microvessel density (MVD) was
analyzed by manually counting the number of microvessels
per 20x high power field, with five random fields counted
per tumor section. Macrophage density was determined using
five random fields and Carl Zeiss AxioVision Software v4.6
(Zeiss, Thornwood, NY, USA). Computerized determination
of positively staining cells was performed by blanking
against sections stained with an irrelevant isotype control
antibody. The average number of vessels or macrophages per
high power field was determined.

Assessment of tumor associated macrophage cytotoxicity
Tumor tissues from infected and control mice were

removed and prepared by collagenase digestion. Single cell
suspensions were prepared in sort buffer (1x PBS with 2%
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FBS) and TAM were immunostained using CD11b and F4/
80, as described above. Cells were then sorted using a
MoFlo Flow Cytometer (Beckman-Coulter). The purity of
the recovered cells was determined by flow cytometry to be
85%.

The sorted TAM were admixed with DLMS8 tumor cells
at macrophage to tumor ratios of 1:2—1:8. The cells were
incubated for 24 h and cytotoxicity was assessed using an
LDH release assay, according to manufacturer’s directions
(Promega, Madison, WI, USA). As a positive control for
macrophage cytotoxicity, thioglycolate-elicited peritoneal
macrophages were used, following overnight activation
with 20 ng/mL of IFN7y.

Statistical analysis

Statistical analysis was performed using Prism 5 (GraphPad
Software, La Jolla, CA, USA). Tumor growth experi-
ments with two groups were compared using a paired
two-tailed Student’s ¢ test, and those with three or more
groups were analyzed using repeated measures one-way
ANOVA and Bonferroni post-test. Data from two groups
was compared using a two-tailed Student’s ¢ test and data
with three or more groups was compared using one-way
ANOVA with Bonferroni post-test. Survival analysis,
as described as time to a specific tumor diameter, was
performed using Kaplan—Meier log-rank analysis. Com-
parison of monocytes over time was performed using a
two-way ANOVA with Bonferroni post-test. For all
analyses, p-values of less than 0.05 were considered
statistically significant.

Results
Establishment of mouse model of chronic osteomyelitis

To study the effects of a localized bone infection on dis-
tant tumor growth, we first established a mouse model of
chronic bacterial osteomyelitis, using a modification of an
earlier protocol [22]. One of the primary modifications in
our model was to establish bacterial biofilms on the suture
prior to implantation in the marrow cavity of the tibia.
This was done by prolonging the length of incubation in
bacterial cultures, along with continuous shaking. We
found that biofilm sutures led to more reliable infections
with greater sustained luciferase intensity over time than
did sutures prepared using the original method (data not
shown). We also observed a 4-fold increased mean infec-
tion intensity at the bone site in mice receiving biofilm
infected suture, compared to mice implanted with non-
biofilm suture at 49 days after suture implantation (data
not shown).
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Luciferase expressing S. aureus biofilms were estab-
lished on silk suture and placed in the medullary cavity of
C3H-HeN mice (n =5 per group). Following placement of
the suture, the intensity of luciferase expression was deter-
mined in each infected mouse (Fig. 1a). With this infection
model, we observed that there was a progressive increase in
the intensity of bone infection, with the peak of infection
developing 10 days post-challenge (Fig. la). The bone
infection was also sustained, with live bacteria still detect-
able by luciferase imaging at the bone infection site over
50 days post-challenge.

We also determined whether the infection remained
localized in the tibia, or whether the staphylococci became
disseminated after bone infection; no signs of illness were
noted during the infection. By Xenogen imaging we did not
detect a luciferase signal at any sites besides the bone inoc-
ulation site (data not shown). However, to increase the sen-
sitivity of detection, we also performed quantitative
cultures of various organs from mice with infected limbs.
We did not detect bacterial colonization of any tissues other
than the inoculated bone at any time during the infection
studies (data not shown). Therefore, we concluded that in
this model, the infection remained localized to the site of
infected bone.

Tumor growth is inhibited in mice with bacterial
osteomyelitis

To determine whether bacterial osteomyelitis could inhibit
tumor growth, S. aureus infected suture was placed in the
tibia of C3H-HeN mice (n = 5 per group). Three days later,
mice were injected with syngeneic DLMS8 tumor cells on
the contralateral rear flank. Tumor growth was assessed
every 2-3 days using calipers. We found that mice with
bacterial osteomyelitis had a significant decrease (p < 0.02)
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Fig. 1 Development of localized osteomyelitis in the mouse. Mice
(n =5 per group) were challenged with luciferase-transfected Staphy-
lococcus biofilm-coated suture material introduced into the medullary
cavity of the tibia, and imaged using a Xenogen In Vivo Imaging Sys-
tem to track the intensity and localization of the infection. Time course
analysis of infection intensity of osteomyelitis with means (=SEM)
calculated

in tumor growth compared to uninfected control mice
(Fig. 2a). However, in mice with tumors established 3 days
before infection, we did not observe significant tumor
growth inhibition (data not shown). Mice that were sham-
infected with control suture did not have a significantly
altered tumor growth compared to untreated mice with
tumors only (data not shown). In addition, survival times,
using time to reach 10 mm diameter as the event, were sig-
nificantly increased (p <0.01) in mice with osteomyelitis
compared to control mice (data not shown). These results
indicated that localized bacterial infection significantly
inhibited the growth of tumors at distant sites. This finding
was most consistent with the induction of a systemic antitu-
mor response by the localized bone infection.

We next conducted experiments to determine whether
the inhibition of tumor growth observed above was tumor
type or mouse strain specific. To address these questions,
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Fig. 2 Osteomyelitis-associated tumor growth inhibition is not patho-
gen specific. a Mice were infected with S. aureus containing biofilms
3 days before tumor challenge. Growth kinetics were assessed by two-
dimensional measurements and the longest diameter is reported as the
mean (SEM) calculated for each group. Infected C3H mice (n = 5 per
group) challenged with syngeneic DLMS8 osteosarcoma cells have a
significantly inhibited tumor growth (p < 0.02) compared to uninfected
mice as assessed by a two-tailed paired ¢ test and are representative of
three independent experiments. b Mice were infected with Pseudomo-
nas aeruginosa biofilm-impregnated suture three days prior to chal-
lenge with DLMS cells. Tumor growth was assessed as previously
described. Infected mice had a significantly (p < 0.01) decreased tumor
growth compared to uninfected mice
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we assessed the effects of osteomyelitis on tumor growth
using the CT26 (colon carcinoma) model in BALB/c mice
and the B16 (melanoma) model in C57BL/6 mice. In both
of these models, we observed significant inhibition of
tumor growth in animals with osteomyelitis compared to
control animals (data not shown). Thus, we concluded that
the tumor-inhibiting effects of localized osteomyelitis were
not tumor type or mouse strain specific.

The preceding results indicated that chronic staphylo-
coccal infection was capable of eliciting broad antitumor
activity. However, it was possible that the antitumor activ-
ity was specific to staphylococcal infection. Therefore,
osteomyelitis was induced in mice using P. aeruginosa
instead of S. aureus and the effects on tumor growth were
assessed. As with the staphylococcal osteomyelitis model,
we observed a significant (p < 0.01) inhibition of tumor
growth in mice with Pseudomonas osteomyelitis (Fig. 2b).
These results suggested that inhibition of tumor growth was
not specific to Staphylococcus, but could in fact be elicited
by both gram-negative and gram-positive bacteria. Further-
more, tumor growth inhibition was independent of the
effects of bacterial lipopolysaccharide (LPS), since signifi-
cant inhibition was observed following staphylococcal
infection.

Infection is associated with inhibition of tumor
angiogenesis

Previous studies have shown that tumor angiogenesis was
inhibited following infection with 7. gondii [29]. To deter-
mine whether localized bacterial osteomyelitis was capable
of inhibiting tumor angiogenesis, we assessed tumor micro-
vessel density (MVD) in tumors from infected and control
mice. Tumor sections from control and Staphylococcus
infected mice (n = 5 per group) were analyzed using CD31
immunohistochemistry (Fig. 3a). We observed a significant
decrease (p <0.01) in tumor MVD in infected mice com-
pared to the uninfected mice. A similar decrease in tumor
CD31* endothelial cells was also noted when collagenase-
digested tumor tissues were analyzed by flow cytometry
(data not shown).

Recent studies indicate that tumor angiogenesis results
from two independent processes; local sprouting of tumor
vessels and the seeding of tumor tissues by circulating
endothelial progenitor cells [30, 31]. Therefore, we used
flow cytometry to assess the effects of osteomyelitis on
circulating endothelial cells (CEC) in tumor-bearing
mice. Using multicolor flow cytometry, we evaluated
CD45-CDI11b~CD3~CD31'LDS-751" CEC in the blood
of tumor-bearing infected and control mice (Fig. 3b). We
found no significant difference (p > 0.05) in CEC in
infected mice with tumors compared to control mice with
tumors. These results suggested that the inhibition of angio-
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Fig. 3 Osteomyelitis inhibits tumor angiogenesis by a CEC indepen-
dent mechanism. a Tumors from infected and uninfected mice were
flash frozen in OCT and cut into 4 pum sections for CD31 immunohis-
tochemistry. Microvessel density was significantly (*p <0.01)
decreased in the infected mice compared to the uninfected mice. Re-
sults are representative of two independent experiments. b CECs were
assessed by flow cytometry as described in the “Materials and
methods”. The mean (SEM) number of CEC per pL of blood was
calculated and compared by one-way ANOVA with Bonferroni post-
test. CECs from infected-tumor-bearing mice were not significantly
(p > 0.05) different from those of tumor-bearing mice. An increase in
CECs was observed in mice only challenged with infections
(*p < 0.05), but not significantly compared to tumor only or infected
mice with tumors (p > 0.05)

genesis elicited by localized osteomyelitis was not medi-
ated by suppressing the number of CEC.

Suppression of tumor growth by infection is dependent
in part on NK cells

Prior studies have shown that [FN-y plays a prominent role
in the control of tumor growth elicited by infectious agents
[3, 4, 29, 32]. Since conventional NK cells are a major
source of IFN-y following bacterial and protozoal infection,
we investigated the role that NK cells played in mediating
tumor growth inhibition in the bacterial osteomyelitis
model. To address this question, we depleted NK cells in
vivo using a depleting antibody (anti-asialo GM1), as
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previously reported [23]. Mice with chronic osteomyelitis
were depleted of NK cells 3 days post injection of tumor
cells and weekly thereafter. This treatment resulted in 73%
depletion of NKG2D*CD3™ cells in the spleens of treated
mice (data not shown). Tumor growth rates were compared
to untreated mice with infection and uninfected tumor-bear-
ing mice (Fig.4). We found that NK cell depletion in
infected mice with tumors led to a significant increase in
tumor growth compared to untreated infected mice with
tumors. However, NK depletion did not significantly alter
the intensity of Staphylococcus infection (data not shown).
Thus, NK depletion reversed the tumor inhibitory effects of
chronic bone infection. In contrast, NK depletion of unin-
fected mice did not significantly alter tumor growth (data
not shown). These results indicated that NK cells were
major mediators of the inhibition of tumor growth observed
following bone infection.

Chronic osteomyelitis increases inflammatory monocytes
in infected mice

The preceding experiments indicated that chronic osteomy-
elitis activated innate immunity, as evidenced by the anti-
tumor activity conferred by NK cells. Therefore, we next
investigated the effects of osteomyelitis on the mobilization
of monocytes in tumor-bearing mice. Previous studies have
reported conflicting results for the role of monocytes in
tumor growth, suggesting that they may either suppress or
promote tumor growth [33, 34]. Therefore, we assessed the
effects of bone infection on circulating steady state and
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Fig. 4 NK depletion reverses tumor growth inhibition conferred by
osteomyelitis. Mice (n =5 per group) were challenged with infections
and tumors as previously described. Three days after tumor challenge,
mice were treated with an anti-asialo GM1 antibody administered IP to
deplete NK cells, and treatment was repeated weekly. There was sig-
nificant (*p < 0.05) growth inhibition in the infected tumor-bearing
mice when compared to the uninfected mice and the NK-depleted in-
fected mice as measure by repeated measures one-way ANOVA with
Bonferroni post-test. NK-depleted infected mice did not have a signifi-
cantly (p > 0.05) different growth when compared to tumor only mice.
Results are representative of two independent experiments

inflammatory monocytes in the blood and spleen of mice
[34-37]. Steady state monocytes were identified as
Ly6G~CD11b*CD115*Ly6C", while inflammatory mono-
cytes were identified as Ly6G~CDI11b*CD115"Ly6C™.
Inflammatory monocytes have been found to be more likely
to differentiate into activated macrophages with an anti-
tumor phenotype than steady state monocytes [38, 39].

We found that total monocytes were significantly
(p <0.05) increased in the circulation of mice with osteo-
myelitis compared to uninfected mice (Fig. 5a). The num-
bers of steady state monocytes in the blood were not
increased, whereas there was a significant (p <0.001)
increase in inflammatory monocytes in infected animals
(Fig. 5b). A significant (p < 0.05) increase in the number of
inflammatory monocytes in the spleen was also observed
(Fig. 5c). These data are most consistent with the idea that
osteomyelitis induces an inflammatory response that results
in the mobilization of circulating inflammatory monocytes.
This is important because these inflammatory monocytes
may serve as a source of macrophages in tumor tissues.

Tumor associated macrophages are increased in mice
with chronic osteomyelitis

Next, we examined numbers of tumor associated macro-
phages (TAM) and how chronic osteomyelitis affected their
numbers. Though TAM are generally thought to promote
tumor growth, there are situations where activated TAM
may suppress tumor growth [40-42]. We used both flow
cytometry and immunohistochemistry to assess numbers of
TAM in tumor tissues. We found that mice (n =35 per
group) with osteomyelitis had twice as many CD11b*F4/
80*Gr-1~ cells in tumor tissues as uninfected mice by
multi-color flow cytometry (Fig. 6a). By immunohisto-
chemistry, we also observed a significant (p =0.019)
increase in CD68" TAM in mice with osteomyelitis com-
pared to uninfected tumor-bearing mice (Fig. 6b). These
findings suggested that accumulation of TAM in this
chronic infection model was associated with inhibition of
tumor growth.

Tumor associated macrophages are not directly cytolytic
to tumor cells

To assess the cytotoxic capabilities of TAM, the TAM were
sorted from tumors of uninfected and infected mice (n =5
per group) and used in an in vitro cytotoxicity assay, with
DLMS tumor cells as targets. We did not observe spontane-
ous cytotoxic activity from either population of TAM and
there was no significant (p > 0.05) difference in cytotoxic-
ity between the two groups of mice (data not shown). As a
positive control, we did note that significant anti-tumor
cytotoxic activity was exerted by peritoneal exudate
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macrophages activated with IFN-y (data not shown). These
results therefore indicate that infection induced cytotoxic
activity of TAM was unlikely to account for the tumor
growth inhibition observed in the infected mice.

Monocyte and macrophage depletion reverses tumor
inhibition by chronic osteomyelitis

Finally, to specifically address the antitumor role of
increased inflammatory monocytes and TAM in infected

@ Springer

4 Fig. 5 Localized osteomyelitis induces monocytes in the blood and

spleen. Mice (n = 5 per group) were challenged with S. aureus osteo-
myelitis and tumors as previously described. a Mice were tail bled on
days 2, 9, and 17 post-tumor challenge. Samples were processed and
analyzed by multi-color flow cytometry as described in the Materials
and methods and means (=SEM) calculated for each group. There
were significant (***p < 0.001, **p < 0.01, *p < 0.05) increases in to-
tal blood monocytes at the bracketed measures by two-way ANOVA
with Bonferroni post-test. b Analyses from the day two bleed are fur-
ther characterized showing a significant increase (***p <0.01) in
Ly6C" monocytes in infected mice with no difference (p > 0.05) in
Ly6C" monocytes between groups. ¢ Mice were euthanized on day 21
and spleens were analyzed by flow cytometry as described in the
Materials and methods. There was a significant increase (*p < 0.05) in
the number of Ly6C™ monocytes present in the spleen measured by
one-way ANOVA with Bonferroni post-test. Results are representative
of three independent experiments

mice, we conducted monocyte/macrophage depletion
experiments. Depletion was accomplished by i.v. injection
of liposomal clodronate (LC), which has been previously
reported to efficiently deplete both monocytes and macro-
phages [24-26, 43]. Mice with established osteomyelitis
and tumors were treated weekly with LC administered i.v.
Treatment with LC resulted in a 71% depletion of blood
monocytes as assessed by flow cytometry (Fig. 7a).

We observed that treatment of infected mice (n =15 per
group) with LC significantly increased tumor growth com-
pared to tumors in infected mice not treated with LC
(Fig. 7b). Thus, monocyte/macrophage depletion by LC
appeared to reverse the antitumor effects of bone infection.
In fact, tumor growth in infected mice treated with LC was
similar to that of mice without infection. As a control, we
found that treatment of infected tumor-bearing mice with
control PBS liposomes did not have a significant impact on
tumor growth compared to untreated mice with infections
(data not shown). There was no significant alteration in
infection intensity associated with LC treatment of infected
mice (data not shown).

These results suggested that monocytes and macro-
phages elicited by chronic bone infection were in fact
responsible for a significant degree of tumor growth inhibi-
tion. However, in a number of tumor models, we and others
have observed that treatment of uninfected tumor-bearing
mice with LC significantly inhibits tumor growth (Guth,
AM; manuscript in preparation, [44—46]). Therefore, the
results of LC depletion studies in our model suggested that
substantial antitumor activity was elicited by activation of
circulating inflammatory monocytes and their recruitment
into tumor tissues.

Discussion

The ability of bacterial infections to suppress tumor growth
was noted over a century ago by Dr. Coley and provided
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Fig. 6 Macrophages are induced in infected, tumor-bearing mice.
Tumor-bearing mice (n =5 per group) were sacrificed when the first
control mouse reached a maximal tumor diameter of 10 mm. Tumors
were removed and homogenized for analysis by flow cytometry or pre-
pared for IHC as described in the Materials and methods. a There was
asignificant increase (*p = 0.03) in the number of CD11b*F4/80* mac-
rophages in the tumors of infected mice compared to uninfected mice.
b There was a significant increase in the number of CD68" cells per
20x high power field (hpf) in the tumor tissue of infected mice
compared to the uninfected mice (*p = 0.019). Results are representa-
tive of two independent experiments and two-tailed 7 tests were used to
determine significance

the basis for modern day immunotherapy [1]. However, the
role that systemic inflammation elicited by chronic bacte-
rial infection plays in controlling tumor growth has yet to
be well defined. Therefore, we developed a model of
chronic bacterial osteomyelitis to investigate the reported
ability of chronic bone infection to control the growth of
osteosarcoma metastases in dogs and humans [18, 19]. Oth-
ers have studied the role that localized tumor infection
plays on tumor growth suppression; however, the role of
systemic inflammation in mediating these tumor inhibitory
effects has been incompletely described [6, 8, 47, 48].

In our infection model, we did not observe any bacterial
dissemination from the site of infection, leading us to con-
clude that localized infection of the tumor tissues them-
selves did not occur. We also noted significant tumor
growth inhibition in three different mouse strains, three
different tumor types, and with two types of bacterial organ-
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Fig. 7 Monocyte depletion abolishes the inhibitory effects of osteo-
myelitis on tumor growth. C3H mice (n = 5 per groups) were infected
and challenged with tumors as described in the Materials and methods.
Mice were administered liposomal clodronate (LC) IV 3 days after tumor
challenge and then weekly thereafter. a Flow cytometry was performed
to determine the concentration of monocytes in circulation as described
in the Materials and methods. There was a significant (**p < 0.01,
*p < 0.05) depletion of monocytes in the mice receiving LC compared
to all other groups as determined by one-way ANOVA with Bonfer-
roni post-test. b Infected mice had significantly decreased tumor
growth (*p < 0.05) when compared to uninfected mice and infected mice
receiving LC by repeated measures one-way ANOVA with Bonferroni
post-test. There was no statistical difference (p > 0.05) between infected
mice treated with LC and uninfected tumor-bearing mice

ism; suggesting that the antitumor effect was non-specific
and most likely due to systemic activation of innate
immune responses. However, significant growth inhibition
was not observed when the tumor challenge preceded the
infection. This result might be explained by the rapid and
aggressive growth of the tumor lines used in these studies
and the amount of time required for infection to peak fol-
lowing initiation.

A previous study found that systemic infection with the
protozoan T. gondii was capable of inhibiting tumor angio-
genesis [29]. In our studies, we observed tumor inhibition
and decreased tumor microvessel density following the
development of Staphylococcus osteomyelitis, the most
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prominent bacterial species identified in dogs developing
osteomyelitis following limb salvage surgery [18]. To bet-
ter understand the nature of the anti-angiogenic effects of
bone infection, we investigated the impact of infection on
CEC. We observed that CEC were not decreased in tumor-
bearing mice with infections, leading us to conclude that
CEC changes are not likely responsible for the inhibition of
angiogenesis observed by conventional CD31 staining of
tumor tissues.

Previous studies have found that IFN-y suppresses angi-
ogenesis, and is responsible for inhibition of tumor growth
in the presence of Toxoplasma infection [4, 29, 32, 49, 50].
Since NK cells are the major innate immune source of
IFN-y production, we depleted NK cells to identify the role
these cells play in tumor inhibition. We found that depletion
of NK cells reversed the protection associated with infec-
tion, indicating that NK cells were critical for inhibition of
tumor growth. Others have shown that NK cell production
of IFN-y was the mechanism responsible for tumor growth
control, rather than direct NK cell cytotoxicity [29]. We
thus conclude that NK cells are important mediators in
tumor growth control associated with osteomyelitis.

To better describe the systemic effects of infection, leu-
kocyte changes in blood were assessed. A significant
increase in inflammatory monocytes was observed in both
the blood and spleen of mice with osteomyelitis. This result
suggested a role for inflammatory monocytes in the inhibi-
tion of tumor growth, which the LC depletion studies con-
firmed. However, we cannot exclude a role for other cell
types depleted by LC treatment, including macrophages
and dendritic cells.

The phenotypic plasticity of monocytes and their deriva-
tives allows them to have both pro and anti-tumor pheno-
types, dependent on the stimuli present in the tumor
microenvironment [40—42, 51]. We propose that increasing
the number of inflammatory monocytes in circulation
inhibits tumor growth by repopulating the tumor with acti-
vated TAM [24, 52, 53]. Thus, activated TAM are more
likely to inhibit tumor growth than to stimulate. Further-
more, we did not observe increased direct cytolysis of
tumor cells by TAM sorted from tumors of infected mice,
suggesting that tumor growth inhibition was likely medi-
ated by other macrophage activities. Other groups have
shown that NK cells and monocytes can activate each
other, thus leading to an activated state which may be
responsible for tumor inhibition [54-56].

In conclusion, we have shown here that bacterial osteo-
myelitis induces significant non-specific tumor growth inhi-
bition. The tumor growth inhibition observed following
bone infection appeared to be mediated by NK cells,
inflammatory monocytes, and TAM. Thus, systemic
inflammation is a likely mechanism that explains the inhibi-
tion of tumor growth and metastasis observed in canine and

@ Springer

human patients with osteosarcoma, leading to the inhibition
of metastasis and increased survival in this population. It is
also plausible that sustained low-level inflammation may be
an important mediator of tumor growth inhibition that
could be applied to the clinical management of cancer.
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