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Abstract

Background Osteosarcoma (OS) is the most common malignant bone tumor and the prognosis of advanced cases is still
poor. Recently, there have been several reports suggesting the relationship between innate immunity and OS, but the detailed
mechanism is unknown. We demonstrate the relationship between OS and Toll-like receptor 4 (TLR4) which is one of the
most important factors in innate immunity.

Methods We established a syngenic mouse tumor model using C3H/HeN, C3H/HeJ mouse and a highly metastatic OS cell
line, LM8. TLR4 activation with lipopolysaccharide (LPS) was performed on both mice and its influence on the progres-
sion of OS was evaluated. We also performed CD8 + cells depletion to examine the influence on TLR4 activation effects.
Results Tumor volume of C3H/HeN mice was significantly smaller and overall survival of C3H/HeN mice was significantly
longer than C3H/HeJ mice. We found more CD8+ cells infiltrating in lung metastases of C3H/HeN mice and depletion of
CD8+ cells canceled the antitumor effects of LPS.

Conclusion TLR4 activation by LPS increased CD8+ cells infiltrating into lung metastases and suppressed OS progression
in the mouse model. TLR4 activation may suppress the progression of OS via stimulating CD8+ cells and can be expected
as a novel treatment for OS.
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A recent study showed that malignant tumors were able to
continue growing, because they had escaped detection by the
host immune system [2]. Prevention of this immune escape
may inhibit the progression of malignant tumors. Advance-
ments in immunotherapy such as anti—-PD-1 antibody and chi-
meric antigen receptor T cells have improved the prognosis of
various cancers [3, 4]; however, the efficacy of immunotherapy
for OS remains to be determined [5].

The immune system consists of two defense mechanisms
that interact with each other to protect the host: innate immu-
nity and acquired immunity. Innate immunity is nonspecific
and functions soon after encountering a potential threat; its
main effector cells include macrophages, dendritic cells, and
natural killer cells. Acquired immunity functions later and is
antigen-specific; its main effector cells include cytotoxic T
cells and plasma cells. Innate immunity has been reported
to inhibit tumorigenesis and tumor growth [6]. Mifamurtide
(MEPACT®), a drug that stimulates host innate immunity,
improves the survival of OS patients [7, 8] and is approved
for patients with non-metastatic OS in Europe. Although the
underlying mechanism remains unknown, activation of innate
immunity may exert an antitumor effect in patients with OS.

Toll-like receptors (TLRs) are a family of pattern recogni-
tion receptors that play an important role in innate immunity
by recognizing pathogens. Stimulated TLRs initiate signal
transduction pathways that activate various transcription fac-
tors such as IRF and NF-xB and induce the production of pro-
inflammatory cytokines including TNFa and IFNy. In par-
ticular, TLR4 recognizes lipopolysaccharide (LPS), a major
component of the outer membrane of Gram-negative bacteria,
and induces inflammation to inhibit bacterial proliferation [9].
An association between bacterial infection and OS progression
has previously been described, and studies in dogs and humans
have reported better prognoses for patients with OS who devel-
oped wound infection after surgery [10, 11]. In addition, in a
mouse model of OS with chronic staphylococcal osteomyelitis,
the growth of OS was significantly suppressed by osteomyelitis
[12]. Bacterial proliferation activates TLR4, suggesting a rela-
tionship between TLR4 and OS, but the detailed mechanism
is unknown.

The role of TLR4 signaling in the progression of malig-
nant tumors is controversial; activation of TLR4 results in an
antitumor effect in glioma [13], but promotes tumor growth
in hepatocellular carcinoma [14]. We developed a syngeneic
mouse model of OS to investigate the role of TLR4 signaling
in the progression of OS.
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Materials and methods
Cell culture

LM8 was maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(HyClone Laboratories, Logan, UT, USA), 100 units/
ml penicillin, and 100 pg/ml streptomycin at 37 °C in an
atmosphere of 5% CO.,.

Reagents

Lipopolysaccharide (LPS, 055:B5) and monophosphoryl
lipid A (MPL, Minnesota Re595) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s phos-
phate-buffered saline (PBS) was purchased from Thermo
Fisher Scientific. LPS and MPL were dissolved in PBS.

Syngeneic mouse model

Four-week-old female C3H/HeN and C3H/HeJ mice
(I11-15 g) were maintained in a pathogen-free environ-
ment with a 12-h dark/light cycle in the animal facility
at Kyushu University. Five animals per cage were housed
and all animals were fed and watered ad libitum. Ani-
mal health was checked at least twice a week to visually
assess appearance behavior, feces and other conditions.
The mice were anesthetized by a mixed cocktail of mida-
zolam (Fuji Pharma Co., Ltd., Tokyo, Japan), butorphanol
tartrate (Meiji Seika Pharma Co., Ltd., Tokyo, Japan) and
medetomidine hydrochloride (Kyoritsu Seiyaku Corp.,
Tokyo, Japan). The mice were randomly assigned to the
experiments.

1 x 10° LMS cells were dissolved in 100 pl Matrigel®
(Corning, Corning, NY, USA) and injected subcutane-
ously (s.c.) into the backs of mice on day 0. Beginning
3 days after tumor injection, mice were administered
100 pl of 1 mg/ml lipopolysaccharide (LPS; Sigma-
Aldrich) or 100 pl PBS (DPBS; Thermo Fisher Scientific)
intraperitoneally (i.p.) every 7 days. The tumor size was
measured weekly by calipers, and the tumor volume was
calculated using the following formula: (major axis of
tumor) X (minor axis of tumor)%/2. The overall survival
time of the mice was also assessed.

Moderate tumor size and LPS administration did not
seem to have a major effect on the mouse’s well-being.
Because large tumor adversely affected the behavior and
appearance of mice, and the burden on mice was too large,
mice with tumors exceeding 20 mm in the major axis and/
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or with severe emaciation were euthanized by cervical dis-
location after anesthesia.

In vivo depletion of CD8* T cells

Mice were depleted of CD8" T cells by intraperitoneal
administration of anti-CD8a antibody (YTS169.4, rat
IgG2b; BioXCell, West Lebanon, NH, USA). Each mouse
was administered 100 ug anti-CD8a antibody or control
rat IgG2b (BioLegend, San Diego, CA, USA) at 3 days
and 1 day prior to tumor implantation and weekly there-
after. The efficiency of T-cell depletion was evaluated
by flow cytometry. Three days after tumor implantation,
tumor-bearing CD8-depleted mice and control mice were
administered 100 pg LPS or 100 ul PBS once a week,
respectively. The tumor size was measured weekly and the
overall survival time was assessed as previously described.

In vivo depletion of tumor-associated macrophages

Mice were depleted of macrophages by the intraperitoneal
administration of liposomal clodronate (Clophosome®;
FormuMax Scientific, Sunnyvale, CA, USA) (CLP). Each
mouse was administered 200 ul of CLP or PBS 3 days
prior to tumor implantation and 100 pl CLP every 4 days
thereafter. The efficiency of macrophage depletion was
confirmed by flow cytometry. Beginning 3 days after
tumor implantation, tumor-bearing macrophage-depleted
mice and control mice were administered 100 pg LPS once
per week. The tumor size was measured weekly using
a caliper and the overall survival time of the mice was
assessed as previously described.

Isolation of CD11b™ cells

CD11b* cells were isolated from LM8 tumors via mag-
netic sorting using CD11b MicroBeads (Miltenyi Biotec,
Bergisch, Gladbach, Germany) as described previously
[15]. LM8 tumors were excised and minced in 10 ml
DMEM with collagenase L. (Nitta Gelatin, Osaka, Japan)
and DNase I (F. Hoffman-La Roche AG, Basel, Switzer-
land). The mixture was incubated for 30 min at 37 °C and
digestion was halted by the addition of fetal bovine serum.
The cell suspension was washed and passed through a
70-um mesh nylon screen and then incubated with CD11b
MicroBeads for 15 min at 4 °C. CD11b™* cells were iso-
lated using an autoMACS separator (Miltenyi Biotec).
CD11b* cells isolated from tumors were used as tumor-
associated macrophages for further experiments.

Flow cytometry

Flow cytometry experiments for in vivo CD8* cell depletion
were performed on a BD Accuri™ C6 flow cytometer (BD
Biosciences, San Jose, CA, USA). Blood was drawn from
the heart and splenocytes were collected by mincing the
excised spleen with scissors and an 18G needle. Red blood
cells were lysed using BD Pharm Lyse prior to monoclonal
antibody staining. Each sample was blocked using Anti-
mouse C16/CD32 antibody (BD Pharmingen) and stained
with the following primary antibodies: CD3-FITC clone
17A2, CD4-PE clone GK1.5, and CD8a-APC clone 53-6.7
(MD Biosciences, Oakdale, MN, USA). After 15-min incu-
bation, each sample was washed with PBS containing 2%
fetal bovine serum and analyzed by flow cytometry. A flow
cytometry analysis of in vivo macrophage depletion was
performed using CD11b-FITC and F4/80-APC primary
antibodies (Miltenyi Biotec). We excised the LM8 tumors
and prepared a single-cell suspension as well as isolated
CD11b* cells. These single-cell suspensions were incubated
for 15 min at 4 °C with the fluorescently labeled antibodies
described above and subsequently analyzed by flow cytom-
etry. The experiments were performed in triplicate.

Quantitative reverse transcription polymerase chain
reaction (RT-PCR)

RNA was extracted using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) and reverse transcribed using a Prime-
Script™ RT reagent Kit (Takara Bio, Tokyo, Japan. Real-
time quantitative PCR was performed using a LightCycler
1.5 (Perfect Real Time, Takara Bio) with SYBR Green rea-
gent (Takara Bio). The expression of inducible nitric oxide
synthase (iNOS), MHC class 2 (MHC2), and arginase-1
(Argl) was assessed using the following primers:

iNOS (forward: 5'-CAAGCACCTTGGAAGAGGAG-3',
reverse: 5'-AAGGCCAAACACAGCATACC-3"), MHC?2
(forward: 5'-GACGCTCAACTTGTCCCAAAAC-3',
reverse: 5'-GCAGCCGTGAACTTGTTGAAC-3"), Argl
(forward: 5'-TCACCTGAGCTTTGATGTCG-3’, reverse:
5'-CTGAAAGGAGCCCTGTCTTG-3'). Data were stand-
ardized using GAPDH as a reference gene. Assays were
performed in triplicate.

Enzyme-linked immunosorbent assay (ELISA)

Mouse splenocytes were harvested as previously mentioned.
Mouse peritoneal macrophages were harvested by adminis-
tering 10 ml cold PBS intraperitoneally into C3H/HeJ and
C3H/HeN mice, followed by gentle abdominal massage and
withdrawal of the fluid. The collected peritoneal fluid was
centrifuged for 5 min at 1000 rpm to collect peritoneal mac-
rophages and the supernatant was discarded.
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«Fig. 1 In the absence of TLR4 stimulation, there was no significant
difference in LM8 OS growth between C3H/HeN and C3H/HelJ mice.
a LMS8 tumor volume curves in C3H/HeN and C3H/HeJ mice without
TLR4 stimulation (n=35). The white circle solid line indicates C3H/
HeN and the black circle dotted line indicates C3H/Hel. Values rep-
resent means +S.D. M®: macrophage. b Kaplan—-Meier curves for
overall survival probability of C3H/HeN and C3H/He] mice with
LMS8 tumors (n=35). ¢ Serum concentration of TNFa and IFNy in
C3H/HeN (n=5) and C3H/Hel] mice (n=5) without TLR4 stimu-
lation. Values represent means+S.D. d H&E stain of LMS8 tumors,
with C3H/HeJ shown in the left panel and C3H/HeN in the right
panel. e Percentage of necrotic area in tumor tissue (n=5). Values
represent means +S.D. Scale bar=500 um. f H&E stain of LMS8 lung
metastases, with C3H/HeJ shown in the left panel and C3H/HeN in
the right panel. g Percentage of metastasis area in lung (n=5). Values
represent means + S.D. Scale bar =200 pm

Mouse peritoneal macrophages were seeded into a
6-well plate at a density of 1x 10° cells per well. Cells
were incubated for 6 h with PBS, 50 ng/ml LPS or 50 ng/
ml MPL, and then culture supernatants were collected
and used for ELISAs. ELISAs were performed using the
Mouse TNF-alpha Quantikine ELISA Kit (R & D Sys-
tems, Minneapolis, MN, USA) and the Mouse IFN-gamma
Quantikine ELISA Kit (R & D Systems). Assays were per-
formed in triplicate.

Immunohistochemistry

All samples were fixed in 4% paraformaldehyde (FUJI-
FILM Wako Pure Chemical Corp., Osaka, Japan) and
embedded in paraffin. After being deparaffinized in xylene
and dehydrated in a graded ethanol series, sections were
pretreated with 1.0 nM EDTA (FUJIFILM Wako) in a
microwave oven at 100 °C for 15 min before incubation
with primary antibody at 4 °C overnight. The following
primary antibodies were used: CD8 antibody (C8/144B,
DAKO Denmark A/S, Glostrup, Denmark) and F4/80 anti-
body (ab100790, Abcam, Cambridge, UK). Samples were
then incubated with Dako EnVision Dual Link System-
HRP (Agilent), visualized using the diaminobenzidine
substrate system (FUJIFILM Wako), and counterstained
with diluted hematoxylin.

All images were captured and analyzed using a BZ-X810
microscope (Keyence, Osaka, Japan). The Hybrid Cell
Count system of the microscope was used to quantify the
necrotic area in the tumors and the metastatic area in the
lung as well as to count immunostained cells in the tissue.
The necrotic area was quantified by calculating the area ratio
of the necrotic area in the maximum plane of the tumor. The
metastatic area was quantified by calculating the area ratio
of OS cells in a lung lobe. Immunostain-positive cells were
quantified by calculating the area ratio of positive cells in
a lung lobe.

Clinical OS samples

Clinical samples were obtained from OS lung metastases
that had been surgically resected from 13 patients between
1996 and 2018 at the Graduate School of Medical Science,
Kyushu University, Fukuoka, Japan. In each case, a diagno-
sis of OS was made on the basis of histologic features. The
samples were analyzed by immunohistochemistry with vari-
ous antibodies. The Institutional Review Board at Kyushu
University approved the use of human specimens for this
study.

Statistical analyses

The Mann—Whitney U test was used for two-group compari-
sons, with P <0.05 considered to be statistically significant.
Data in graphs are shown as means + standard deviation
(S.D.). A generalized Wilcoxon test was used to generate
Kaplan—Meier survival estimates for the syngeneic mouse
model and clinical OS samples. P < 0.05 was considered to
be statistically significant. All statistical analyses were per-
formed using the Statistical Analysis System (SAS) software
package (JMP12 Pro; SAS Institute, Cary, NC, USA).

Results
Generation of a syngeneic mouse model for 0S

To investigate whether host TLR4 signaling affects the pro-
gression of OS, we established a syngeneic mouse model of
OS by transplanting cells from the highly metastatic mouse
OS cell line LMS8 [16] into C3H mice. It is important to note
that there are two distinctive strains of C3H mice, C3H/Hel
and C3H/HeN. C3H/HeJ mice have a mutation in the TLR4
gene such that TLR4 is nonfunctional and does not respond
to LPS stimulation [17], whereas C3H/HeN mice have func-
tional TLR4 and are sensitive to LPS stimulation.

We transplanted 1 x 10° LMS8 cells subcutaneously into
C3H/HeN and C3H/HeJ mice to establish the OS tumor.
Nearly all LMS cells transplanted into both mouse strains
were successfully established and metastasized to the
lungs. Mice survived for 4-6 weeks after transplantation
of LMS cells. Importantly, there were no significant dif-
ferences in the tumor volume or overall survival (OAS)
between C3H/HeN and C3H/HeJ mice (Fig. 1a, b). TNFa
and IFNy are representative cytokines induced by TLR4
activation and we found no significant differences in their
serum concentrations between C3H/HeN and C3H/Hel
mice (Fig. 1c). We evaluated the necrotic area in tumor
and the rate of lung metastasis (Fig. 1d, f) and found that
in C3H/HeN mice, the necrotic area in the tumor was
slightly wider and the rate of lung metastasis was slightly
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«Fig.2 In the presence of TLR4 stimulation, C3H/HeN mice show
less growth of LM8 cells than C3H/HeJ mice. a Serum concentra-
tions of TNFa and IFNy in C3H/HeN and C3H/HeJ mice 6 h after
LPS administration (n=5). Values represent means +S.D. *P <0.05
by Mann—Whitney U test. b Measurement of TNFa and IFNy con-
centration in culture supernatants by ELISA 24 h after LPS admin-
istration to splenocytes from C3H/HeN and C3H/Hel] mice (n=5).
Values represent means +S.D. **P <(0.01 by Mann—Whitney U test. ¢
LMS8 tumor volume curve in C3H/HeN and C3H/HeJ mice with LPS-
induced TLR4 stimulation (n=10). Dotted line indicates C3H/Hel
mice treated with LPS and solid line indicates C3H/HeN mice treated
with LPS. Values represent means+S.D. *P <0.05 by Mann—Whit-
ney U test. d Kaplan—Meier curves for overall survival probability of
C3H/HeN and C3H/HeJ mice with LMS8 tumors after LPS adminis-
tration (n=10). The dotted line indicates C3H/HeJ and the solid line
indicates C3H/HeN. A generalized Wilcoxon test was used for sta-
tistical analysis. e H&E stain of LM8 tumors, with C3H/HeJ in the
left panel and C3H/HeN in the right panel. f Percentage of necrotic
area in tumor tissue (n=10). Values represent means +S.D. *P <0.05
by Mann—Whitney U test. Scale bar=500 um. g H&E stain of LM8
lung metastases, with C3H/He] in the left panel and C3H/HeN in the
right panel. h Percentage of metastasis area in lung (n=10). Values
represent means+S.D. *P<0.05 by Mann—Whitney U test. Scale
bar=200 um. i Immunohistochemical staining of LM8 lung metas-
tases of C3H/HeJ (left) and C3H/HeN (right) mice. Upper panels
show CD8 staining and lower panels show F4/80 staining. Scale
bars=200 pum. j The percentage of CD8* (left) and F4/80" (right)
cells in a lobe (n=10). Values represent means+S.D. *P<0.05 by
Mann—Whitney U test

smaller than in C3H/Hel] mice, but the differences were
not significant (Fig. le, g). These results suggest that the
presence of functional TLR4 does not significantly affect
the progression of OS in this model.

LPS-induced activation of TLR4 inhibits
the progression of mouse osteosarcoma

To examine whether TLR4 activation affects the progres-
sion of OS, we injected mice with LPS 3 days after trans-
plantation of LMS cells. First, to confirm the LPS-induced
activation of TLR4 signaling, we evaluated the serum levels
of TNFa and IFNy. As expected, in vivo LPS administra-
tion increased the serum levels of TNFo and IFNy in C3H/
HeN mice but not in C3H/HeJ mice (Fig. 2a). Similarly,
cytokine production in response to ex vivo LPS administra-
tion to isolated splenocytes was observed only in cells from
C3H/HeN mice (Fig. 2b). We observed that C3H/HeN mice
treated with LPS had a significantly smaller tumor volume
than C3H/HeJ mice and their OAS was significantly longer
(Fig. 2c, d). Histologically, tumors in C3H/HeN mice had
significantly larger necrotic areas than those in C3H/Hel
mice (Fig. 2e, f). In addition, C3H/HeN mice treated with
LPS had significantly lower rates of lung metastasis than
C3H/Hel mice (Fig. 2g, h). Taken together, these results
suggest that LPS-induced activation of TLR4 inhibits the
progression of OS.

TLR4 activation increases tumor infiltration by CD8*
cells

Next, we sought to investigate the mechanism by which the
LPS-induced activation of TLR4 inhibits OS progression.
Activation of TLR4 signaling induces inflammation by
promoting the release of inflammatory cytokines, followed
by the activation of various immune cells. To determine
which immune cells might confer antitumor effects after
LPS administration, we performed immunohistochemical
staining for CD8* T cells and F4/80" macrophages (mac-
rophages) in tumor and lung metastasis tissue.

In both C3H/HeN and C3H/HeJ mice, CD8" T cells and
macrophages surrounded the transplanted tumors but did not
appear to infiltrate them. When we examined lung tissue,
however, we observed considerable infiltration of CD8* T
cells in tumors of C3H/HeN mice, but few CD8" T cells in
tumors of C3H/HeJ mice (Fig. 2i, j). Macrophages infiltrated
tumors in mice of both genotypes and we observed no sig-
nificant differences (Fig. 2i, j).

CD8" cells are required for TLR4 activation to have
an antitumor effect

Our results led us to hypothesize that CD8" T cells or mac-
rophages might play an important role in tumor suppres-
sion brought about by LPS-induced TLR4 activation. To
investigate the role of CD8" T cells in OS, we performed
in vivo depletion of CD8* T cells in C3H/HeN and C3H/
Hel mice. We intraperitoneally administered a neutralizing
anti-CD8 antibody or isotype control prior to transplanta-
tion of LMS cells and depletion of CD8" T cells was con-
firmed by flow cytometry (Fig. 3a). Depletion of CD8* T
cells caused serum TNFo and IFNy levels to decrease sig-
nificantly (Fig. 3b). Furthermore, the depletion of CD8" T
cells negated the LPS-induced suppression of tumor growth
and extension of OAS (Fig. 3c, d) in C3H/HeN mice. We
observed an increase in the tumor volume in C3H/Hel mice,
without a significant effect on OAS (Fig. 3c, e). Histologi-
cally, the depletion of CD8* T cells increased the necrotic
area in tumors (Fig. 3f, g) and the area of lung metastasis in
C3H/HeN mice (Fig. 3h, i). These data suggest that CD8*
T cells are necessary for LPS-induced activation of TLR4
signaling to inhibit OS progression.

To better understand the effects of LPS and CD8+ T
cells in C3H/HeN mice, we also performed in vivo deple-
tion of CD8+ T cells in LPS-untreated mice (Supple-
mentary Fig. 1a). The tumor size was significantly larger
in LPS-untreated CD8-depleted C3H/HeN mice than in
LPS-untreated or LPS-treated C3H/HeN mice. The tumor
size was also significantly larger in LPS-untreated C3H/
HeN mice than in LPS-treated C3H/HeN mice. The OAS
was significantly shorter in LPS-untreated CD8-depleted
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«Fig.3 Depletion of CD8* cells abrogates the antitumor effect of
TLR4 stimulation. a Flow cytometry analysis of blood and spleen
confirmed that CD8" T cells were absent from mice 4 days after
administration of anti-CD8 antibody. Data represent representative of
three independent experiments. b Serum TNFa and IFNy concentra-
tions in control C3H/HeN mice and CD8%*-depleted C3H/HeN mice
6 h after LPS administration (n=35). Values represent means +S.D.
*P<0.05 by Mann—Whitney U test. ¢ LM8 tumor volume curve in
C3H/HeN LPS (red), CD8"-depleted C3H/HeN LPS (green), C3H/
Hel LPS (black), and CD8*-depleted C3H/HeJ LPS (blue) mice
(n=5). All mice were administered LPS weekly. Values repre-
sent means+S.D. *P<0.05 by Mann—Whitney U test. d Kaplan—
Meier curves for overall survival probability of C3H/HeN LPS and
CD8*-depleted C3H/HeN LPS mice with LM8 tumors (n=5). Gen-
eralized Wilcoxon test was used for statistical analysis. e Kaplan—
Meier curves for overall survival probability of C3H/HeJ LPS and
CD8*-depleted C3H/HeJ LPS mice with LM8 tumors (n=5). Gen-
eralized Wilcoxon test was used for statistical analysis. f H&E stain
of LM8 tumors in C3H/HeN LPS (left) and CD8*-depleted C3H/
HeN LPS (right) mice. g Percentage of necrotic area in tumor tissue
(n=5). Values represent means+S.D. *P<0.05 by Mann—Whit-
ney U test. Scale bar=500 um h H&E stain of LMS8 lung metasta-
ses in C3H/HeN LPS (left) and CD8"-depleted C3H/HeN LPS
(right) mice. i Percentage of metastasis area in lung (n=5). Values
represent means+S.D. **P <0.01 by Mann—Whitney U test. Scale
bar=200 um

C3H/HeN mice than in LPS-untreated C3H/HeN mice
(Supplementary Fig. 1b) and OAS was slightly shorter in
LPS-untreated C3H/HeN mice than in LPS-treated C3H/
HeN mice (Supplementary Fig. 1c).

Tumor-associated macrophages (TAMs) are another
candidate immune cell type that might regulate LPS-
induced activation of TLR4 signaling and several studies
have shown an association between TAM and OS [18,
19]. First, we characterized tumor-infiltrating TAMs.
There are two types of TAMs, proinflammatory M1
macrophages and anti-inflammatory M2 macrophages;
the activation of TLR4 has been reported to induce TAM
differentiation to M1 macrophages. We extracted TAMs
from C3H/HeN and C3H/Hel mice after LPS adminis-
tration and examined the expression of representative
markers for M1 and M2 macrophages. We observed
no clear tendency toward differentiation into M1 mac-
rophages in either mouse strain (Supplementary Fig. 2a).
We then depleted macrophages by administering CLP.
We confirmed the depletion of macrophages using flow
cytometry (Supplementary Fig. 2b) and found that CLP
administration did not affect the serum cytokine level
(Supplementary Fig. 2¢) or tumor suppression by LPS-
induced TLR4 activation in C3H/HeN mice (Supplemen-
tary Fig. 2d). TAMs do not appear to play a dominant role
in mediating the antitumor effects of LPS-induced TLR4
activation, at least in our model system.

Monophosphoryl lipid A (MPL) inhibits tumor
growth in C3H/HeN mice

Although our results clearly show the inhibitory effects of
LPS-induced TLR4 activation on OS progression, LPS is
too toxic to apply clinically. MPL, a component of LPS, is
known to act as a TLR4 agonist and is less toxic than LPS
[20]. MPL has been approved as a vaccine adjuvant, con-
firming its safety in a clinical setting [21]. To test the effi-
cacy of MPL as a TLR4 agonist, we treated cultured mouse
macrophages with MPL and measured the concentration of
TNFa in the cell culture supernatant. MPL increased the
secretion of TNFa from macrophages derived from C3H/
HeN mice, but not from C3H/HeJ-derived macrophages
(Fig. 4a). In vivo administration of MPL resulted in slightly
lower cytokine production relative to LPS, but caused an
increase in serum cytokine levels (Fig. 4b). MPL inhibited
the growth and lung metastasis of LM8 cells in C3H/HeN
mice but not in C3H/HeJ mice (Fig. 4c). MPL also pro-
longed the survival of C3H/HeN mice after transplantation
of LM8 and this effect was not observed in C3H/HeJ mice
(Fig. 4d). A histological examination of tumor and lung tis-
sue showed no significant difference in the necrotic area of
the tumor (Fig. 4e, f), but the lung metastasis area was sig-
nificantly smaller in C3H/HeN mice than in C3H/HeJ mice
after the administration of MPL (Fig. 4g, h). These results
show that MPL is as effective as LPS at activating TLR4
signaling and inhibiting the progression of OS.

CD8* T cells in lung metastases may predict
the prognosis of OS patients

LPS-induced TLR4 activation increased the number of
CDS8™ T cells in lung metastases and improved the OAS of
C3H/HeN mice, implying that infiltration of CD8* T cells
in lung metastases of OS patients might improve their prog-
nosis. To test this hypothesis, we performed immunohis-
tochemical staining on clinical samples derived from lung
metastases of OS patients. A summary of the patients’ clini-
cal data is shown in Supplementary Table 1. We used anti-
bodies to CDS8 and the macrophage marker CD68 and found
that the progression-free survival (PFS) (Fig. 5a) of patients
with extensive infiltration of CD8* T cells was significantly
longer than that of patients with limited CD8+ T-cell infil-
tration (Fig. 5b, high CD8 group PFS, 18.6 +5.4 months;
low CD8 group PFS, 6.63 +3.4 months; P=0.036). The
OAS was not significantly different between the groups
(Fig. 5c; high CD8 group OAS, 88.8 +17.9 months; low
CD8 group OAS, 58.6 +5.6 months; P=0.67). In addi-
tion, there was no clear association between the number of
CD68" cells infiltrating lung metastases and PFS (Fig. 5d;
high CD68 group PFS, 13.0 + 4.3 months; low CD68 group
PFS, 5.8 +3.8 months; P=0.5) or OAS (Fig. 5e; high CD68
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«Fig.4 MPL is an effective TLR4 agonist with antitumor effects com-
parable to LPS in C3H/HeN mice. a TNFa secretion from primary
cultures of intraperitoneal macrophages (n=3). Values represent
means +S.D. ¥*¥P<0.01 by Mann—Whitney U test. b Serum con-
centrations of TNFa and IFNy in C3H/HeN mice 6 h after LPS or
MPL administration (n=3). Values represent means +S.D. *P <0.05
by Mann—Whitney U test. ¢ LM8 tumor volume curves of C3H/HeN
(solid line) and C3H/HeJ (dotted line) mice after MPL treatment
(n=5). Values represent means+S.D. *P<0.05 by Mann—Whit-
ney U test. d Kaplan—Meier curves for overall survival probability of
C3H/HeN and C3H/HeJ mice with LM8 tumors (n=35). A general-
ized Wilcoxon test was used for statistical analysis. e H&E stain of
LMS8 tumors in C3H/HeJ (left) and C3H/HeN (right) mice treated
with MPL. f Percentage of necrotic area in tumor tissue (n=5). Val-
ues represent means +S.D. Scale bar=200 um. g H&E stain of LM8
lung metastases in C3H/HeJ (left) and C3H/HeN (right) mice treated
with MPL. h Percentage of metastasis area in lung (n=>5). Values
represent means+S.D. *P<0.05 by Mann—Whitney U test. Scale
bar=200 pm

group OAS, 77.8 +11.5 months; low CD68 group OAS,
76.4 +21.3 months; P=0.881). We also compared PFS and
OAS between the CD8/CD68 double high group and other
group, but found no significant difference (Supplementary
Fig. 3 P=0.45 and 0.91 respectively). These results are in
agreement with the results of our mouse experiments and
suggest that CD8* T cells may also play an important role
in limiting the progression of OS in humans.

Discussion

Modern immunotherapy is based on the observation that
systemic infection and subsequent activation of innate
immunity can inhibit tumor growth [22]. In the case of OS,
several reports have shown a positive effect of systemic
infection on the growth of OS. In dogs with OS, localized
osteomyelitis after limb-sparing surgery results in a signifi-
cantly longer PFS than in dogs without infection [10]. In
addition, at 10 years after the initial diagnosis, the overall
survival rate of OS patients who had an infection within
1 year of implantation surgery was significantly higher than
that of non-infected patients and the infection was an inde-
pendent prognostic factor [11]. These observations suggest
that innate immunity may promote antitumor activity in OS
patients, but this hypothesis had not previously been explic-
itly tested.

We first showed that the administration of LPS inhibited
tumor growth and prolonged the survival in our syngeneic
mouse model of OS. Because TLR4 and its downstream
signaling pathway play dominant roles in the LPS-induced
activation of innate and adaptive immune responses, we
speculated that the activation of TLR4 was critical for LPS
to exert its antitumor effect. Consistent with this notion, LPS
treatment increased serum concentrations of IFNy and TNF-
o, which are known to be upregulated by the activation of

TLR4 signaling [23]. Furthermore, the lack of activation
of TLR4 in C3H/HelJ mice prevented LPS from having an
antitumor effect.

Several recent reports showed that the degree of intra-
tumoral CD8" T cell infiltration at the diagnosis of OS is
strongly correlated with a better outcome and would be a
reliable biomarker for therapeutic stratification [19, 24-26].
This suggests that intratumoral CD8" T cells play a domi-
nant role in delaying the progression of OS. Remarkably,
the number of CD8" T cells in the lung metastases was
increased by LPS administration in C3H/HeN mice. In vivo
depletion of CD8" T cells abrogated the antitumor effect
of LPS treatment. We posit that CD8" T cells are critical
mediators of OS growth control associated with the LPS-
induced activation of TLR4 signaling.

The growth rate of OS was increased by depletion of
CD8™ cells even in LPS-untreated C3H/HeN and C3H/HeJ
mice, suggesting that CD8" T cells might play an additional
role in inhibiting progression of OS apart from TLR4 sign-
aling, possibly in an endogenous host reaction. In keeping
with this, we found that the PFS of OS patients who had
undergone lung metastasectomy was positively correlated
with high intratumoral infiltration of CD8* T cells. In lung
cancer, a positive correlation has been observed between
the number of CD8" T cells infiltrating a tumor and the
efficacy of immune checkpoint inhibitors [25]. Conventional
chemotherapy and radiotherapy may indirectly stimulate
host immunity, including T-cell immune responses [27, 28].
Therefore, a combination therapy of TLR4 stimulation with
immune checkpoint inhibitors and/or conventional therapy
may have a synergistic effect in patients with advanced OS.

Although LPS-based immunotherapy would be effective
for patients with advanced OS, LPS treatment also causes
severe systemic side effects including fever, fatigue, chills,
and myalgia. To address this limitation, multiple natural and
synthetic derivatives and analogues of LPS have been tested
[23]. MPL, one of the most promising derivatives of LPS, is
less toxic in humans than LPS [20]. Intratumoral injection
of MPL has been shown to be as effective as LPS in terms
of tumor regression, with less toxicity [29]. Unfortunately,
MPL administration did not increase the necrotic area.
This may be related to the lower cytokine elevation rela-
tive to LPS. However, it was considered to be a useful drug
because suppression of lung metastasis, which significantly
affects the prognosis and improvement in survival rates, was
observed. MPL has gone through several preclinical and
clinical stages and is FDA-approved for clinical application
as an adjuvant for hepatitis B vaccine [21, 30, 31]. In our
syngeneic mouse model of OS, MPL inhibited disease pro-
gression, and we believe that it has great potential as active
immunotherapy for patients with advanced OS.

A recent study reported that the immune infiltrate in
OS is mainly composed of TAMs [32]. Other studies have
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«Fig.5 The number of CD8" T cells in lung metastases of OS patients
correlates with progression-free survival time. a Representative
images of CD8 and CD68 immunohistochemical staining. Upper
left: high CD8 (n=35), upper right: low CD8 (n=8), lower left: high
CD68 (n=38), lower right: low CD68 (n=5). Scale bar=500 um. b
Kaplan—Meier curves for progression-free survival probability of OS
patients. The solid line represents the low CD8 group (n=38) and the
dotted line represents the high CD8 group (n=35). (CD8 high group
PFS; 18.6+5.4 months, CD8 low group PFS; 6.63+3.4 months.
P=0.036). A generalized Wilcoxon test was used for statistical analy-
sis. ¢ Kaplan—Meier curves for overall survival probability of OS
patients. The solid line represents the low CD8 group (n=38) and the
dotted line represents the high CD8 group (n=5). (CD8 high group
OS; 88.84+17.9 months, CD8 low group OS; 58.6+5.6 months.
P=0.67). A generalized Wilcoxon test was used for statistical anal-
ysis. d Kaplan—-Meier curves for progression-free survival prob-
ability of OS patients. The solid line represents the low CD68 group
(n=5) and the dotted line represents the high CD68 group (n=38).
(CD68 high group PFS; 13.0+4.3 months, CD68 low group PFS;
5.8 +3.8 months. P=0.5). A generalized Wilcoxon test was used for
statistical analysis. e Kaplan—-Meier curves for overall survival prob-
ability of OS patients. The solid line represents the low CD8 group
(n=5) and the dotted line represents the high CD8 group (n=38).
(CD68 high group OS; 77.8+11.5 months, CD68 low group PFS;
76.4+21.3 months. P=0.881). A generalized Wilcoxon test was used
for statistical analysis

suggested that infiltration of TAMs is associated with
reduced metastasis and an improved survival in high-grade
OS [18, 33]. Another recent study showed that the pres-
ence of CD163" M2-polarized macrophages is a favorable
biomarker for the therapeutic stratification of primary OS
patients, indicating that TAMs may have antitumor activity
in OS. Surprisingly, we found that depletion of macrophages
did not significantly affect cytokine production or tumor
growth due to LPS-induced TLR4 activation. This may have
been due to insufficient removal of macrophages by CLP, or
perhaps because other immune cells such as natural killer,
dendritic, or CD4 + cells can compensate for macrophages
in processes such as phagocytosis, antigen presentation, and
cytokine production. While CLP treatment suppresses tumor
growth by eliminating proinflammatory TAMs in Ewing’s
sarcoma and pancreatic cancer [15, 34], CLP had no signifi-
cant effect on OS in our model.

Several limitations associated with the present study
warrant mention. First, we evaluated only one method
of LPS treatment, weekly administration of a 100-ug
dose. LPS has been reported to be lethal to mice at a high
dose (approximately 25 mg/kg). Although the dose of
LPS administered in this experiment was relatively low
(approximately 5 mg/kg), it may still cause pathological
conditions similar to septic shock, resulting in organ dam-
age and a negative impact on the survival rate. To decrease
the negative effects as much as possible while maintaining
the effectiveness of LPS, it will be necessary to perform
further experiments to determine the dose-response curve

of LPS. Second, although TLR4 signaling may activate
other immune cells involved in innate immunity, such as
dendritic cells and NK cells, we did not evaluate their
role in LPS-induced tumor suppression. NK cells are a
typical effector of innate immunity and have been reported
recently to be useful for cancer immunotherapy [35],
therefore, their role in LPS-induced tumor suppression is
of particular interest. Finally, the number of OS clinical
samples we were able to obtain was too small to draw solid
conclusions about the association of CD8* T-cell infiltra-
tion with the clinical prognosis.

In conclusion, our findings suggest that LPS-induced
activation of TLR4 may trigger an antitumor immune
response to OS and CD8" T cells are necessary for this
response. CD8* T cells may also affect the progression of
OS in humans. Agents that activate CD8* T cells, includ-
ing anti—-PD-1 antibody and TLR4 agonists such as LPS
and MPL, may be promising treatments for patients with
advanced OS.
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