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ABSTRACT

Immune infiltration is associated with osteosarcoma metastasis. However, previous studies have not accounted
for the functional diversity of the cells involved in the immune response. We conducted a comprehensive
comparative analysis of the tumor-infiltrating immune cells in metastatic and non-metastatic osteosarcoma
tissues based on a deconvolution algorithm (CIBERSORT). Twenty-two immune cell subsets were evaluated for
their association with the presence or absence of metastasis in osteosarcoma patients. A lack of monocytes was
associated with osteosarcoma metastasis; however, the levels of M1 macrophages, M2 macrophages and other
immune cell subsets did not differ between the metastatic and non-metastatic groups. Additionally, a higher
proportion of monocytes was associated with a better prognosis in osteosarcoma patients. Animal experiments
demonstrated that the number of metastatic nodules was higher in mice lacking patrolling monocytes than in
control mice. Our data indicated that the cellular composition of the immune infiltrate may subtly differ among
osteosarcoma patients, and that patrolling monocytes inhibit osteosarcoma metastasis to the lungs of mice.
Thus, the composition of the immune infiltrate and the level of patrolling monocytes may be important
determinants of whether metastasis occurs in osteosarcoma patients.

INTRODUCTION Although the study of lung metastasis-specific

biomarkers for osteosarcoma has expanded over the

Osteosarcoma is the most common type of primary
malignant bone tumor in children and young adults [1].
Despite the availability of treatments such as surgery
and chemotherapy, the five-year survival rate is less
than 70% and has not improved much in the past few
decades [2, 3]. In patients with metastatic osteosarcoma,
the prognosis is particularly dismal, as the five-year
survival rate is less than 30%. About 50% of
osteosarcoma patients develop fatal lung metastases in
the later stages of the disease [4]. In developed
countries, 95% of cancer-related deaths are caused by
metastases. Therefore, new diagnostic and therapeutic
methods are urgently needed to improve the prognoses
of these patients.

years, the clinical applications of this research are still
limited. More recently, studies employing next-
generation sequencing and other screening technologies
have identified a series of promising biomarkers with
predictive and diagnostic value for osteosarcoma-
associated lung metastasis [5]. However, many studies
have demonstrated that cancer growth and metastasis
are determined not only by the intrinsic activities of the
tumor, but also by the immune cells in the tumor
microenvironment [6, 7, 8]. For example, tumor-
associated macrophages promote tumor progression to
varying degrees by cultivating cancer stem cells,
promoting genetic instability, supporting metastasis and
suppressing  protective  adaptive immunity  [9].

WWW.aging-us.com 23004

AGING


mailto:lzhao@cmu.edu.cn
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/

Additionally, inflammatory cells and tissues guide the
formation of the blood vessels that nourish growing
tumors [10, 11]. Thus, the immune system is important
for both carcinogenesis and tumor angiogenesis [12,
13]. The functional components of tumor-infiltrating
immune cells (T1ICs) change subtly with changes in the
host immune system, and these cells have been reported
to be associated with the clinical prognosis of cancer
patients [14]. TIICs exhibit complex interactions with
malignant cells in the tumor stroma [15]. Because the
immune system supports both host defense and tumor
progression, it is a key determinant of prognosis.

Osteosarcoma is an immunosensitive tumor type that is
infiltrated by macrophages, monocytes, dendritic cells,
neutrophils, mast cells and other heterogeneous cell
types, which have high prognostic value according to
their type, density and location [9, 16, 17]. In previous
studies, the immune cell compositions of tumors have
been assessed using immunohistochemistry and flow
cytometry, but these technologies have limitations.
Immunohistochemistry can only be used to evaluate a
few immune cell types at the same time, and flow
cytometry usually depends on multiple markers to
define certain cell types, but the proteins are limited by
the number of fluorescent channels. Therefore, no
studies have elucidated the prognostic value of different
TIHC subgroups in osteosarcoma.

The biological tool CIBERSORT (Cell-type
Identification By Estimating Relative Subsets Of RNA
Transcripts) extensively deconvolutes gene expression
data and uses complex algorithms to quantify many
immune cell types in heterogeneous samples [18].
Therefore, this tool can effectively determine the
diversity and landscape of TIICs. In this study, we used
CIBERSORT to quantify 22 TIHC subsets in
osteosarcoma, in order to explore their relationship to
metastasis and survival. Our data have revealed the
association  between intratumoral immune cell
heterogeneity and osteosarcoma progression.

RESULTS

Distribution of TIICs in metastatic and non-
metastatic osteosarcoma tissues

The CIBERSORT algorithm was used to investigate the
differences in 22 subgroups of TIICs in metastatic and
non-metastatic  osteosarcoma samples. The flow
diagram of our protocol and sample enrollment process
is shown in Figure 1. In total, 17 non-metastatic tissues
and 20 metastatic tissues met the inclusion criteria
(P<0.05). The levels of the different TIICs in the
metastatic and non-metastatic osteosarcoma groups are
shown in Figure 2, and the fraction of immune cells is

shown in Supplementary Table 1. When we compared
the average proportion of each immune cell type
between the metastatic and non-metastatic groups, we
found that monocytes were more abundant in the non-
metastatic group (P=0.039, Figure 3).

Correlations between pairs of immune cells

Next, we evaluated the correlations between different
pairs of TIICs in osteosarcoma tissues to determine the
relationships of various infiltrating immune cells to one
another. Figure 4 displays the R value for each pair of
immune cells in all patients, as well as in the non-
metastatic and metastatic groups. Positive correlations
are shown in red, while negative correlations are shown
in blue. In all patients, regulatory T (‘Treg’) cell levels
and follicular helper T cell levels exhibited the closest
correlation, with an R value of 0.55. In contrast, there
was a negative association between resting CD4*
memory T cell levels and y8 T cell levels (R=-0.57). In
the non-metastatic group, CD8* T cell levels correlated
strongly with plasma cell levels (R=0.92), and plasma
cell levels were positively associated with M1
macrophage levels (R=0.86), whereas memory B cell
levels were negatively associated with MO macrophage
levels (R=-0.67). In the metastatic group, Treg cell
levels and resting CD4* memory T cell levels displayed
the closest correlation, with an R value of 0.83. On the
other hand, monocyte levels were negatively associated
with M1 macrophage levels (R=-0.68). These results
suggested that differences in the 22 subgroups of TIICs
between metastatic and non-metastatic osteosarcoma
tissues may be clinically significant.

Association of immune infiltration with prognosis in
osteosarcoma patients

As mentioned above, the five-year survival rate of
patients with metastatic osteosarcoma is extremely low,
so new diagnostic and treatment methods are urgently
needed to improve the prognoses of these patients. We
analyzed the correlation between immune infiltration
and survival time in the enrolled osteosarcoma patients,
and found that a higher proportion of monocytes was
associated with a better prognosis (P=0.045) (Figure 5).
There were no differences in survival time according to
the levels of the other TIICs.

Immune clusters associated with the effectiveness of
chemotherapy in osteosarcoma patients

Next, we designed a nomogram based on the Huvos
necrosis grade and the TIIC density to assess the
relationship between TIICs and the effectiveness of
chemotherapy. The fractions of resting mast cells
(P=0.006), follicular helper T cells (P=0.018) and
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monocytes (P=0.024) were higher in patients with
Huvos necrosis grades of 2, 3 and 4 than in those with a
Huvos necrosis grade of 1 (Figure 6). These results
indicated that higher fractions of resting mast cells,
follicular helper T cells and monocytes were associated
with greater chemotherapeutic effectiveness.

Patrolling monocytes (PMOs) inhibited the
metastasis of osteosarcoma cells in vivo

To verify the association between monocyte levels and
osteosarcoma metastasis, we evaluated the lungs of

three different groups of mice injected with K7M2 wild-
type (WT) osteosarcoma cells. The control group was
injected with phosphate buffered saline-loaded
liposomes three days before the K7TM2 WT transplant;
the inflammatory monocyte (‘IMO’) group was injected
with clodronate-loaded liposomes three days before the
K7M2 WT transplant, and thus lacked PMOs; and the
PMO group was injected with clodronate-loaded
liposomes seven days before the K7M2 WT transplant,
and thus exhibited normal PMO levels. Nine days after
the K7M2 WT transplant, lung micro-computed
tomography (micro-CT) was performed to confirm the

GEO cohort of osteosarcoma
(non-metastasis=19, metastasis=34
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Figure 1. Flowchart detailing the study design and samples at each stage of analysis.
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Figure 2. The landscape of immune infiltration in osteosarcoma. The differences in immune infiltration between non-metastatic and

metastatic tissues are shown.
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Figure 3. Quantification of the differing TIIC subtype distributions between non-metastatic and metastatic tissues. The results

were generated using the R software package vioplot.
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Figure 4. Correlation matrix of all 22 immune cell densities in different groups. The results are shown for all tissues (A), non-
metastatic tissues (B) and metastatic tissues (C). Red indicates a positive correlation, while blue indicates a negative correlation; the darker
the color, the stronger the correlation. The results were generated using the R software package corrplot.
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Figure 5. Survival plots based on the median proportions of specific immune cell subsets. (A) Kaplan-Meier curves showing the
different survival rates in patients with high and low-densities of monocytes. (B, C) There were no differences in patients’ survival times
according to the levels of M1 and M2 macrophages. The results were generated using the R software package survival.

>
@
2]

Q
s p=0.008 p=0.018 § 1 p=0.024

L L

0.05

Mast cells resting fraction
0.10
Monocytes fraction
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
L .
T cells follicular helper fraction

L
0.000
L

T T
G G26GIAG4 G1 G23G38G4
clinical clinical clinical

Figure 6. Immune infiltration in patients with different Huvos necrosis grades. The results are shown for resting mast cells (A),
monocytes (B) and follicular helper T cells (C). G1, chemotherapy is invalid; G2&G3&G4, chemotherapy is effective. The P values were
obtained using the Wilcoxon signed rank test in R software.
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formation of lung metastases (Figure 7A), and
metastatic nodules in the lungs were photographed
(Figure 7B). The extent of tumor metastasis was also
evaluated via hematoxylin and eosin (H&E) staining of
paraffin-embedded lung tissues (Supplementary Figure
1). Histologic examination of micro-metastatic lung
lesions suggested that the IMO group had more
metastatic nodules than the control and PMO groups;
however, there was no difference between the control
group and the PMO group (Figure 8A, 8B).

DISCUSSION

Although more and more studies have identified
biomarkers to predict osteosarcoma-derived lung
metastasis, the clinical applications of these biomarkers
have been limited, and screening studies for
osteosarcoma patients are still mostly in the
experimental stage. TIIC subpopulations such as M1
macrophages, natural killer (NK) cells and memory T
cells are usually associated with a good prognosis,
while Treg cells and M2 macrophages are associated
with a poor prognosis [23-25]. However, due to
technical limitations, previous research has had a very
narrow view of the immune response, and the
distribution and proportion of TIICs has been
determined based on too few specific markers.

In this study, we used CIBERSORT to assess whether
immune cell infiltration differed between 20 metastatic
and 17 non-metastatic osteosarcoma samples. We
detected 22 types of TIICs, and found that monocyte
levels were higher in non-metastatic than in metastatic

Tumor

samples, suggesting that monocytes may inhibit the
metastasis of osteosarcoma. There are at least two types
of circulating monocytes in the blood: classical IMOs
and nonclassical PMOs. Classical IMOs
(CCR2MILy6C* in mice; CCR2M9 CD14*CD16 in
humans) promote tumor metastasis upon their
recruitment to tumor sites [26, 27]. On the contrary,
nonclassical  PMOs (CX3CR1H9"Ly6C~ in mice;
CX3CR1M9"CD14'CD16* in humans) have been
reported to prevent melanoma metastasis to the lungs by
recruiting NK cells [28, 29].

In the second part of this study, we evaluated the
correlations between different types of TIICs in
osteosarcoma tissues. Different correlations were
observed in the metastatic and non-metastatic groups.
Gao et al. reported that CD8* T cells and NK cells could
inhibit tumor growth and metastasis in mice [30].
Moreover, a lung cancer study indicated that Treg cells
promoted tumor metastasis [31]. Our results
demonstrated that plasma cells, CD8" T cells, M1
macrophages, NK cells, Treg cells and CD4" memory T
cells were crucial determinants of tumor metastasis,
consistent with previous reports [30, 32].

When we assessed the association between TIIC levels
and the overall survival times of osteosarcoma patients,
we found that patients with higher monocyte densities
exhibited longer overall survival times. This finding
was consistent with our earlier finding that higher
monocyte levels inhibited the metastasis of
osteosarcoma. We also assessed the efficacy of chemo-
therapy by histologically analyzing tumor necrosis

Figure 7. The formation of lung metastases. (A) Representative images of micro-CT scans. Metastatic tumors can be seen. (B) Lung

photograph from one mouse. Red arrows indicate metastatic nodules.
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and grading it according to the Huvos score [33]. We
found that higher proportions of resting mast cells,
follicular helper T cells and monocytes were associated
with better chemotherapeutic effects.

Based on the results of our bioinformatic analysis and
previously published studies, we designed animal
experiments to determine which subsets of monocytes
could inhibit osteosarcoma metastasis. The number of
pulmonary metastatic nodules of osteosarcoma was
significantly greater in mice lacking PMOs than in those
with normal PMO levels. These results demonstrated
that PMOs inhibited the pulmonary metastasis of
osteosarcoma, consistent with the results of Hanna et al.
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[11, 29, 34]. However, further research is needed to
determine how PMOs recognize tumor cells to prevent
their metastasis to the lungs, and whether PMOs
directly kill tumor cells.

In conclusion, our analysis of 22 immune cell subsets in
osteosarcoma revealed that certain TIHCs were
significantly associated with clinical outcomes and
had the potential to identify patients who could
benefit from chemotherapy. We found that PMOs
inhibited the pulmonary metastasis of osteosarcoma,
and that resting mast cells, follicular helper T cells
and monocytes were associated with good chemo-
therapeutic results.

PMO

* %k %k %k

L

1
CON IMO PMO

Figure 8. PMOs inhibited the metastasis of osteosarcoma. K7M2 WT cells were injected into the tail veins of mice in the control, IMO
and PMO groups, and metastatic nodules in the lungs were quantified. (A) H&E staining of lung tissues from each group. Representative
images are shown. (B) The number of metastatic nodules was counted. ****, P<0.0001 in an unpaired two-tailed t test.

WWW.aging-us.com

23010

AGING



MATERIALS AND METHODS
Data source and preprocessing

The expression data were downloaded from the
Gene  Expression Omnibus (GEO) database
(http://www.nchi.nlm.nih.gov/geo) [19]. GSE21257, a
microarray dataset of 53 pre-chemotherapy biopsies
from osteosarcoma patients, and these data were
analyzed using the CIBERSORT signature. The
patients’ clinical characteristics were also retrieved.
Metastases occurred in 34 of the 53 osteosarcoma
patients within five years, and did not occur in the other
19 patients. The samples from these 53 patients were
included in subsequent analyses.

Evaluation of TIICs

Normalized gene expression data were used to quantify
the relative proportions of 22 types of infiltrating immune
cells using the analytical tool CIBERSORT. The 22 cell
types identified by CIBERSORT include B cells, T cells,
monocytes, NK cells, macrophages, mast cells, dendritic
cells, neutrophils and soon. CIBERSORT is a gene
expression-based deconvolution algorithm that uses a set
of reference gene levels (a “signature matrix” of 547
genes) to determine the composition of immune cells in a
sample. The proportions of cell types in tumor samples
with mixed cell types can be inferred using support
vector regression based on this signature matrix. After the
CIBERSORT program was used, the distribution of the
22 types of infiltrating immune cells, the correlation
coefficients and the P values were determined.

Mice and tumor cell line

Four- to eight-week-old female BALB/c mice
(Changsheng, Liaoning, China) were bred in pathogen
free conditions at the Animal Center of China Medical
University. All animal studies were performed in
accordance with the requirements of the Animal
Research Committee at China Medical University. KTM2
WT cells were purchased from the Cell Bank of the
Chinese Academy of Sciences (November 2019). The
cells were maintained in Dulbecco’s Modified Eagle’s
Medium (HyClone) with 10% fetal bovine serum
(HyClone), 100 mg/mL penicillin (Invitrogen) and 100
U/mL streptomycin (Invitrogen) at 37 in a 5% CO, and
95% air incubator.

In vivo depletion of blood monocytes

Mouse peripheral blood monocytes were depleted using
clodronate liposomes  (Clodronate  Liposomes,
Amsterdam, Netherlands), as previously described [20—
22]. Briefly, clodronate-loaded liposomes (200 uL) were

injected into the tail vein of the mouse either three or
seven days prior to the transplantation of K7M2 WT
cells. Previous studies have demonstrated that monocytes
in the peripheral blood completely disappear on the first
day after the injection of clodronate liposomes. On the
third day, inflammatory Ly6C"9" monocytes return to
normal, while PMOs are still absent, and on the eighth
day, patrolling Ly6C'™ monocytes return to normal.
Taking advantage of this effect of clodronate liposomes,
we randomly divided the mice into three groups: the
control group (injected with phosphate buffered saline-
loaded liposomes before the K7TM2 WT transplant), the
IMO group (injected with clodronate liposomes three
days before the K7M2 WT transplant, and thus lacking
PMOs), and the PMO group (injected with clodronate
liposomes seven days before the K7M2 WT transplant,
and thus exhibiting normal PMO levels).

In vivo pulmonary metastasis animal study

K7M2 WT cells (1 x 10% were injected into the tail
veins of mice, ten days after a single injection, lung
tumorigenesis was assessed using micro-CT. After the
mice were euthanized, their lungs were dissected and
fixed with formalin. In order to evaluate the extent of
tumor metastasis more accurately, we fixed the right
lung tissues of the mice, embedded them in paraffin and
sectioned them at 100-pum intervals. H&E staining was
performed so that metastatic nodes could be observed
and counted under a microscope.

Statistical analyses

The levels of the 22 types of infiltrating immune cells in
patients’ samples were assessed with the Wilcoxon
signed rank test, and a violin plot was constructed using
the R package vioplot (CRAN.R-project.org/
package=vioplot). The R package corrplot (CRAN.R-
project.org/package=corrplot) was used to evaluate the
correlations between pairs of immune cell subsets.

Kaplan Meier curves were used to evaluate the
relationship between immune cell infiltration and
overall survival in the R package survival (CRAN.R-
project.org/package=survival). The Wilcoxon signed
rank test was used to evaluate the relationship between
the infiltrating immune cell distribution and the
chemotherapeutic effectiveness.

All statistical tests were two-sided, and a P value <0.05
was considered statistically significant.

Data availability

We downloaded the data from a publicly available
database: GEO (accession number: GSE21257).

WWW.aging-us.com 23011

AGING


http://www.ncbi.nlm.nih.gov/geo

AUTHOR CONTRIBUTIONS

Lin Zhao designed the study and drafted this
manuscript. Ting Chen performed the experiments,
analyzed the data and reviewed and revised the
manuscript. All authors read and approved the final
manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This work was financially supported by grants from the
Liaoning Revitalization Talents Program (No.
XLYC1807201), Key R&D Guidance Plan Projects in
Liaoning Province (2019JH8/10300011) and Shenyang
S&T Projects (19-109-4-09). The authors would like to
acknowledge the Key Laboratory of Precision
Diagnosis and Treatment of Gastrointestinal Tumors,
Ministry of Education (China Medical University,
Shenyang, China) for providing the space and
equipment for conducting the experiments.

REFERENCES

1. Damron TA, Ward WG, Stewart A. Osteosarcoma,
chondrosarcoma, and ewing’s sarcoma: national
cancer data base report. Clin Orthop Relat Res. 2007;
459:40-47.
https://doi.org/10.1097/BLO.0b013e318059b8c9
PMID:17414166

2. Harting MT, Blakely ML. Management of osteosarcoma
pulmonary metastases. Semin Pediatr Surg. 2006;
15:25-29.
https://doi.org/10.1053/j.sempedsurg.2005.11.005
PMID:16458843

3. Link MP, Goorin AM, Miser AW, Green AA, Pratt CB,
Belasco JB, Pritchard J, Malpas JS, Baker AR,
Kirkpatrick JA, Ayala AG, Shuster JJ, Abelson HT, et al.
The effect of adjuvant chemotherapy on relapse-free
survival in patients with osteosarcoma of the
extremity. N Engl J Med. 1986; 314:1600—06.
https://doi.org/10.1056/NEJM198606193142502
PMID:3520317

4. Luetke A, Meyers PA, Lewis |, Juergens H.
Osteosarcoma treatment - where do we stand? a state
of the art review. Cancer Treat Rev. 2014; 40:523-32.
https://doi.org/10.1016/j.ctrv.2013.11.006
PMID:24345772

5. Dean DC, Shen S, Hornicek FJ, Duan Z. From
genomics to metabolomics: emerging metastatic

10.

11.

12.

13.

14.

biomarkers in osteosarcoma. Cancer Metastasis Rev.
2018; 37:719-31.
https://doi.org/10.1007/s10555-018-9763-8
PMID:30167827

Bissell MJ, Kenny PA, Radisky DC. Microenvironmental
regulators of tissue structure and function also
regulate tumor induction and progression: the role of
extracellular matrix and its degrading enzymes. Cold
Spring Harb Symp Quant Biol. 2005; 70:343-56.
https://doi.org/10.1101/sqb.2005.70.013
PMID:16869771

Lewis CE, Pollard JW. Distinct role of macrophages in
different tumor microenvironments. Cancer Res. 2006;
66:605-12.
https://doi.org/10.1158/0008-5472.CAN-05-4005
PMID:16423985

Albini A, Sporn MB. The tumour microenvironment as
a target for chemoprevention. Nat Rev Cancer. 2007;
7:139-47.

https://doi.org/10.1038/nrc2067 PMID:17218951

Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena
P. Tumour-associated macrophages as treatment
targets in oncology. Nat Rev Clin Oncol. 2017;
14:399-416.
https://doi.org/10.1038/nrclinonc.2016.217
PMID:28117416

Valkenburg KC, de Groot AE, Pienta KJ. Targeting the
tumour stroma to improve cancer therapy. Nat Rev
Clin Oncol. 2018; 15:366—81.
https://doi.org/10.1038/s41571-018-0007-1
PMID:29651130

Hanahan D, Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011; 144:646—74.
https://doi.org/10.1016/j.cell.2011.02.013
PMID:21376230

Chen DS, Mellman I. Elements of cancer immunity
and the cancer-immune set point. Nature. 2017;
541:321-30.

https://doi.org/10.1038/nature21349
PMID:28102259

Dranoff G. Cancer
Nature. 2011,

Mellman 1, Coukos G,
immunotherapy comes of age.
480:480—-89.
https://doi.org/10.1038/nature10673
PMID:22193102

Shibutani M, Maeda K, Nagahara H, Fukuoka T, Iseki Y,
Matsutani S, Kashiwagi S, Tanaka H, Hirakawa K, Ohira
M. Tumor-infiltrating lymphocytes predict the
chemotherapeutic outcomes in patients with stage IV
colorectal cancer. In Vivo. 2018; 32:151-58.
https://doi.org/10.21873/invivo.11218

PMID:29275313

WWW.aging-us.com

23012

AGING


https://doi.org/10.1097/BLO.0b013e318059b8c9
https://pubmed.ncbi.nlm.nih.gov/17414166
https://doi.org/10.1053/j.sempedsurg.2005.11.005
https://pubmed.ncbi.nlm.nih.gov/16458843
https://doi.org/10.1056/NEJM198606193142502
https://pubmed.ncbi.nlm.nih.gov/3520317
https://doi.org/10.1016/j.ctrv.2013.11.006
https://pubmed.ncbi.nlm.nih.gov/24345772
https://doi.org/10.1007/s10555-018-9763-8
https://pubmed.ncbi.nlm.nih.gov/30167827
https://doi.org/10.1101/sqb.2005.70.013
https://pubmed.ncbi.nlm.nih.gov/16869771
https://doi.org/10.1158/0008-5472.CAN-05-4005
https://pubmed.ncbi.nlm.nih.gov/16423985
https://doi.org/10.1038/nrc2067
https://pubmed.ncbi.nlm.nih.gov/17218951
https://doi.org/10.1038/nrclinonc.2016.217
https://pubmed.ncbi.nlm.nih.gov/28117416
https://doi.org/10.1038/s41571-018-0007-1
https://pubmed.ncbi.nlm.nih.gov/29651130
https://doi.org/10.1016/j.cell.2011.02.013
https://pubmed.ncbi.nlm.nih.gov/21376230
https://doi.org/10.1038/nature21349
https://pubmed.ncbi.nlm.nih.gov/28102259
https://doi.org/10.1038/nature10673
https://pubmed.ncbi.nlm.nih.gov/22193102
https://doi.org/10.21873/invivo.11218
https://pubmed.ncbi.nlm.nih.gov/29275313

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bremnes RM, Al-Shibli K, Donnem T, Sirera R, Al-Saad
S, Andersen S, Stenvold H, Camps C, Busund LT. The
role of tumor-infiltrating immune cells and chronic
inflammation at the tumor site on cancer
development, progression, and prognosis: emphasis on
non-small cell lung cancer. J Thorac Oncol. 2011;
6:824-33.
https://doi.org/10.1097/JT0.0b013e3182037b76
PMID:21173711

Kelleher FC, O’Sullivan H. Monocytes, macrophages,
and osteoclasts in osteosarcoma. J Adolesc Young
Adult Oncol. 2017; 6:396—405.
https://doi.org/10.1089/jayao.2016.0078
PMID:28263668

De Palma M, Lewis CE. Macrophage regulation of
tumor responses to anticancer therapies. Cancer Cell.
2013; 23:277-86.
https://doi.org/10.1016/j.ccr.2013.02.013
PMID:23518347

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W,
Xu Y, Hoang CD, Diehn M, Alizadeh AA. Robust
enumeration of cell subsets from tissue expression
profiles. Nat Methods. 2015; 12:453-57.
https://doi.org/10.1038/nmeth.3337 PMID:25822800

Edgar R, Domrachev M, Lash AE. Gene expression
omnibus: NCBI gene expression and hybridization array
data repository. Nucleic Acids Res. 2002; 30:207-10.

https://doi.org/10.1093/nar/30.1.207 PMID:11752295

Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N,
Stehling M, Drevets DA, Leenen PJ. Subpopulations of
mouse blood monocytes differ in maturation stage
and inflammatory response. J Immunol. 2004;
172:4410-17.
https://doi.org/10.4049/jimmunol.172.7.4410
PMID:15034056

Leenen PJ, Radosevi¢ K, Voerman JS, Salomon B, van
Rooijen N, Klatzmann D, van Ewijk W. Heterogeneity
of mouse spleen dendritic cells: in vivo phagocytic
activity, expression of macrophage markers, and
subpopulation  turnover. J Immunol. 1998;
160:2166-73.

PMID:9498754

Brunet A, LeBel M, Egarnes B, Paquet-Bouchard C,
Lessard AJ, Brown JP, Gosselin J. NR4A1l-dependent
Ly6C® monocytes contribute to reducing joint
inflammation in arthritic mice through treg cells. Eur J
Immunol. 2016; 46:2789-800.
https://doi.org/10.1002/eji.201646406
PMID:27600773

Rosenberg J, Huang J. CD8* T cells and NK cells: parallel
and complementary soldiers of immunotherapy. Curr
Opin Chem Eng. 2018; 19:9-20.

24,

25.

26.

27.

28.

29.

30.

31

https://doi.org/10.1016/j.coche.2017.11.006
PMID:29623254

Sica A, Larghi P, Mancino A, Rubino L, Porta C, Totaro
MG, Rimoldi M, Biswas SK, Allavena P, Mantovani A.
Macrophage polarization in tumour progression. Semin
Cancer Biol. 2008; 18:349-55.
https://doi.org/10.1016/j.semcancer.2008.03.004
PMID:18467122

Saito T, Nishikawa H, Wada H, Nagano Y, Sugiyama D,
Atarashi K, Maeda Y, Hamaguchi M, Ohkura N, Sato E,
Nagase H, Nishimura J, Yamamoto H, et al. Two
FOXP3(+)CD4(+) T cell subpopulations distinctly control
the prognosis of colorectal cancers. Nat Med. 2016;
22:679-84.

https://doi.org/10.1038/nm.4086 PMID:27111280

Qian BZ, Li J, Zhang H, Kitamura T, Zhang J, Campion
LR, Kaiser EA, Snyder LA, Pollard JW. CCL2 recruits
inflammatory monocytes to facilitate breast-tumour
metastasis. Nature. 2011; 475:222-25.
https://doi.org/10.1038/nature10138

PMID:21654748

Movahedi K, Laoui D, Gysemans C, Baeten M, Stangé
G, Van den Bossche J, Mack M, Pipeleers D, In’t Veld P,
De Baetselier P, Van Ginderachter JA. Different tumor
microenvironments contain  functionally distinct
subsets of macrophages derived from Ly6C(high)
monocytes. Cancer Res. 2010; 70:5728-39.
https://doi.org/10.1158/0008-5472.CAN-09-4672
PMID:20570887

Hanna RN, Cekic C, Sag D, Tacke R, Thomas GD,
Nowyhed H, Herrley E, Rasquinha N, McArdle S, Wu R,
Peluso E, Metzger D, Ichinose H, et al. Patrolling
monocytes control tumor metastasis to the lung.
Science. 2015; 350:985-90.
https://doi.org/10.1126/science.aac9407
PMID:26494174

Kubo H, Mensurado S, Gongalves-Sousa N, Serre K,
Silva-Santos B. Primary tumors limit metastasis
formation through induction of IL15-mediated cross-
talk between patrolling monocytes and NK cells.
Cancer Immunol Res. 2017; 5:812-20.
https://doi.org/10.1158/2326-6066.CIR-17-0082
PMID:28811289

Gao K, Li X, Zhang L, Bai L, Dong W, Gao K, Shi G, Xia X,
Wu L, Zhang L. Transgenic expression of IL-33 activates
CD8(+) T cells and NK cells and inhibits tumor growth
and metastasis in mice. Cancer Lett. 2013; 335:463-71.
https://doi.org/10.1016/j.canlet.2013.03.002
PMID:23499895

Marshall EA, Ng KW, Kung SH, Conway EM, Martinez
VD, Halvorsen EC, Rowbotham DA, Vucic EA, Plumb
AW, Becker-Santos DD, Enfield KS, Kennett JY,

WWW.aging-us.com

23013

AGING


https://doi.org/10.1097/JTO.0b013e3182037b76
https://pubmed.ncbi.nlm.nih.gov/21173711
https://doi.org/10.1089/jayao.2016.0078
https://pubmed.ncbi.nlm.nih.gov/28263668
https://doi.org/10.1016/j.ccr.2013.02.013
https://pubmed.ncbi.nlm.nih.gov/23518347
https://doi.org/10.1038/nmeth.3337
https://pubmed.ncbi.nlm.nih.gov/25822800
https://doi.org/10.1093/nar/30.1.207
https://pubmed.ncbi.nlm.nih.gov/11752295
https://doi.org/10.4049/jimmunol.172.7.4410
https://pubmed.ncbi.nlm.nih.gov/15034056
https://pubmed.ncbi.nlm.nih.gov/9498754
https://doi.org/10.1002/eji.201646406
https://pubmed.ncbi.nlm.nih.gov/27600773
https://doi.org/10.1016/j.coche.2017.11.006
https://pubmed.ncbi.nlm.nih.gov/29623254
https://doi.org/10.1016/j.semcancer.2008.03.004
https://pubmed.ncbi.nlm.nih.gov/18467122
https://doi.org/10.1038/nm.4086
https://pubmed.ncbi.nlm.nih.gov/27111280
https://doi.org/10.1038/nature10138
https://pubmed.ncbi.nlm.nih.gov/21654748
https://doi.org/10.1158/0008-5472.CAN-09-4672
https://pubmed.ncbi.nlm.nih.gov/20570887
https://doi.org/10.1126/science.aac9407
https://pubmed.ncbi.nlm.nih.gov/26494174
https://doi.org/10.1158/2326-6066.CIR-17-0082
https://pubmed.ncbi.nlm.nih.gov/28811289
https://doi.org/10.1016/j.canlet.2013.03.002
https://pubmed.ncbi.nlm.nih.gov/23499895

32.

33.

Bennewith KL, et al. Emerging roles of T helper 17 and
regulatory T cells in lung cancer progression and
metastasis. Mol Cancer. 2016; 15:67.
https://doi.org/10.1186/s12943-016-0551-1
PMID:27784305

Zhang YL, Li Q, Yang XM, Fang F, Li J, Wang YH, Yang Q,
Zhu L, Nie HZ, Zhang XL, Feng MX, Jiang SH, Tian GA, et
al. SPON2 promotes M1-like macrophage recruitment
and inhibits hepatocellular carcinoma metastasis by
distinct integrin-rho GTPase-hippo pathways. Cancer
Res. 2018; 78:2305-17.
https://doi.org/10.1158/0008-5472.CAN-17-2867
PMID:29440144

Bielack SS, Kempf-Bielack B, Delling G, Exner GU, Flege
S, Helmke K, Kotz R, Salzer-Kuntschik M, Werner M,
Winkelmann W, Zoubek A, Jirgens H, Winkler K.

34.

Prognostic factors in high-grade osteosarcoma of the
extremities or trunk: an analysis of 1,702 patients
treated on neoadjuvant cooperative osteosarcoma
study group protocols. J Clin Oncol. 2002; 20:776—-90.
https://doi.org/10.1200/JC0.2002.20.3.776
PMID:11821461

Plebanek MP, Angeloni NL, Vinokour E, Li J, Henkin A,
Martinez-Marin D, Filleur S, Bhowmick R, Henkin J,
Miller SD, Ifergan |, Lee Y, Osman |, et al. Pre-
metastatic cancer exosomes induce immune
surveillance by patrolling monocytes at the metastatic
niche. Nat Commun. 2017; 8:1319.
https://doi.org/10.1038/s41467-017-01433-3
PMID:29105655

WWW.aging-us.com

23014

AGING


https://doi.org/10.1186/s12943-016-0551-1
https://pubmed.ncbi.nlm.nih.gov/27784305
https://doi.org/10.1158/0008-5472.CAN-17-2867
https://pubmed.ncbi.nlm.nih.gov/29440144
https://doi.org/10.1200/JCO.2002.20.3.776
https://pubmed.ncbi.nlm.nih.gov/11821461
https://doi.org/10.1038/s41467-017-01433-3
https://pubmed.ncbi.nlm.nih.gov/29105655

SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. All lungs were dissected and then fixed with formalin.
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Supplementary Table

Supplementary Table 1. The fraction of immune cells.

CIBERSORT fraction in % of all

Immune cell type infiltrating immune cells (mean +SD) p-values
N M
B cells naive 1.15+1.801 1.90+2.44 0.308
B cells memory 4.78+4.893 4.47+5.276 0.674
Plasma cells 0.31+1.29 2.37+5.73 0.209
T cells CD8 0.4740.01.45 0.96+2.57 0.522
T cells CD4 naive 2.25+0.03.39 1.96+3.72 0.469
T cells CD4 memory resting 2.27+0.04.04 3.06+5.33 0.74
T cells CD4 memory activated 3.52+0.02.79 3.89+2.84 0.795
T cells follicular helper 1.35+ 0.01.87 1.33+£1.53 0.914
T cells regulatory (Tregs) 1.55+0.01.91 0.16+0.43 0.059
T cells gamma delta 10.6545.43 9.84+7.83 0.573
NK cells resting 0.62+0.01.27 0.89£1.95 0.728
NK cells activated 0.61+0.00.17 0.02+0.09 0.44
Monocytes 15.99+0.08.25 10.69+6.63 0.039
Macrophages MO 11.19+0.07.89 12.3048.11 0.784
Macrophages M1 0.99+0.02.21 2.38+4.37 0.694
Macrophages M2 3.39+0.04.92 2.54+3.95 0.819
Dendritic cells resting 2.42+0.03.47 1.69+4.13 0.719
Dendritic cells activated 32.15+11.74 33.71+£11.56 0.729
Mast cells resting 4.28+4.37 4.7445.56 1
Mast cells activated 0.25+0.59 0.47+1.16 0.34
Eosinophils 0.47+0.82 0.29+0.65 0.319
Neutrophils 0.00£0.00 0.30£1.11 0.2
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