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T cell exhaustion drives osteosarcoma pathogenesis
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Background: Osteosarcoma (OS) is a rare cancer with a bimodal age distribution that peaks in children 
and young adults. It has been shown that the expression of programmed cell death protein 1 (PD-1) and 
programmed death ligand-1 (PD-L1) on tumor-infiltrating immune cells negatively correlates with prognosis 
of OS patients. However, a comprehensive assessment of the tumor-infiltrating immune cells in OS and their 
function has not been performed. 
Methods: CD8+ T cells were isolated from biopsy tissue samples collected from OS patients and control 
subjects. Mass cytometry, Treg suppression assay, mixed lymphocyte reaction assay, and effector T cell 
functional assay were performed to analyze the function of tumor-infiltrating T cells. A xenograft metastasis 
model was established in BALB/c nude mice.
Results: Macrophages and CD3+ T cells comprised most of the tumor-infiltrating immune cells in OS, 
with a disproportionately higher number of helper CD4+ T cells than effector CD8+ T cells. Whereas the 
tumor-infiltrating regulatory T cells were functionally intact, the CD8+ T cells showed increased expression 
of the immune checkpoint receptor (ICR) PD-1 and T cell immunoglobulin and mucin-domain containing 
3 (TIM3) and were functionally inactive. TIM3 blockade using a monoclonal antibody restored the T cell 
alloreactive function of the CD8+ T cells ex vivo. TIM3 blockade in a xenograft model of OS impaired tumor 
growth in vivo. TIM3 blockade decreased the number of tumor-infiltrating CD4+ T cells while increasing the 
numbers and functional activation of tumor-infiltrating CD8+ T cells in vivo. 
Conclusions: These results highlight that TIM3 blockade might be a viable therapeutic option and should 
be tested in additional preclinical models.
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Introduction

Osteosarcoma (OS) is a rare cancer but the most common 
bone neoplasm (1). It originates as a localized aggressive 
tumor with a high incidence of metastasis to distant organs 
(1,2). Preoperative neoadjuvant therapy, followed by surgical 
excision, and postoperative chemotherapy with high-dose 
methotrexate, ifosfamide, and etoposide is a typical regimen 
for patients with OS (3-6). However, such treatments 

are not efficacious  for all patients (1,7-9), requiring the 
identification of alternative therapeutic targets. 

The bone microenvironment in which OS grows is 
a dynamic and specialized compartment composed of 
the malignant bone cells (osteocytes, osteoclasts, and 
osteoblasts), vascular cells, stromal cells (mesenchymal stem 
cells and fibroblasts), mineralized extracellular matrix, and 
immune cells (10-12). Recent studies have highlighted the 
importance of the tumor microenvironment (TME) in OS 
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pathogenesis and progression (13-15), especially the role of 
tumor-infiltrating macrophages, which express an M2-like 
phenotype.

OS cells can control the balance between M1 and M2 
macrophages, in turn regulating the T cell response within 
the TME via programmed cell death protein 1 (PD-1) and 
programmed death ligand-1 (PD-L1) (15). Indeed, different 
studies using mouse models of OS or clinical trials in OS 
patients have shown objective responses on survival and 
metastatic progression using immune checkpoint receptors 
(ICRs) (16-22). The expression of both PD-L1 and PD-1 
negatively correlates with prognosis in OS patients (22). 
However, a comprehensive analysis of the TME in OS is 
yet to be done.

In the present study, we investigated the TME in OS 
patients and the function of tumor-infiltrating T cells. The 
novel idea of our work was to explore the effect of inhibiting 
T cell immunoglobulin and mucin-domain containing 3 
(TIM3) on the function of tumor-infiltrating cytotoxic T 
cells and tumor progression in a mouse model of OS. 

We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-3928).

Methods

Patients and sample processing

Biopsy tissue samples  were collected from OS patients. 
Control samples were derived from to-be-discarded bone 
fragments obtained from patients undergoing debridement 
surgery for traumatic injury to the long-bones. The study 
protocol was approved by the Institutional Review Board of 
the Fourth Affiliated Hospital of China Medical University. 
All patients involved in the study provided signed informed 
consent. The handling of clinical samples was in accordance 
with the Declaration of Helsinki (as revised in 2013). For 
mass cytometry, solid tissue cells from the patient biopsies 
(n=15; 7 males and 8 females, mean age 17.3 years) or 
healthy subjects (n=5) were used. Tissue samples were 
processed to single cells over a 70-µm mesh (Greiner) and 
then stored viably in a Recovery-Cell culture medium 
(Thermo Fisher Scientific).

Cell culture and transduction

The 143B OS cell line was purchased from American Type 
Culture Collection (ATCC, Manassas, USA), and grown in 

Dulbecco’s Modified Eagle Medium (Invitrogen, Carlsbad, 
CA, USA). The medium was supplemented with 10% fetal 
bovine serum (Invitrogen) and 1% penicillin-streptomycin 
solution. Cells were incubated in a 5% CO2 environment 
at 37 ℃. Exponentially growing cells were transduced with 
firefly luciferase lentivirus (BPS Bioscience , San Diego, CA, 
USA) using polybrene (10 µg/mL; Sigma-Aldrich, St. Louis, 
MO, USA). Transduced cells were selected using puromycin 
(1 µg/mL; Sigma-Aldrich), and successful expression of 
firefly luciferase was verified using the Luciferase Assay Kit 
(Promega).

Cell isolation, culture, and treatment

CD8+ T cells were isolated using positive selection from OS 
biopsy samples, control biopsy samples, or peripheral blood 
mononuclear cells (PBMCs) from healthy subjects using 
magnetic-activated cell sorting CD3 and CD8 microbeads 
(Miltenyi Biotec). The cells were cultured in 6-well plates 
coated with OKT3 (Ortho Biotech; 1 µg/mL) and anti-CD28 
(clone CD28.2, Becton Dickinson; 1 µg/mL) antibodies. 

Spontaneous xenograft metastasis model

All animal procedures were performed under the approval 
of the Laboratory Animal Welfare and Ethics Committee of 
the Fourth Affiliated Hospital of China Medical University 
and in accordance with the NIH Guide for the Care and 
Use of Laboratory Animals. All mice were housed in a 
controlled environment. A protocol was prepared before 
the study without registration. 143B cells (0.5×106) stably 
expressing firefly luciferase were trypsinized, washed 
with PBS, and resuspended in a 1:1 solution of PBS and 
Matrigel (phenol red-free and reduced growth factors; 
BD Biosciences) and injected into the lateral tail vein of 
6-week-old female BALB/c nude mice (n=20). The mice 
were randomly divided into two experimental groups 
(n=10/group); the control group received intraperitoneal 
(i.p.) injection of isotype control, whereas the treatment 
group received i.p. injection of 100 µg of anti-mouse 
TIM-3 monoclonal antibody (clone B8.2C12; Bio X Cell, 
Lebanon, USA) on day 0 and 2 after tumor cell inoculation. 
Bodyweight and tumor size was measured every 7 days. 
Mice (n=5/group) were humanely killed at 4-week post-
inoculation. The other 5 mice/group were kept until all 
mice in one group died, and the data were used for survival 
rate analysis. The tumors were surgically removed and 
processed similarly to patients’ samples, and stored at −80 ℃. 
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Mass cytometry by time-of-flight (CyTOF) staining

Staining with cisplatin (DVS Sciences) was done to 
differentiate between live and dead cells. Cells were then 
incubated with 19 antibodies, all metal-tagged, followed 
by an intercalator (DVS Sciences). Staining followed the 
guidelines of the Maxpar cell staining protocol (Fluidigm 
Corporation) (23). A CyTOF-II mass cytometer (Fluidigm) 
was used for sample runs. Post-run, the EQ Four Element 
Calibration Beads (EQ Beads, 201078; Fluidigm) were 
used to normalize the signal. Events were initially gated 
for viability using Ir191 versus Ir193, and double-positive 
cells were used in downstream analyses to identify different 
subpopulations post-dynamic downsampling. 

Treg suppression assay

The in vitro suppressive capacity of isolated PBMCs of 
healthy subjects (nTregs), patients with chronic tonsillitis 
undergoing tonsillectomy (tonsil-Tregs), OS Tregs (OS-
Treg), and CD25– was assessed using a carboxyfluorescein 
succinimidyl ester (CFSE)-based inhibition assay. The 
CFSE (ThermoFisher Scientific, Carlsbad, CA, USA)-
labeled PBMCs were stimulated with OKT3 (0.5 µg/mL) 
and irradiated (40 Gy) allogeneic PBMC (at a 4:1 effector: 
feeder ratio). CFSE dilution was assessed after 7 days, and 
suppression was defined as the Treg-mediated percent 
inhibition of T cells’ proliferation. 

Mixed lymphocyte reaction (MLR) assay

Responders (CD3+CD8+ T cells) were purified from 
tumor-infiltrating immune cells and stained with CFSE as 
described above. CFSE-labeled responder CD3+CD8+ T 
cells were seeded in 96-well plate format in RPMI 10% AB 
serum either alone or with irradiated (40 Gy) allogeneic 
PBMCs (stimulators) at 1:1, 2:1, and 5:1 ratio. CD14+ 
antigen was present in all wells. T cell proliferation was 
calculated by analyzing the CFSE dilution of the responders 
after 72 h. Where indicated, CD3+CD8+ T cells were 
treated with anti-human TIM3 monoclonal antibody (TSR-
022; Creative Biolabs, Shirley, USA). 

Effector T cell functional assay

Sorted tumor-infiltrating CD3+CD8+ cells were cultured 
in medium ± phorbol 12-myristate 13-acetate (PMA,  
20 ng/mL; Sigma-Aldrich) and Ionomycin (1 µg/mL; Sigma-

Aldrich). Luminex (Millipore) was used to quantify the levels 
of indicated cytokines in the supernatants collected before or 
after 3 days of PMA/ionomycin stimulation.

Statistical analysis

Quantitative data are expressed as the mean ± standard 
deviation (SD). Student’s t-test was used for two-group 
comparison, and the differences between more than two 
groups were analyzed using ANOVA. Kaplan-Meier curves 
were computed to analyze survival rates and the log-rank 
(Mantel-Cox) test used to evaluate statistical significance. 
P<0.05 was considered statistically significant. 

Results

Phenotypic analysis of TME in OS patients

We f i r s t  ana lyzed the  immune ce l l  compos i t ion 
using CyTOF of patient biopsies (n=15 and controls 
(n=5) (Figure 1A-1E). The immune infiltrate in OS 
varied between 33% and 49%, with macrophages 
(CD45+CD14+HLA-DR+CD68+) and CD45+CD3+ T cells 
as the most abundant populations (Figure 1E). 

The tumor-infiltrating CD3+ T cells were further 
analyzed using automatic gating via FlowSOM (24). This 
algorithm does multivariate clustering of cells, intuitively 
using the self-organized map (SOM) algorithm, and 
categorizes cells into relevant meta-clusters based on their 
surface markers. Within OS, CD3+CD4+ helper T cells were 
significantly higher in number than effector CD3+CD8+ T 
cells compared with control (Figure 1F). 

We did not observe significant enrichment of T cell 
subtypes (Figure 2A). Tregs isolated from OS demonstrated 
intact suppressive activity, similar to that observed for 
nTregs isolated from the PBMCs of healthy controls 
or from tonsils (Figure 2B). Taken together, the results 
indicated that the tumor-infiltrating immune cells in 
OS are enriched with macrophages and T cells, with 
disproportionately higher numbers of CD4+ T cells 
compared with CD8+ T cells.

Characteristics of infiltrating T cells in OS 

Given that the enhanced expression of ICRs can induce 
T cell exhaustion (25) and prior literature reports high 
expression of ICRs in OS (16,18,19,21,22), we determined 
the expression of inhibitory receptors on tumor-infiltrating 
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Figure 1 Phenotypic analysis of tumor-infiltrating immune cells in OS patients. (A-D) CyTOF (viSNE plot) analysis of live CD45+ cells 
from representative tumors. (E) Quantification of tumor-infiltrating cells shown in (A-D) (OS, n=15; Control, n=5). (F) Relative percent of 
CD4+ and CD8+ T cells in tumor-infiltrating CD3+ T cells in OS and controls (OS, n=15; Control, n=5). For (E and F), data are mean ± SD; 
**, P<0.01; ****, P<0.0001, ns, not significant (P>0.05)—one-way ANOVA with Tukey’s post hoc test. CyTOF, mass cytometry by time-of-
flight; OS, osteosarcoma.
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CD8+ T cells in OS. CD8+ T cells infiltrating the TME 
of OS patients showed higher expression of the inhibitory 
receptors TIM3 and PD-1, but not glucocorticoid-induced 
TNFR-related protein (GITR), cytotoxic T lymphocyte 
antigen-4 (CTLA-4), lymphocyte activation gene 3 
(LAG-3), inducible T cell costimulator (ICOS), or T cell 

immunoreceptor with Ig and ITIM domain (TIGIT) 
compared with controls (Figure 3A). 

Because the density of tumor-infiltrating CD8+ T cells 
can be associated with disease prognosis, as is observed in 
other cancers (26), we next assessed the functional capacity 
of CD8+ T cells within the TME of OS patients. CD8+ T 
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Figure 2 Intact suppression activity of tumor-infiltrating Tregs in OS. (A) Relative indicated T cell subtypes among tumor-infiltrating 
T cells was done using a self-organizing map (FlowSOM) and visualized as pie charts (MST plots). No enrichment of specific T cell 
subtypes was observed. (B) Relative suppressor capacity of Tregs isolated from OS patients, freshly isolated ‘natural’ Tregs [nTregs 
(CD3+CD4+CD25Bright)], tonsil, or CD25– cells (n=4 each). Data are mean ± SD. ****, P<0.0001, ns, not significant (P>0.05)—one-way 
ANOVA with Turkey’s post hoc test. Tregs, regulator T cells; OS, osteosarcoma; MST, minimal spanning tree.

cells isolated from OS patients demonstrated attenuated 
expression of Th1/Th2 cytokines, interleukin (IL)-17, 
IL-10 interferon-gamma (IFN-γ), and tumor necrosis 
factor-alpha (TNFα), both in the native state and after 
polyclonal stimulation (Figure 3B). CD8+ T cells within 
the TME of OS had impaired alloreactivity compared 
with control (Figure 3C), consistent with altered effector 
function. Because previous work by others has shown that 
inhibition of PD-1 might inhibit OS pathogenesis in mice 
models (16,18,19,21,22), we decided to focus on TIM3. 
Thus, we next evaluated if TIM3 blockade would restore 
T cell function in OS in an ex vivo setting and found that 
treatment of patient-derived OS CD8+ T cells with anti-
human TIM3 antibody (TSR-022) for 24 h significantly 
rescued their effector functions (Figure 3D). Taken together, 
these results suggested that TIM3 blockade could influence 
the immune dysfunction observed in tumor-infiltrating 
CD8+ T cells of OS patients.

Effect of TIM3 blockade in an in vivo model of OS

A spontaneous metastasis model was established by 
injecting 143B OS cells stably expressing firefly luciferase 
in the lateral tail vein of BALB/c nude mice, which were 

then randomly divided into two groups (n=10/group: anti-
mouse TIM3 antibody and isotype control) and injected 
on days 0 and 2 after tumor cell inoculation (Figure 4A).  
Bodyweight and tumor growth were monitored up 
to 4 weeks after the initial injection, and survival was 
monitored until all mice in one group had died. Tissues 
were harvested when either mice were dead or when 
tumor volume reached 3,000 mm3. 

Compared with the isotype control group (Figure 4B), 
treatment with anti-mouse TIM-3 antibody prevented 
tumor growth (Figure 4C). No significant difference in 
bodyweight was observed in the animals from the different 
experimental groups (Figure 4D). The tumor growth rate 
was significantly higher in the isotype control group than 
the anti-mouse TIM-3 antibody group (Figure 4E). The 
anti-TIM-3 antibody therapy significantly improved survival 
compared with the isotype control group (Figure 5A).  
Taken together, these results showed potent anti-
tumorigenic activity of the anti-mouse TIM-3 antibody. 

Effect of TIM3 blockade on function of tumor-infiltrating 
CD8+ T cells

We next evaluated the tumor-infiltrating CD4+ T cells, 
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CD8+ T cells, and FOXP3+ Tregs in mice treated with 
isotype control or anti-mouse TIM-3 antibody. Compared 
with the isotype control, TIM3 blockade significantly 
decreased the number of tumor-infiltrating CD4+ T cells 
and FOXP3+ Tregs while increasing the number of tumor-
infiltrating CD8+ T cells (Figure 5B-5D). This was in 
striking contrast to the disproportionately higher tumor-
infiltrating CD4+/CD8+ T cell ratio observed in OS 
patients (Figure 1F) or mice treated with isotype control  
(Figure 5B,5D). 

Given that overexpression of TIM3 is associated 
with tumor exhaustion and functional impairment, we 
hypothesized that TIM3 blockade would restore the effector 
function of the observed high number of tumor-infiltrating 
CD8+ T cells. Hence, the functional capacity of tumor-
infiltrating CD8+ T cells in mice treated with isotype control 
or anti-mouse TIM-3 antibody was assessed. CD8+ T cells 
isolated from mice treated with isotype control demonstrated 
attenuated expression of Th1/Th2 cytokines, IL-17, IL-
10 IFN-γ, and TNFα, both in the native state and after 

polyclonal stimulation with PMA and ionomycin (Figure 5E),  
as was observed in OS patients (Figure 3B). In comparison, 
expression of all four cytokines was higher in tumor-
infiltrating T cells isolated from mice treated with anti-mouse 
TIM-3 antibody in the native state, and significantly induced 
after polyclonal stimulation (Figure 5E). Taken together, 
these results showed that TIM3 blockade can inhibit tumor 
progression in OS by increasing functionally active CD8+ T 
cells in the TME.

Discussion 

TIM3 is a negative regulator of lymphocyte function and 
survival that, like PD-1, is a marker of CD4 and CD8 T 
cell exhaustion (27). PD-1+TIM3+ CD8 T cells have been 
identified in different cancers and represent a more severely 
impaired cytotoxic lymphocyte population (compared with 
PD-1 or TIM3 only) as measured by inflammatory cytokine 
production and proliferation capacity (28,29). Here, we 
did not find PD-1+TIM-3+ CD8 T cells in either the OS 

Figure 3 Infiltrating T lymphocytes in OS patients are functionally and phenotypically exhausted, rescued by TIM3 blockade ex vivo. (A) 
CyTOF analysis of immune checkpoint receptors’ expression in OS tumor tissue and controls were performed. Quantification of data shown 
is shown. Data are represented as mean ± standard deviation (n=5 each group). (B) Expression of cytokines in CD8+ T cells isolated from OS 
patients pre-and post-activation with PMA and ionomycin. Data are mean ± SD, n=5. (C) A MLR assay showed that CD8+ T cells isolated 
from OS patients were dysfunctional compared to controls (n=4 each). (D) Same as C, but CD8+ T cells from OS patients were treated for 
24 hours with 20 µg/mL anti-TIM3 monoclonal antibody (TSR-022) or isotype control before the MLR assay (n=4 each). For (A-D), **, 
P<0.01; ***, P<0.001; ****, P<0.0001, ns, not significant (P>0.05)—one-way ANOVA with Tukey’s post hoc test. CyTOF, mass cytometry by 
time-of-flight; OS, osteosarcoma; MLR, mixed lymphocyte reaction; PMA, phorbol 12-myristate 13-acetate. 
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patients or in the mouse model. Therefore, it remains to be 
determined if TIM3 blockade might increase expression of 
PD-1 in these cells, because adaptive resistance to one ICR 
blockade is often associated with redundant overexpression 
of other ICRs (30-32). In such a scenario, dual blockade 
of both PD-1 and TIM3 will have to be tested. This is 
especially important given the encouraging results obtained 
for other ICR inhibitors. Although combining multiple 
coinhibitory blocking antibodies in the clinical setting 
should be approached with great caution, previous studies 
of different cancer types have suggested that blocking a 
single inhibitory receptor only leads to activation of the 
unblocked pathway (33), necessitating multiple blockades to 
circumvent the adaptive resistance.

We observed that CD4+ helper T cells were present in a 
higher proportion than effector CD8+ T cells within the OS 
TME. TIM3 blockade decreased the percentage of tumor-
infiltrating CD4+ T cells and increased that of the CD8+ 
T cells. It remains to be determined whether the observed 
change in CD4+/CD8+ T cell ratio is due to apoptosis of 
CD4+ T cells and functional restoration of CD8+ T cells or 

directed by increased infiltration of functionally effective 
CD8+ T cells from the peripheral blood to the tumor 
milieu.

There are several limitations in this study that should 
be considered when interpreting the results. Firstly, due 
to the small sample size, additional verification in a larger 
number of OS patients is necessary. Secondly, due to the 
high heterogeneity of OS, attenuation of tumor progression 
observed in mice might not be replicated in humans. 
Hence, additional experiments with TIM3 blockade are 
necessary using patient-derived xenograft models that are 
much closer to replicating OS in humans than the xenograft 
with 143B cells we used in the current study. Finally, due to 
rarity of OS and the limited availability of OS samples, data 
integration from multiple datasets, be it gene expression or 
protein arrays, is being used as an essential source of data 
to study and characterize OS. However, such a strategy has 
an inherent bias towards batch effects due to the lack of 
rigorous statistical controls.

In summary, the TME in OS is enriched for macrophages 
and T cells with comparatively higher numbers of helper T 

Figure 4 TIM3 blockade slows OS tumor progression in vivo. (A) Schematic representation of OS xenograft experiment. BALB/c nude mice 
were injected with 143B cells stably expressing firefly luciferase into the lateral tail vein. Mice either received i.p. injection of isotype control 
or anti-mouse TIM-3 antibody (clone B8.2C12) after tumor cell inoculation. Tumors were imaged live in vivo (B,C). Shown are images 
at the end of 4 weeks (n=10/group). (D) Change in bodyweight of mice in the different experimental groups over 4 weeks (n=5/group). 
(E) Tumor growth rate in the two experimental groups (n=5/group). TIM3, T cell immunoglobulin and mucin-domain containing 3; OS, 
osteosarcoma. *, P<0.05; ***, P<0.001.
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cells than effector T cells. The tumor-infiltrating effector 
T cells exhibit increased expression of the ICRs, TIM3, 
and PD-1, and are functionally exhausted. Blockade of 
TIM3 can restore the alloreactivity of these effector T cells 
ex vivo, whereas in vivo it inhibits tumor progression and 
increases infiltration of functionally active effector T cells 
within the TME.
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