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Osteosarcoma (OS) is one of the most common primary malignant tumors
originating in bones. Its high malignancy typically manifests in lung metastasis
leading to high mortality. Although remarkable advances in surgical resection
and neoadjuvant chemotherapy have lengthened life expectancy and greatly
improved the survival rate among OS patients, no further breakthroughs have
been achieved. It is challenging to treat patients with chemoresistant tumors
and distant metastases. Recent studies have identified a compelling set of links
between hypoxia and chemotherapy failure. Here, we review the evidence
supporting the positive effects of hypoxia in the tumor microenvironment
(TME). In addition, certain anticancer effects of immune checkpoint inhibitors
have been demonstrated in OS preclinical models. Continued long-term
observation in clinical trials is required. In the present review, we discuss the
mutualistic effects of the TME in OS treatment and summarize the mechanisms
of immunotherapy and their interaction with TME when used to treat OS. We
also suggest that immunotherapy, a new comprehensive and potential
antitumor approach that stimulates an immune response to eliminate tumor
cells, may represent an innovative approach for the development of a novel
treatment regimen for OS patients.
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1 Introduction

Osteosarcoma (OS) is an osteoid-producing malignancy of
mesenchymal origin. Worldwide incidence is 3.4 cases per
million people per year (1). OS (accounting for 56%) is much
more common than Ewing sarcoma, chondrosarcoma, and
chordoma (2). Primary OS affects children, teenagers, and
elders, with age-specific incidence varying according to
histological subtype (Table 1). OS typically affects patients
aged 10-30 years. In the group aged 25-59 years, the male to
female incidence ratio of OS is 1.28:1 and the number is elevated
(1.43:1) in the group aged 0-24 years. In addition, the ratio
varies in diverse populations (3). OS frequently arises in the long
bones (particularly the distal femur or the epiphysis of the
proximal tibia) (3, 4). OS carcinogenesis is a complex process
involving genetic mutations and dysregulation of epigenetic
pathways (5). However, through whole-genome and exome
sequencing, transcriptome assessment of gene expression, and
epigenetic modifications, it was revealed that there was
remarkable genomic complexity and significant inter-patient
heterogeneity of genes in OS samples (6).

Currently, the standard treatment protocol for patients with
OS comprises extensive surgical resection, radiotherapy, and
administration of chemotherapeutic agents. The current curative
regimen combines surgery with multiple modes of
chemotherapy using several cytotoxic agents, such as cis-
platinum, doxorubicin, high-dose methotrexate, and ifosfamide
during preoperative and postoperative periods (7). Surgical
excision is preferred over systemic therapy for recurrent

Abbreviations: ACT, adoptive T cell transfer; BIM, BH3-only protein, a
mediator of apoptosis; CAR, chimeric antigen receptor; CSCs, cancer stem
cells; CSFIR, colony-stimulating factor 1 receptor; CTL, cytotoxic T cells;
CTLA4, cytotoxic T lymphocyte associated protein 4; EMA, European
Medical Agency; EMT, epithelial-mesenchymal transition; HIFs, hypoxia-
inducible factors; HRE, hypoxia response element; ICIs, immune checkpoint
inhibitors; IDO, indoleamine 2,3-dioxygenase; IFNY, interferon-gamma;
iNOS, inducible nitric oxide synthase; JNK, Jun N-terminal kinase; LAG-3,
lymphocyte-activation gene 3; MDSCs, myeloid-derived suppressor cells;
Met, metformin; NF-kB, nuclear factor-kappa B; ORR, objective response
rate; OS, osteosarcoma; OXPHOS, decreased oxidative phosphorylation; PD-
1, programmed death-1 and; PD-L1, programmed death-ligand 1; PFS,
progression-free survival; PGE2, prostaglandin E2; PMN-MDSCs,
polymorphonuclear MDSCs; ROS, reactive oxygen species; SDF-1, stromal
cell-derived factor-1; SIRPo., signal regulatory protein o; STAT3, signal
transducer and activator of transcription 3; TAMs, tumor-associated
macrophages; TCR, T cell receptor,; TCRs, T cell receptors; TIC, tumor-
initiating cell; TIGIT, anti-T cell immunoreceptor with Ig and ITIM domains;
TILs, tumor-infiltrating lymphocytes; TME, tumor microenvironment; Tregs,
regulatory T cells; TSA, tumor-specific antigens; VCAM-1, vascular cell

adhesion molecule 1; VEGF, vascular endothelial growth factor.
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disease while unresectable cases would be treated by systemic
therapy or comprehensive therapy (8). Via radiotherapy, we can
take advantage of ionizing radiation to help eliminate
microscopic or minimal residual disease in situations where
substantial surgical resection is not feasible (9). However, in the
majority of OS cases, the efficacy of radiotherapy is limited, and
the indications for this approach are finite (10). Despite
aggressive interventions, patient outcomes have not
significantly improved over the last 20 years. During this
period, the well-known phenomenon of chemotherapeutic
resistance has prevented improvements in prognosis
(7).Furthermore, OS prognosis has not improved over the past
several decades. Facing these hindrances to current curative
regimens, identifying novel therapeutics is critical to promote
the management of OS.

Multidrug resistance is a difficult problem that results in
unsatisfactory clinical outcomes (11). In recent years, many studies
have demonstrated that the tumor microenvironment (TME)
appears to influence clinical outcome and therapeutic response by
regulating tumor chemoresistance (12, 13). Managing TME-related
drug resistance may profoundly affect cancer therapeutic strategies.
TME-related multidrug resistance can be mediated by hypoxic
conditions and soluble factors secreted by tumors or stromal cells.
Inhibiting extracellular ligand-receptor interactions and
downstream pathways are among the TME-targeted treatment
methods (13). We propose that focusing on the primary
mechanism of TME-related multidrug resistance would yield
substantially greater benefits. A combination of drugs that can
simultaneously attack tumor cells and the TME may help reduce
chemoresistance. Herein, we review the effects and mechanisms of
chemoresistance regulated by the OS TME through hypoxia and
immune cells. This review also suggests the novel and therapeutic
potential of immunotherapy for the management of OS treatment.

There is a pressing need to investigate novel therapies that
could impact OS because of its resistance to chemotherapy.
Immunotherapy has gained considerable attention since it has
demonstrated efficacy in the treatment of cancers. For instance,
the combination of nab-paclitaxel and atezolizumab was
recently approved by the Food and Drug Administration
(FDA) for patients with unresectable locally advanced or
metastatic TNBC whose tumors express PD-L1 based on a
PES benefit over chemotherapy in the Impassion130 trial (14).
Interactions between TME modulation and the immune system
may enhance therapeutic efficacy. Immunotherapy is a
promising therapeutic strategy for improving the curative
efficacy of existing OS treatments despite chemoresistance. In
the current review, we present the mechanism of TME-related
chemoresistance and describe the modulatory effects of the TME
in OS treatment. Subsequently, we discuss new technologies and
strategies— immunotherapy that can be adapted to explore the
roles of the TME in improving the curative effects of drug
treatment by modifying TME-associated factors. A better
understanding of the molecular mechanisms of immunological
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TABLE 1 Categories and treatment options for OS.

Subtype of OS Incidence

Common anatomical distribution

10.3389/fimmu.2022.871076

Chemosensitivity Radiosensitivity

Conventional OS (3 subtypes: osteoblastic, 75.0% Metaphysis of long bone around knee and shoulder  Sensitive Radiotherapy can be
chondroblastic, fibroblastic) joint, axial skeleton useful

Parosteal OS 3.5-4% Posterior cortex of distal femur Hyposensitivity Hyposensitivity
Telangiectatic OS 3-4% Similar to conventional OS Sensitive Hyposensitivity
Periosteal OS 1.5-2% Tibia or femur Hyposensitivity Hyposensitivity
Small cell OS 1.5% — Sensitive Sensitive

Low grade central OS 1-2% Intramedullary distal femur, proximal tibia, pelvis — —

High-grade surface OS <1% Long bone, distal femur Sensitive Radiotherapy can be

therapy is required, as current research suggests that this may be
a more promising method to develop and implement optimal
preventive and curative approaches to treating patients with OS.
Our review of the active mechanisms of immune-cell regulation
within the TME and the impressive clinical results achieved by
stimulating antitumor immune responses supports the
implementation of immunotherapy together with anticancer
therapies for the treatment of OS.

2 Mechanisms of TME-mediated
chemotherapy resistance in OS

The TME is composed of multiple cell types (fibroblasts,
endothelial cells, and immune cells), extracellular components
that surround tumor cells and are nourished by the vasculature
(chemokines, cytokines, hormones, and ECM), and various physical
and chemical factors surrounding tumor cells (hypoxia and acidic
environment) (15). The TME plays a pivotal role in carcinogenesis,
tumor development, and metastasis. For example, the TME makes a
remarkable contribution to the acquisition and maintenance of
cancer hallmarks, such as inducing angiogenesis, sustaining
proliferative signaling, resisting cell death, and activating invasion
and metastasis (15). The TME also exerts profound effects on
therapeutic efficacy. TME-reduced multidrug resistance results
from sustained crosstalk between tumor cells and their
surrounding matrix. Owing to genomic instability, tumor cells are
prone to chemoresistance, whereas non-tumor cells in the TME are
more genetically stable and susceptible to stimulation. Hence, the
insight that cancer progression and therapeutic resistance are
closely related to the TME raises the possibility that efforts
devoted to targeting TME elements or their signaling pathways
could achieve therapeutic advances for cancer patients.

2.1 Hypoxic TME and chemoresistance
in OS

Tumor cells typically live in a state of hypoxia because of

hypermetabolism, abnormal proliferation, and high oxygen
consumption (16). A compelling set of links between drug
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resistance and hypoxia-inducible factors (HIFs) has emerged
(17). Following hypoxia, HIFs secreted for hypoxic adaptation
are capable of triggering the expression of a variety of genes
related to erythropoiesis, glycolysis, and angiogenesis, as well as
restore oxygen homeostasis at the epigenetic and transcriptional
levels (18, 19). Undoubtedly, hypoxia may result in an acidic
environment and the Warburg effect is the typical example:
tumor cells tend to obtain energy through glycolysis. Through H
+-ATPases, Na+-H+ exchangers, and HCO3- transporters, the
acidoid can be transported from an intracellular area to an
extracellular one (20, 21). In addition, the rapid tumor
proliferation and abnormal vascular structures accelerate
further accumulation of acid, eventually leading to an
extracellular pH of 6.7-7.1 for tumor cells and an intracellular
pH > 7.4. In comparison, the extracellular and intracellular pH
of normal cells is approximately 7.4 and 7.2, respectively (12).

2.1.1 Hypoxic TME induces chemoresistance by
regulating signaling pathways

Accumulating evidence suggests that hypoxia plays a vital
role in the molecular mechanisms underlying drug-resistant
cancers by regulating gene expression (Table 2). For instance,
overexpression of efflux transporters (primarily the ATP-
binding cassette [ABC] superfamily of pump proteins,
including P-glycoprotein [P-gp] encoded by the multidrug
resistance gene 1 [MDR-1]) may amplify the efflux of certain
drugs from tumor cells, thereby resulting in resistance to
anticancer drug (37-39). Roncuzzi et al. (35) showed that
hypoxia-inducible factor 1-alpha (HIF-1a), the most
influential regulator of cell adaptation to hypoxia, promotes
export of intracellular doxorubicin by increasing the level of P-
gp in OS. Furthermore, by modulating the expression of c-Myc
and p21, HIF-1o. can prevent doxorubicin-induced OS
apoptosis, indicating that HIF-lo. could be a valuable
therapeutic target. Ma et al. (40) determined that
overexpression of spindle-and kinetochore-associated complex
subunit 1 (SKA1l) can reduce expression of some
multidrug resistance genes, such as ABCBI (MDRI1), ABCC2
(MRP2), and GSTP1I, as well as enhance sensitivity to the drugs
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TABLE 2 A schematic diagram of the expression of hypoxic and drug resistance factors.

Study. Source

(year).

Ref

Wang MG-63 and U2-os cells

et al.(2019)

(22)

Keremu 20 osteosarcoma patient samples and human

et al.(2019)  OS cell lines (MG-63, U-20S and SaoS-2)

(23)

Zheng U-20S (derived from bone tissues of a 15-

et al.(2017)  year-old OS patient) and MG-63 (derived

(24) from bone tissues of a 14-year-old OS
patient) cells

Guo MG63, U20S and 143B cells

et al.(2017)

(25)

Ma Human OS cells (SOSP-9607, MG-63, SaOS-

et al.(2017) 2)

(26)

Zhao MG-63 and U2-os cells

et al.(2016)

(27)

Zhou human OS cell lines (MG-63, U-20S and

et al.(2016) SaoS-2)

(28)

Wang human OS cell lines MG-63, U20S, Saos-2

et al.(2016) and normal os-

(29) teoblastic cell line HOB

Lin U208 and G293 cell lines

et al.(2016)

(30)

Xu MG-63 cell line and Dox-resistant cell line

et al.(2016)  (Mg-63/Dox)

(31)

Li human MG-63 OS cells

et al.(2016)

(32)

Guo human MG-63 OS cells

et al.(2015)

(33)

Zhang human OS cell lines (MG-63 and U-20S)

et al.(2015)

(34)

Roncuzzi human MG-63 OS cells

et al.(2014)

(35)
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Mechanism

Visfatin was involved in cisplatin resistance of OS cells
by upregulating expression of Snail via HIF-1ot induced
transcription

Overexpression of miR-199a resensitizes cisplatin
resistant cells to cisplatin through inhibition of HIF-1at

HIF-1o-induced Mxd1 up-regulation suppresses the
expression of PTEN under hypoxia, which leads to the
activation of PI3K/AKT antiapoptotic and survival
pathway

MiR-335 targets CSCs and regulates OS stem cell-like
properties via downregulated POUS5F1 to synergize with
chemotherapeutic drugs

Hypoxia increased the expression of MRG and enhanced
the sensitivity of EPI and IFO in OS patients

Hypoxia reduced sensitivity to Dox by promoting the
AMPXK signaling and has no association with HIF-1c

Hypoxia induced microRNA-488 expression to promote
proliferation, reduce apoptosis and decrease the Dox
sensitivity of OS cells

miR-367 suppressed the increase of KLF4 induced by
ADR in OS cells, as well as Bax and cleaved caspase-3

miR-202 promotes chemotherapy resistance by targeting
PDCD4

miR-30a downregulated in Mg-63/Dox and miR-30a
reduced chemoresistance via suppressing Beclin-1-
mediated autophagy

Notch signaling is up-regulated in human OS

cells under hypoxia and Notchl may represent a viable
target to overcome chemoresistant OS cells in a hypoxic
niche by

regulating MRP1 gene expression.

HIF-1o inhibitor combined with paxilitaxel blocked
autophagy and augmented the anti-tumor effects.

miR-301a and HMGCR were up-regulated in
chemotherapy-resistant OS, subsequently reduced
Dox-induced cell apoptosis and contributed to
chemoresistance of OS cells

HIF-10 hindered Dox-induced apoptosis and promoted
the outward transport of intracellular Dox by activating
P-gp expression in OS in normoxic conditions

04

Target
gene

Snail and
its mRNA

miR-199a

Mxdl

miR-335

SKA1

AMPK

microRNA-
488

MiR-367

miR-202

miR-30a

Notchl
and MRP1

miR-301a

c-Myc

p21

MDR-1/P-
8p

10.3389/fimmu.2022.871076

Expression
change

Clinic char-
acters relat-
edness

cisplatin
resistance

cisplatin
resistance

hypoxia-induced
cisplatin
resistance

stem cell-like
properties

chemotherapy
resistance

Dox resistance
and Dox-
induced
apoptosis
tumor
proliferation,
apoptosis and
Dox resistance
ADR-induced
apoptosis

Dox resistance
and Dox-
induced
apoptosis
chemoresistance
and autophagy

chemoresistant

paxilitaxel-
induced
apoptosis

Dox resistance
and Dox-
induced
apoptosis
Dox-induced
apoptosis

Dox-induced
apoptosis

Dox resistance

(Continued)
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TABLE 2 Continued

10.3389/fimmu.2022.871076

Study. Source Mechanism Target Expression Clinic char-
(year). gene change  acters relat-
Ref edness
Scholten Human OS cells (143B, MNNG/HOS, MG- Hypoxic OS cells can be sensitized to Dox treatment by ~ Wnt/B- | Dox-mediated
et al.(2014) 63) inhibition of the Wnt/B-catenin signaling pathway catenin toxicity
(36) signaling

pathway

*CSCs, cancer stem cells; ADR, adriamycin; Dox, Dox;1, upregulated; |, downregulated.

epirubicin and ifosfamide, which have been used in OS patients.
Downregulation of SKA1 expression is mediated by hypoxia,
which increases chemoresistance in human OS cells. Li et al. (32)
concluded that hypoxia and the Notch signaling pathway display
crosstalk. Specifically, hypoxia upregulates the Notch signaling
pathway in human OS cells, contributing to OS cell proliferation
and GO0/G1-S-G2/M phase transition and consequently
promoting multidrug resistance. Western blot analysis showed
hypoxia elevated secretion of HIF-1o. and Notchl, resulting in
the upregulation of MRPI (which encodes a homolog of the
multidrug resistance protein).

Another mechanism of hypoxic TME function was reported
by Zhao et al. (27). Hypoxia visibly impaired the sensitivity of
U2-0S cells to doxorubicin by upregulating the AMPK signaling
pathway. This impaired sensitivity was independent of HIF-1o
but was promoted by hypoxia in U2-OS cells. Further research
(27) has confirmed that the primary mechanism is associated
with a distinct upregulation of phosphorylated AMPK and
phosphorylated acetyl-CoA carboxylase (ACC). Both were
modulated by the AMPK activator AICAR and
the AMPK inhibitor Compound C. AICAR and Compound C
decreased or increased the sensitivity of U2-OS cells to
doxorubicin by promoting or downregulating AMPK activity,
respectively. Therefore, the prevalent application of HIF
inhibitors in clinical settings remains controversial, despite
progress made in the research of many types of tumors (41).

2.1.2 Hypoxic TME induces chemoresistance by
regulating autophagy

Autophagy, also known as type II programmed cell death, is a
self-digestion process by which cells form double-membraned
autophagic vesicles that sequester damaged, denatured, or
senescent organelles, and target them for degradation in
lysosomes (42). The complicated relationship between
autophagy and carcinoma indicates that it plays a dual role in
tumorigenesis and tumor development (43). In the early stages of
tumorigenesis, the inhibition of autophagy promotes cell
proliferation, indicating that this process plays an inhibiting
role in the earliest stages of tumor development. Later in tumor
development, autophagy inhibits tumor cell apoptosis and
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promotes metastasis, allowing tumor cells to continue
proliferating. Increasing evidence supports that autophagy can
cope with intracellular and environmental stresses, such as
hypoxia or nutrient shortage, thereby favoring tumor
progression (42, 44). For instance, the ATG4B chemical
inhibitor (a cysteine proteinase that activates LC3 which is
crucial for OS development) may result in autophagy deficiency
and a decreased proliferation in vitro and tumor growth in vivo
(45). This indicates that autophagy is capable in promoting
proliferation and resistance to anti-cancer therapy in OS tumor
cells (46, 47). As a result, tumor cells can survive under conditions
of hypoxia or nutrient deficiency via autophagy in advanced
stages of tumor development. A recent study by Moscowitz et al.
(48) suggests that hypoxia could promote resistance to irradiation
by activating autophagy to accelerate the clearing of reactive
oxygen species (ROS) in MG-63 human OS cells. These
hypoxia-exposed OS cells displayed compartmental recruitment
of GFP-tagged LC3 and restored the radiation sensitivity on
autophagy inhibition, showing the possible causative link
between hypoxia and autophagy. The regulating function does
not just apply to radiotherapy-resistance. Zhang et al. (49) showed
that CD271+ OS cells showed a higher autophagy activity than
CD271- OS cells under hypoxia while autophagy deficiency in the
CD271+ cells restored chemotherapeutic sensitivity and restricted
the advantage of CD271+ OS cells in terms of tumorigenesis in
vivo. Additionally, autophagy can promote tumor cell growth by
inducing angiogenesis (50).

In contrast, autophagy can protect tumor cells from the
damage of chemotherapy and/or radiotherapy; however, it can
induce programmed apoptosis of tumor cells in response to
antineoplastic drugs. Therefore, the complicated role of
autophagy in tumor treatment is bidirectional and has been
examined by a growing number of scholars. The results of a
recent study (33) suggested that paxilitaxel and a HIF-1a
inhibitor can be used to effectively improve OS chemotherapy
in the future. This study illustrates that PTX induces
autophagy through the HIF-1o. pathway. Moreover, in rescue
studies, co-treatment with the HIF-lo inhibitor YC-1
and autophagy inhibitor 3-methyladenine markedly
blocked autophagy and blunted PTX resistance (33).
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2.1.3 Hypoxic TME induces chemoresistance by
modulating microRNAs

There is evidence that microRNA (miRNA) dysregulation is
predictive of tumor progression and prognosis and contributes
to tumorigenic processes (Table 2). HIF-1o has been identified
as a direct target of miRNAs in multiple tumor types. For
instance, the overexpression of miR-199a re-sensitizes
cisplatin-resistant cells by inhibiting the HIF-1lo. pathway in
vitro and in vivo (23). Furthermore, exogenous overexpression of
miR-488 induced proliferation and suppressed sensitivity to
doxorubicin in OS cells by targeting the tumor suppressor
BIM (BH3-only protein, a mediator of apoptosis). Hypoxia
can induce expression of miR-488, which is present in high
concentrations in primary OS tissues and OS-derived cells, by
binding to the hypoxia response element (HRE) in its
promoter (28).

2.2 Immune cells within the TME
modulate chemoresistance in OS

At the onset of carcinogenesis, immune cells infiltrate the
TME. Intriguingly, the dynamic tumor immune landscape has a
profound impact on tumor development and dissemination, and
the activation state of immune cells within the TME can fluctuate.

2.2.1 Tumor-associated macrophages
modulate chemoresistance in OS

Tumor-associated macrophages (TAMs) are key
components of the TME and in most cases display tumor-
suppressive properties and therapeutic response regulations. In
solid tumors, TAMs are rooted in circulating monocytes rather
than in proliferating resident macrophages within tumors.
Monocytes in the bone marrow can enter neoplasms via the
bloodstream and subsequently differentiate into macrophages.
Based on their polarization condition, macrophages are
classified as type M1 or M2. M1 macrophages differentiate in
response to the Thl cytokine interferon-gamma (IFNY), whereas
M2 macrophages are activated by Th2 cytokines, such as
interleukin (IL)-4, IL-10, and IL-13 (51, 52). Similarly, M1
macrophages are generally considered to be cancer-fighting,
while M2 macrophages promote carcinogenesis (53, 54). In
fact, the TME plays a major regulatory role in the functional
polarization of TAMs (54).

Chemotherapeutic agents may induce misdirected repair
responses orchestrated by TAMs, contributing to limiting
tumoricidal efficacy in drug applications (55). Compelling
evidence has revealed that TAMs can mediate resistance to
certain chemotherapeutics (5-fluorouracil, doxorubicin,
paclitaxel, and platinum salts) and anti-VEGF (vascular
endothelial growth factor) treatment in vitro and in vivo (56—
59). Multiple mechanisms underlie the contribution of TAMs to
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chemoresistance: (i) several chemokines secreted by tumor cells
increase the recruitment of immunosuppressive TAMs and
suppress CD8" T cell responses during chemotherapy (60); (ii)
TAMs develop the capacity to create a number of inhibitory
cytokines, such as IL-1f, IL-6, IL-10, and TGF-f3, consequently
blocking the activation of an effective adaptive response and
leading to T cell suppression in the TME (51, 61); (iii) TAM-
derived cathepsins may mediate the activation of the nuclear
factor-kappa B (NF-kB) signaling pathway and the signal
transducer and activator of transcription 3 (STAT3) to
facilitate therapeutic resistance (62-64); (iv) TAMs increase
the tumor initiating potency of cancer stem cells (CSCs) and
preserve CSCs from chemotherapy damages, thereby blunting
chemotherapeutic responses (64); (v) by upregulating the
enzyme cytidine deaminase that metabolizes the drug
following its transport into cancer cells, TAMs can produce
acquired resistance to chemotherapy (65).

Specifically, TAMs can activate STAT3, promote epithelial-
mesenchymal transition (EMT), and upregulate matrix
metallopeptidase 9 (MMP-9) in OS cells to facilitate
chemoresistance. Evidence verified in animal models and OS
patients demonstrated that TAMs possess the ability to induce
OS cell migration and invasion by upregulating cyclooxygenase-
2 (COX-2) and MMP9, phosphorylating STAT3, and promoting
EMT (66). Shao et al. discovered that M2 TAMs enhanced the
tumor initiation and stem-like capacity of CSCs by upregulating
the number of CD117(+)Stro-1(+) cells accompanied by an
increase in CSC markers (CD133, CXCR4, and Oct4) (67).
This indicates that M2 TAMs induce OS cells to acquire stem
cell characteristics and subsequently enhance the drug resistance
of OS. Furthermore, evidence from this study suggest that the
ratio of M1 to M2 macrophages could transform the OS
chemoresistance by regulating the TME. Taken together, there
is a growing interest in TAM-centered treatment regimens,
which involve converting TAM-polarization from an M2 to
M1 phenotype in the TME, transporting anticancer drugs into
the TME via TAMs, suppressing the recruitment of monocytes
and TAMs, and neutralizing the original tumor products of
TAMs (68).

Based on the crucial role that TAMs play in OS growth and
metastasis, many clinical trials were moved forward (Table 3).
For instance, the use of mifamurtide (the liposome-encapsulated
muramyl and macrophage-activating agent) as an effective
immunomodulatory can greatly improve the event-free
survival rate, suppress tumor proliferation, and induce cell
differentiation by switching TAM-polarization from an M2
phenotype to M1 in patients with OS (69-72). Induced by
IFN-y, mifamurtide can activate macrophages to exert
antitumor activities (73). In a phase II clinical trial,
mifamurtide combined with chemotherapeutics (cisplatin,
doxorubicin, methotrexate, and ifosfamide) promoted the
elevation of the overall survival rate and progression-free
survival (PFS) rate through the infiltration of activated
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TABLE 3 Schematic diagram of progressive clinical trials on OS TAM-centered treatments.

Clinical Phase Combined Interventions Therapeutic
trial drug target
NCT02441309 I Ifosfamide +  Group 1: mifamurtide alone; Group 2: ifosfamide alone for 6 weeks then ifosfamide + Mifamurtide for 6 Macrophage
Mifamurtide weeks, then mifamurtide alone for 30 weeks; Group 3: ifosfamide + mifamurtide for 12 weeks then
mifamurtide alone for 24 weeks. All participants will receive 36 weeks or more of mifamurtide.
NCT00631631 — — Mifamurtide (L-MTP-PE), intravenous, at a dose of 2 mg/mA2 twice weekly (at least 3 days apart) for 12 Macrophage
weeks, and then weekly for an additional 24 weeks, for a total of 48 doses in 36 weeks.
NCT03811886 I Natalizumab ~ Traditional 3 + 3 escalation of natalizumab at a weight-based dosing 2 mg/kg not exceeding 300 mg. If no TAMs
subjects experience a dose limiting toxicity (DLT), 3 more subjects are enrolled at the next dose of 3 mg/kg,
not to exceed 300 mg. If no subjects experience a DLT, 3 more subjects will be enrolled at the next and
final dose of 4 mg/kg, not exceeding 300mg.
NCT01459484 I Methotrexate, ~Groupl: Chemotherapy for patients who over express ABCB1/P-glycoprotein:PRE-SUGERY TAMs
Cisplatinum, =~ TREATMENT: methotrexate:12 g/m2 (3cycles) + cisplatinum:120 mg/m2 (3 cycles), doxorubicin + ADM
Doxorubicine, 75 mg/m2 (3 cycles); POST-SURGERY TREATMENT for good responder patients with positive
Ifosfamide + ~ PGLYCOPROTEIN:methotrexate 12 g/m2 (10 Cycles) cisplatinum 120 mg/m2; Doxorubicin 90 mg/m2
Mifamurtide =~ MEPACT 2 mg/m2 twice a week for the first 3 months the weekly for the next 6 months (total length of
treatment: 44 weeks); POST-SURGERY TREATMENT for poor responder patients with positive P-
GLYCOPROTEIN: methotrexate 12 g/m2; cisplatinum 120 mg/m2; doxorubicin 90 mg/m2, ifosfamide 15
g/m2 MEPACT 2 mg/m2 twice a week for the first 3 months the weekly for the next 6 months (total
length of treatment 44 weeks);Group 2: high-grade osteosarcoma treatment for patients who do not over
express ABCB1/P-glycoprotein: high-grade osteosarcoma that does not over express ABCB1/P-glycoprotein
will be treated with a standard 3-drug regimen
PRE-SUGERY TREATMENT: methotrexate: 12 g/m2 (3 cycles), cisplatinum: 120 mg/m2 (3 cycles)
doxorubicin: ADM 75 mg/m2 (3 cycles)
POST-SURGERY TREATMENT: methotrexate 12 g/m2 (10 cycles), cisplatinum 120 mg/m2; doxorubicin
90 mg/m2 (total length 34 weeks)
NCT02584647 I Sirolimus + Subjects with unresectable or metastatic sarcoma will take orally PLX3397 (600 - 1000mg) in combination TAMs
PLX3397 with Sirolimus (2-6 mg) daily
NCT02502786 I GM-CSF + One cycle consists of treatment with hu3F8 at a dose of 2.4 mg/kg/dose for 3 days (day 1, 3, and 5) in the GM-CSF
humanized presence of subcutaneous (sc) GM-CSF (day 4 through 5). These 3 doses of hu3F8 and 10 days of GM-CSF
anti-GD2 constitute a treatment cycle. Cycles are repeated at ~2—-4-week intervals between first days of hu3F8,
antibody: through 5 cycles.
hu3F8

macrophages in the adolescent OS group (71). To remodel the
immune response, mifamurtide has been ratified by the
European Medical Agency for the adjuvant chemotherapy of
nonmetastatic OS (74). Additionally, the specific blocking of
receptor-ligand binding between macrophages and OS cells may
improve phagocytosis and antitumor effects of macrophages,
and appears to be a promising strategy for cancer therapy.
Colony-stimulating factor 1 receptor (CSFIR), which is
capable of controlling the differentiation and survival of
macrophages and is related to the prognosis of OS, can be
selectively suppressed by pexidartinib (a novel small molecule
tyrosine kinase inhibitor) (75, 76). Pexidartinib depletes TAMs
and boost antitumor immune responses by blocking CSF1R and
has been identified to be safe and well-tolerated in anti-cancer
therapy (77, 78). It is currently being recruited for unresectable
OS patients who are treated with pexidartinib combined with
sirolimus (NCT02584647). In addition, the 04-integrin located
on the surface of TAMs is able to bind to vascular cell adhesion
molecule 1 (VCAM-1) that is expressed in the OS
cytomembrane, resulting in the significant protection of OS
cells from pro-apoptotic cytokines (79). Therefore, it would be
effective to prevent tumor proliferation and metastasis in OS by
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using antibodies that are directed against ai4-integrin, such as
natalizumab (NCT03811886) (80).

Owing to the antitumor effects of macrophages in
tumorigenesis, the application of immunomodulatory therapy
is gaining increased attention. A variety of macrophage-related
immune checkpoint inhibitors (ICIs) have been found to inhibit
the proliferation and metastasis of OS through TAMs (Table 3).
For instance, the transmembrane protein CD47, which is
overexpressed in human OS samples, is an innate immune
checkpoint and binds to the inhibitory receptor signal
regulatory protein o (SIRPo) on the surface of TAMs, playing
roles in the evasion of phagocytosis and cell mortality (81-84).
Preclinical studies have indicated that CD47 may be a potential
therapeutic target in OS treatment. The anti-CD47 monoclonal
antibody may enhance the phagocytic effects of macrophages by
restraining the interaction between CD47 and SIRPa in OS
mouse models (84, 85). The efficacy of CD47 mAb +
doxorubicin therapy demonstrates visibly increased TAM
levels and their further phagocytic capabilities in mouse
models of OS, resulting in an additive therapeutic effect (86).
It was also confirmed that SIRPo: knockout macrophages boost
phagocytosis in an OS-bearing mice model (87). Although
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clinical trials are performed with CD47/SIRPa. blocking on
multiple malignancies, such as B-cell lymphomas
(NCT02953509), acute myeloid leukemia (NCT05266274),
non-small cell lung cancer (NCT04881045), there are currently
no ongoing registered clinical trials in OS using this concept.
However, even without CD47 targeting drugs in OS therapy,
these suggested strategies targeting CD47/SIRPo. may still be an
efficient treatment strategy in patients with OS (88).

2.2.2 Myeloid-derived suppressor cells
modulate chemoresistance in OS

Myeloid-derived suppressor cells (MDSCs) are consisting of
myeloid progenitor cells, immature macrophages, immature
granulocytes, and immature dendritic cells. These cells expand
during carcinogenesis and significantly suppress T cell responses
(89). The regulatory mechanisms of MDSCs are related to
multiple immunosuppressive factors in suppressing T cell-
mediated antitumor immunity, including the production of
ROS, inducible nitric oxide synthase (iNOS), COX-2, TGE-B,
and arginase (90-92). In return, tumor cells secrete COX-2 and
prostaglandin E2 (PGE2) to provoke MDSCs expressing
arginase and iNOS (93). Due to the novel focus of MDSCs as
the target in OS immunotherapy, several studies have been
highlighted (Table 4).

For instance, Uehara et al. (98) found that metformin (Met)
reduced the number of MDSCs in tumors, particularly
polymorphonuclear MDSCs (PMN-MDSCs), which is
independent of T cells. The molecular mechanism underlying
this phenomenon involves decreased oxidative phosphorylation

10.3389/fimmu.2022.871076

(OXPHOS) and increased glycolysis in the metabolism of
MDSCs regulated by Met, suggesting that we should regard
the regulation of metabolism of MDSCs as a potential
therapeutic strategy. Additionally, the reduced reactive oxygen
species (ROS) concentration and proton leakage in MDSCs and
TAMs could be confirmed in the OS tumor model (98).
Furthermore, to suppress T cell function, MDSCs not only
remove the key nutrients for T cell proliferation and
metabolism by freeing ROS, but also inhibiting the trafficking
of CTLs into the tumor (101). A recent study (96) showed that
OS tissues were infiltrated by MDSCs with the ability to inhibit
CTL expansion. Moreover, MDSCs were CXCR4+, and migrated
toward the stromal cell-derived factor-1 (SDF-1) gradient in the
OS TME. The axis of CXCR4/SDF-1 may mediate reduced
apoptosis of MDSCs by activating the downstream AKT
pathway. The authors also note that the anti-PD-1 anti-body
immunotherapy effect was strengthened by targeting CXCR4 in
an OS murine model. Moreover, IL-18 induced MDSCs to
infiltrate into the tumor parenchyma in an OS model,
suggesting an IL-18 inhibitor as a potential strategy in MDSC-
targeted immunotherapy in patients with OS (99). MDSCs play a
crucial role in refractoriness to several chemotherapeutic agents,
such as doxorubicin, cisplatin, and ifosfamide, which are
standard treatments for OS (95, 102, 103).

A localized disease approach cure rate of nearly 70% is
achieved, while a metastatic disease approach cure rate of less
than 25% can be achieved. Hence, therapies that prevent OS
metastasis are crucial to patients with OS. Using MDSC-targeted
therapy for blocking OS metastasis may also be a possible

TABLE 4 A schematic diagram of promising therapeutic roles of MDSCs in OS.

Study. Source Mechanism Promising
(year). therapeutic
Ref target
Ligon tissue from OS Targeting MDSCs suppressing T-cell infiltration into the PM of OS to block OS metastasis Gene regulation
et al.(2021) patients

(94)

Deng 80 OS patients from  Neoadjuvant chemotherapy reduce the MDSCs number and convert OS into an immune “hot” tumor. MDSCs

et al.(2020) database and 27 OS reduction

(95) patients

Jiang K7M2 mouse OS OS-infiltrating MDSCs were CXCR4 positive and would migrate toward an SDF-1 gradient. The axis of CXCR4/ MDSCs’

et al.(2019) model SDF-1 could reduce the apoptosis of MDSCs. apoptosis

(96) induction

Shi K7M2 mouse OS Combining SNA with anti-PD1 regulated innate immune cells, slowed OS tumor growth and prolonged survival ~ Supplement

et al.(2019) model time of tumor-bearing mice via inhibiting the function of MDSCs with a selective PI3K&/y inhibitor to enhance  classical

(97) responses to immune checkpoint blockade. immunotherapy
Uehara K7M2neo OS model ~ Met regulated the metabolism of MDSCs to decrease OXPHOS and enhance glycolysis to inhibit OS growth. MDSCs

et al.(2019) metabolism
(98)

Guan Mouse tumor model  IL-18 inducing MDSC to infiltrate into the OS parenchyma MDSCs’

et al.(2017) migration

(99)

Long NSG mice ATRA treatment enhances efficacy of GD2-CAR T cells against OS by eradicating monocytic MDSCs and MDSCs

et al.(2016) diminishing the suppressive capacity of granulocytic MDSCs. reduction

(100)
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treatment as MDSCs inhibit the infiltration of T-cells into the
PMN, especially pulmonary metastasis.

Overall, both hypoxia and immune cells within the TME serve
as basic modulators of OS chemoresistance. However, there is
more involving the correlation between hypoxia and the immune
landscape. Many scholars would like to further explore the impact
and interplay of hypoxia and immunity within the TME.

2.3 Angiogenesis-mediated drug
resistance in OS

The process of angiogenesis is complex, highly adaptive, and
a hallmark of cancer, which is crucial for tumor growth,
metastasis, and drug resistance. A variety of processes
accompany angiogenesis, including endothelial cell
proliferation, differentiation, migration, recruitment of smooth
muscle cells, and maturation of blood vessels (104). An
imbalance between pro- and anti-angiogenic signals in tumors
can form an abnormal vascular network that typically displays
dilated, convoluted, and hyperpermeable vessels, resulting in
spatiotemporal heterogeneity in either tumor blood flow and
oxygenation or increased tumor interstitial fluid pressure (105).
Moreover, dysregulation of angiogenic and angiocrine activities
can trigger altered bone homeostasis (106). The physiological
consequences of these vascular abnormalities and the resultant
microenvironment fuel tumor progression are conspicuous in
the impaired efficacy of chemotherapy, radiotherapy, and
immunotherapy (105). Apart from the influence of
angiogenesis in hypoxia, acidity, and increased interstitial fluid
pressure toward drug resistance, the abnormal vascular structure
of OS also limits delivery of anticancer drugs (107). As
chemotherapeutics must cross blood vessel walls and penetrate
tumor tissues to kill cancer cells, anticancer drug distribution is
asymmetrical. Therefore, a proportion of target tumor cells
located proximal to tumor blood vessels receive a potentially
lethal concentration of the cytotoxic agent (108). Consequently,
the killing effect of the drug is limited.

Preclinical studies (109-112) of OS have shown that anti-
angiogenic inhibitors transform the abnormal tumor vasculature
into normal vasculature, characterized by attenuation of
hyperpermeability, a normal basement membrane, increased
vascular pericyte coverage, and a resultant decline in tumor
hypoxia and interstitial fluid pressure. In return, the ameliorative
vascular phenotype could favor the metabolic profile of the
TME, delivery of chemotherapy agents, efficacy of
radiotherapy and immunotherapy, and a diminution in
metastatic cells shed by tumors into circulation in mice.
Clinical trials (113-116) of targeted anti-angiogenic drugs have
demonstrated that OS patients with a low OS vascularization
phenotype have higher overall and relapse-free survival rates.
Furthermore, patients with a low OS vascularization phenotype

Frontiers in Immunology

09

10.3389/fimmu.2022.871076

showed a better response to neoadjuvant chemotherapy than
that of other patient groups.

Although combinatorial regimens of anti-angiogenic drugs
and chemotherapeutic agents have been widely accepted, several
clinical studies (117, 118) found that these combinations yielded
unsatisfactory results. For instance, the observed histological
response and event-free survival rate in a phase II trial did not
support further evaluation of the combination of chemotherapy
and bevacizumab in OS (119). This may be due to the anti-
angiogenic therapy itself. Although the abnormal structure and
function of cancerous vasculature leads to an anoxic
microenvironment and increases the difficulty of drug delivery,
it is one of the main routes for immune cells as well
as chemotherapy agents to travel through the blood vessels.
Hence, the inhibition of vascular production affects the delivery
and final efficacy of anticancer drugs.

Notably, cells and structures integrated within the TME
strongly shape the functions of one another, modulating
antitumor therapy. For instance, pre-existing blood vessels fail
to perfuse the tumor sufficiently during tumor growth; thus, a
microenvironment deficient in oxygen and nutrients is formed
where metabolites and immunosuppressive modulators
accumulate (120). The resultant anoxic microenvironment
stabilizes HIF-1a. or HIF-20, subsequently activating PDK1
and LDH-A, promoting an acidic extracellular environment
(121, 122). Furthermore, HIF-regulated vascular endothelial
growth factors can induce angiogenesis (121). In addition,
hypoxia alters cellular metabolism and regulates expression of
several immunomodulatory molecules, thereby influencing the
infiltration and phenotype of immune cells (122-124).
Other hypoxia-driven signals affect immune cells as well, such
as acidic environments, cytokines, and nutrient fluctuations.
Thus, it seems that there is a complex and powerful
relationship among anoxic and acidic environments, the
tumor vascular system, and immune cells, orchestrating
cellular progression and metastasis, ultimately leading to drug
resistance (125).

All TME components mentioned above play important roles
in drug resistance in OS therapy. Given the barriers involved in
chemoresistance, novel therapeutic approaches to treat OS is
urgently needed. In the present review, we summarize the effects
and mechanisms of the TME in terms of chemoresistance in OS.
Moreover, we pay considerable attention to immune cells, a key
component of the TME, as a valid strategy to address drug
resistance due to the clinical success of emerging ICIs in
immunotherapy. A detailed analysis of other popular
treatment regimens is beyond the scope of this manuscript.
Thus, suggest that those interested in reading other
comprehensive reviews to find them elsewhere (126, 127). The
current review highlights the therapeutic potential of
immunotherapy in the management of OS. Herein, we review
recent advances in promising new immune checkpoint targets
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for their use in the improvement of chemoresistance and
treatment effects in OS therapy.

3 Immunotherapy: A promising
therapeutic option for OS

Efficacious cancer treatment remains challenging due to
chemoresistance and toxicity. Therefore, limited success can be
achieved with traditional chemotherapy. Tumor cells induce TME
to suppress antitumor immunity, and immunosuppressive cells
and cytokines constitute the extrinsic factors of tumor drug
resistance. Today, immunotherapy is regarded as a promising
and revolutionary therapeutic option for multiple cancers and has
received considerable attention. The discovery of cancer therapy
through inhibition of negative immune regulation was recognized
with the 2018 Nobel Prize. Detailed classification of the main
tumor-infiltrating immune cell lineages is shown in Figure 1.

Human antibodies targeting immune checkpoint proteins
are used to break immune tolerance and activate T cell
responses. These antibodies are called ICIs and include
cytotoxic T lymphocyte associated protein 4 (CTLA4),
programmed death-1 (PD-1), and programmed death-ligand 1
(PD-L1) (128-130). A variety of methods such as adoptive T cell
transfer (ACT), STING agonists, and cancer vaccines leverage
the immune system to assis in recognizing and rejecting tumors.
However, recent studies have highlighted that the TME can
inhibit the functions of immune cells to favor immunological
resistance and suppress antitumor effector functions, indicating
the interwoven relationship between the TME and
immunotherapy (131-133).

In addition, diverse strategies have been proposed to either
enhance the function of antitumor effector cells or to dampen
the protumor activities of immunosuppressive cells (134). In the
following section, we will present a general review of current
state-of-the-art immunotherapies as well as the obstacles that
must be addressed to increase their efficacy.

3.1 Application of IClIs

To reactivate the immunological response of T cells and restore
immune activity in the TME, a single or combined dose of ICIs
inhibits the transmission of immunosuppressive signals, eventually
contributing to the antitumor effect. Two types of ICIs have been
approved by the FDA thus far: CTLA4 (ipilimumab) as well as PD-
1 (nivolumab and pembrolizumab) or PD-L1 (atezolizumab) (135).
Owing to the high response rates of prolonged duration among
certain subsets of melanoma, non-small-cell lung cancer, and renal-
cell carcinoma, the desire to establish new clinical trials for OS has
increased (136-139). Of note, this enthusiasm should be moderated
because of the hysteretic anti-OS drug testing meditated by IClIs.
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The insensitive effect for OS treatment has been revealed according
to the preclinical studies showed in anti-PD-1 monotherapy (140).
It is of great value to evaluate the role of chemoresistance to
therapeutic ICIs in OS and to enhance the sensitivity of OS tissue
to anti-PD-1 monoclonal antibodies. Therefore, more research is
required to design successful endogenous antitumor activity and a
prospective application to improve tumor immunogenicity.
Significantly, the factors determining the remarkable efficacy of
ICIs may include but are not limited to T cell intratumoral
distribution, expression of PD-1/PD-L1, tumor antigenicity, and
fitness of tumor-infiltrating T cells (127).

3.1.1 PD-1/PD-L1 in OS

PD-1 (CD279) is expressed on the surface of activated CD8+
T cells, B cells, and NK cells (141). The ligands of PD-1 are PD-
L1 (CD274 or B7-H1) and PD-L2 (CD273 or B7-DC), which are
typically expressed on the surface of APCs, tumor cells, and
tumor-infiltrating lymphocytes (TILs) within the TME (141).
The engagement of PD-1 and PD-L1/PD-L2 results in a
negative signal for the inhibition of cytokine secretion and
lymphocyte proliferation, interferes with the formation of
immunological synapses, and inhibits T cell receptors (TCRs)
(142, 143), resulting in an attenuated antitumor immune
response (Figure 2).

Studies involving PD-1, PD-L1, and TIL expression in OS
cell lines and tumor tissues are listed in Table 5 (139, 144-151).
According to a series of studies, in 15 patients with OS, biopsy
samples demonstrated PD-1 and PD-L1 expression (47 and 53%,
respectively) and metastases samples showed 40 and 47%,
respectively, whereas resection samples showed no expression
at all, indicating that biopsy or metastatic samples
are most useful in determining whether PD-1 and PD-LI are
active (152). Using flow cytometry, PD-1 expression was
measured in 56 OS patients and 42 healthy donors, revealing
that PD-1 expression was significantly upregulated in both
peripheral CD4+ and CD8+ T cells in OS patients
(150). Furthermore, cases with metastasis had a higher
proportion of PD-1 expression in CD4+ T cells (150),
particularly within the lung (153). Moreover, researchers have
suggested that in the stage III cases, the expression quantity of
PD-1 on CD4+ T cells was significantly increased. PD-
1 expression on CD8+ T cells varied with tumor stage, as it
began to increase from stage I onward. These results (150)
showing dysregulated PD-1 expression in patients with OS
suggests its critical role in the development of this disease.
Additionally, although PD-L1 expression in OS cell lines varies
widely from low to high, doxorubicin-resistant OS cells seem to
express higher PD-1 than that of non-resistant wild-type
cells (154).

There have been promising results in preclinical OS mouse
models where the PD-1 and PD-L1 pathways have been blocked.
In a mouse model of metastatic OS, the function of T cells can be
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Immune cells in the tumor microenvironment: roles in tumor killing and immune suppression. Immune cells may evolve into antitumor or pro-
tumor phenotypes in response to their microenvironment. Here, we review the category of the major innate immune cell lineages (in rows)
based on their roles in tumor killing and immune suppression (light blue, left; pale red, right, respectively). Main transcription factors occupy the
center of each cell; blue arrows indicate cytokines upstream of each phenotype, whereas yellow arrows indicate downstream cytokines. cDC1,
conventional dendritic cells 1; pDC, plasmacytoid dendritic cells; NK, natural killer cells; ILC 2, innate lymphoid cell type 2; TH1/2, CD4" T helper
cell types 1 or 2; CD8+ T: CD8+ T cells; Tregs: CD4+ regulatory T cells.

significantly activated by interactions with the PD-1/PD-L1
antibody in vitro and in vivo, consequently resulting in an
increased survival rate (155). In a humanized mouse model,
Zheng et al. (156) confirmed that nivolumab restrained OS
metastasis by boosting CD4+ and CD8+ lymphocytes as well
as the cytolytic activity of CD8+ T cells in the lung. This
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indicates that the PD-1 blockade effectively controlled
OS pulmonary metastasis but did not affect primary lesions
in vivo. When given sequentially and continuously, anti-PD-L1
combinatorial treatment (atezolizumab) with GD2- or HER2
—BsAb enhanced T cell function in vivo and improved tumor
control and survival time in the OS mouse model (157).
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Schematic of antitumor immune cycle. The immune cycle starts from the production of neoantigens in dying or dead OS cells, endocytosed by
APCs for presentation or cross-presentation on MHC. Then, the antigen-loading APCs migrate to the draining lymph nodes to activate antigen-
specific T cells. Activated T cells then infiltrate the tumor cells to drive adaptive immune response and to restrain tumor growth. These
antitumor immune responses are modified by immune checkpoint mechanisms. The interaction of PD-1 and PD-L1 inhibits intracellular
signaling pathways on T cell activation, whereas CTLA-4 prompts inhibitory effects by competitively depriving CD28 ligand and mechanistically
binding B7 molecules. Antibodies that affect ICls may sustainably stimulate the antitumor immune response in patients with OS. OS,
osteosarcoma; APCs, antigen-presenting cells; MHC, major histocompatibility complex; PD-1, programmed cell death receptor-1; CTLA-4,
cytotoxic T lymphocyte-associated protein 4; B7-H3, B7 homolog 3; PD-L1/PD-L2, programmed cell death receptor-1/2 ligand; ICls, immune

checkpoint inhibitors.

Furthermore, Liu et al. (158) revealed that atezolizumab
suppressed tumor proliferation and induced immune-
independent apoptosis of OS by impairing intracellular
mitochondria, resulting in increased ROS and cytochrome-c
leakage, subsequently activating the Jun N-terminal kinase
(JNK) pathway to give rise to apoptosis.

As for clinical trials, compared to the objective response rate
(ORR) (18%) of the advanced soft tissue cohort, the ORR in the
bone sarcoma cohort was 5% with 1PR/22 in OS within the
open-label multicenter phase II trial of pembrolizumab
(SARCO028) (159). This study showed that the activity of the
anti-PD-1 immunotherapy in bone sarcomas was limited
because of the ineffective ORR. In another phase II trial in
advanced OS (Norway/Rizzoli collaboration trial,
NCT03013127), pembrolizumab was well-tolerated but only
demonstrated minor clinically significant antitumor activity
(160). We summarized the clinical trials using ICIs for
patients with OS in Table 6.

3.1.2 CTLA-4 in OS

CTLA-4 (CD152) is a transmembrane glycoprotein primarily
expressed by T cells (161). In the immune cycle, T cells can be
activated when antigens are presented to TCRs by MHC-I or
MHC-II, which is amplified by a costimulatory signal in the form
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of the co-activating receptor CD28 binding to CD80 (B7-1) and
CD86 (B7-2) expressed on antigen-presenting cells (APCs) (162).
CTLA-4 can bind to CD80/CD86. Due to the greater affinity of
CTLA4 to B7 proteins than to CD28, CTLA4 delivers inhibitory
signals of T cell proliferation to downregulate immune responses
by preventing the binding of CD28 with CD80/CD86 in the
priming phase (135), as shown in Figure 2. CTLA4-mediated
inhibitory signaling is complex and occurs within the lymph
nodes, whereas it is generally in the peripheral tissue where PD-
1-mediated inhibitory signaling takes place. Although CTLA4 and
PD-1 signals inhibit the activity of AKT signaling pathways, the
targeted signaling molecules are disparate. CTLA4 signaling
dampens T cell activation pathways by interacting with IL-2,
serine/threonine phosphatase PP2A, and SHP2, which directly
dephosphorylates CD3{ (163). In addition, recent studies have
revealed a significant association between CTLA4 genetic
polymorphisms and susceptibility to OS (164, 165).

In another notable study, scientists tested combinatorial anti-
CTLA-4 and anti-PD1/PD-L1 therapy in an animal model of
metastatic OS, showing that this regimen resulted in the complete
control of tumors and immunity to further tumor inoculation
(166), suggesting that such therapy may be more beneficial than
stand-alone monotherapy. In addition, the CTLA-4 antibody,
which combines with dendritic cells, can decrease the level of
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TABLE 5 Studies of PD-1/PD-L1 expression in OS.

Study Samples Detection
techniques
Chen et al. 15 OS patients IHC

(2020) (139)

Torabi et al. Western blot

(2017) (144)

OS samples

qRT-PCR
26 OS samples IHC
Costa Arantes 9 oral OS patients IHC
et al. (2017) of 13
(145)
Sundara et al. 85 samples IHC
(2017) (146)
Koirala et al. Cell lines Western blot

(2016) (147)

qRT-PCR
107 tissue samples IHC, flow
cytometry
Western blot
Lussier et al. 16 patients IHC
(2015) (148)
Chowdhury 15 OS patients of THC
et al. (2015) 115 pediatric
(149) tumors
Zheng et al. 56 OS patients IHC, flow
(2015) (150) cytometry
Shen et al. OS cell lines qRT-PCR,
(2014) (151) IHC,
flow cytometry
38 patients with ~ qRT-PCR,
(6N IHC, flow
cytometry

Positive Expression of PD-1/PD-L1

Biopsy samples (PD-1 47% and PD-L1 53%); none in
resections; metastases samples (PD-1 40% and PD-L1 47%)

Positive PD-L1 expression

More content of PD-1 mRNA
PD-1 detected in all tissue samples

High positive expression of PD-L1

Positive rate of PD-L1 is 27.8%
Positive rate of PD-L1 is 40%

Positive rate of PD-L1 mRNA is 75% within 21 cell lines

Positive rate of PD-L1 mRNA is 67% within tumor
specimens

Positive rate of PD-L1 is 30% within patient samples

Positive rate of PD-L1 is 75% within the metastatic OS

Positive rate of PD-L1 expression is 47% among OS
patients

High expression level of PD-1 is detected in peripheral
CD4+ and CD8+ T cell within OS patients

There is slightly higher PD-L1 expression of drug-resistant
variants OS cell lines in comparison with that in parental
cell lines

High PD-L1 expression level (23.7%)

Intermediate PD-L1 expression level (50%)

Low PD-L1 expression level (10.5%)

Negative PD-L1 expression level

10.3389/fimmu.2022.871076

Clinical guide

Assessment of PD-1/PD-L1 in biopsy or metastatic
specimens have clinical value in predicting
therapeutic response.

No significant correlation of PD-L1 gene expression
with clinicopathologic features.

Higher expression of PD-L1 was detected in
metastatic lesions (48%)

Primary OS tumor expressing PD-L1 were more
likely to contain cells that express PD-1.

Expression level of PD-L1 is connected with the
presence of T cells, DCs and NK cells.

Metastatic tumors can tolerize infiltrating T cells
within TME by PD-L1 interactions

Patients expressing PD-L1 showed distinctly better
survival

PD-1 is involved in tumor progression.

Median survival time is 89 months at low levels of
PD-L1 but is only 28 months at high levels of PD-
LI.

PD-L1 expression is distinctly related to TIL
expression.

Pulmonary metastatic cases showed higher PD-L1
expression than that of the non-pulmonary
metastatic lesions.

*0S, osteosarcoma; PD-1, programmed cell death receptor-1; PD-L1, Programmed cell death receptor-1 ligand-1; IHC, immunohistochemistry; qRT-PCR, quantitative real time
polymerase chain reaction; DCs, dendritic cells; NK cells, natural killer cells; TME, tumor microenvironment; TILs, Tumor-infiltrating lymphocytes.

CD4+ regulatory T cells (Tregs) and increase the concentration of
cytotoxic T cells in metastatic OS mice for tumor suppression
(167, 168). In a phase I trial with ipilimumab, four of 33 patients
with advanced pediatric solid tumors (including eight OS
patients) confirmed stable disease and two patients had
unconfirmed stable disease by standard RECIST criteria,
indicating that there is no objective tumor regression under the
treatment with ipilimumab (169). Recent meta-analysis showed
that CTLA-4 is significantly associated with OS risk and may play
a crucial role in carcinogenesis of OS (164, 170). A full description
of the clinical trials is provided in Table 6.

Frontiers in Immunology

In summary, although the application of PD-1 or PD-L1
antibodies showed promising outcomes in suppressing tumor
growth in an OS mouse model, the effects of ICIs had limited
therapeutic benefit for patients with OS in clinic trials.
Unfortunately, there have been no current breakthroughs in
clinical trials involving new drugs developed for this
dilemma. However, mifamurtide was shown to improve
overall survival in a phase III trial (70). Moreover,
mifamurtide would promote immune cell to infiltrate into
OS metastases, consequently improving the efficacy of anti-
PD-1 antibodies (171).
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TABLE 6 Clinical trials of immune checkpoints inhibitors for patients with osteosarcoma.

Clinical trial Phase Treatment Intervention Immunotherapy
targets
NCT02301039 I Pembrolizumab ~ Pembrolizumab will be administered i.v. at 200 mg every 3 weeks PD-1
(SARC028)
NCT03013127 I Pembrolizumab ~ Pembrolizumab 200 mg i.v. every 3 weeks for up to 35 cycles PD-1
NCT05182164 I Pembrolizumab ~ Pembrolizumab will be administered i.v on day 1 every 3 weeks (200 mg). Cabozantinib PD-1
(PEMBROCABOSARC) + Cabozantinib ~ will be administered per OS once daily (40 mg)
NCT02500797 1I Nivolumab Patients receive nivolumab i.v over 30 minutes once every 2 weeks. Cycles repeat every 42 PD-1
days for up to 108 weeks in the absence of disease progression or unacceptable toxicity.
Patients who progress after 10 weeks on single agent nivolumab may elect to cross over to
Arm II
NCT03628209 I/l Nivolumab + Participants will be treated with nivolumab i.v., 3 mg/kg on days 1 and 15 of each cycle. PD-1
Zacitidine Phase I Dose Escalation - Dose level 1: NA. Dose level 2: 60 mg/mA2. Dose level 3: 75
mg/mA2. Phase II Expansion - Treated at recommended Phase IT dose (RP2D).
NCT04803877 I Regorafenib +  Regorafenib 40 mg + 480 mg i.v. over 30 min every 28 days for patients aged 18 and PD-1
Nivolumab older; regorafenib 20 mg + nivolumab 3 mg/kg (maximum dose 240 mg) will be
administered i.v. over 30 minutes on day 1 and 15 of each 28-day cycle for subjects
younger than 18 years;
NCT02304458 /11 Nivolumab + — PD-1 + CTLA-4
Ipilimumab
NCT05302921 I Nivolumab + Nivolumab and ipilimumab will be given on day 1 of 21-day cycles for cycles 1-4, PD-1 + CTLA-4
Ipilimumab followed by nivolumab alone on days 1 and 15 of 28-day cycles for cycles 5+. Patients will
receive up to 13 cycles of therapy unless unacceptable toxicity or progression of disease.
NCT05019703 (TACOS 1I Atezolizumab +  Patients receive atezolizumab IV over 60 minutes on day 1 and cabozantinib PO QD on PD-L1
study) Cabozantinib days 1-21.
NCT01445379 I Ipilimumab Ipilumumab given on day 1 of a 21-day cycle for 4 cycles, from cycle 5+ CTLA-4

*1V, Intravenous; OS, osteosarcoma.

3.1.3 T cell immunoreceptor with Ig and ITIM
domains in OS

T cell immune checkpoint molecules may be prospective
immunotherapeutic targets for tumor therapy. Currently, anti-T
cell immunoreceptor with Ig and ITIM domains (TIGIT)
therapies are considered curative checkpoint markers because
of their potential to treat hepatocellular carcinoma and breast
cancer by modulating CD8+ T cells, Tregs, and NK cells (172,
173). Wang et al. showed that macrophage M1 types, which are
highly infiltrated in metastatic cases, could predict the overall
survival and disease-free survival of OS, which would be
positively connected to immune checkpoints PD-L1, CTLA4,
and TIGIT (174). Zhou et al. (175) revealed that TIGIT was
widely expressed in CD8+ T, CD4+ T, and NK cells, and that
Tregs showed high immunoinhibitory molecules involving
TIGIT in OS through bioinformatics analysis, indicating that
TIGIT blocking may be a promising avenue for OS treatment. In
addition, peripheral blood CD3+ T cells were isolated from OS
tissues with high and low infiltrated TIGIT+CD3+ T cells
respectively for the detection of cytotoxic activities of the CD3
+ T cells. These results (175) suggest that the TIGIT-blocking
antibody substantially reinforced the cytotoxicity of CD3+ T
cells to promote the death of OS cells, demonstrating the
possibility of TIGIT inhibition for future OS therapies.
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3.1.4 Indoleamine 2,3-dioxygenase in OS

The beginning and rate-limiting stages of the kynurenine
pathway in the metabolism of the essential amino acid
tryptophan are catalyzed by the intracellular enzyme
indoleamine 2,3-dioxygenase (IDO) (176). The biological
function of IDO involves the protection of tumor cells by
inhibiting attacks from T cells (177). High expression of IDO
was observed in multiple tumors, such as pulmonary, colorectal,
and melanoma (178-180), indicating a clinical adverse
prognostic factor (179). Liebau et al. (181) demonstrated for
the first time that IDO was activated by IFN-y in four human OS
cell lines and concluded that IDO was highly expressed in
human OS cells. Urakawa et al. also confirmed these findings
(182). Furthermore, the authors revealed that elevated IDO
expression in OS was associated with metastasis and a poor
clinical outcome in patients by univariate analysis.

However, the multivariate analysis has been particularly
disappointing, showing that there was no discernible link
between IDO expression and metastasis-free survival or overall
survival. Taken together, IDO may be a reliable and promising
prognostic predictor and has the potential to become a novel
molecular target in the therapy for OS. At present, more research
is required to undertake the challenges of improving
immunotherapy efficacy.
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3.2 Adoptive T cell transfer in OS

ACT refers to collecting innate T cells from cancer patients,
expanding or genetically engineered them ex vivo, and
retransferring them back into the patient with the intent to
specifically kill cancer cells. There are currently three major
modalities of ACT: TILs, engineered T cell receptor (TCR) T
cells, and chimeric antigen receptor (CAR) T cells. Among these
three categories, CAR T cell therapy has facilitated
transformational advancements in the management of cancer
treatments. For instance, the impressive results of CAR-T
therapy trials prompted its usage by the FDA in refractory
large B cell lymphoma and acute lymphoblastic leukemia (183,
184). For OS, clinical trials have been performed with several
promising target antigens. For instance, HER2-CAR T
cells proved to be therapeutic for OS through xenograft in
vitro and in vivo models. Phase I/II clinical trials were
conducted by applying CAR-T therapy in patients with
relapsed/refractory HER2-positive sarcoma, with 16 enrolled
OS patients (84%) (185). Out of these 16 patients, none
(100%) had an objective response. Three patients (19%) had
stable disease for 12-15 weeks while 11 patients (69%) had
progressive disease. The value of this study is that it confirms
that dose-limiting toxicity is not observed in HER2-CAR T cell
reception, which prepares for additional studies that
combine ACT with other anticancer treatments to enhance
their expansion and persistence. Presently, breakthrough
successes have been achieved in the clinic for hematological
malignancies and have gained interest in developing ongoing
trials to extend CAR-T therapy application to solid tumors as
well as its usage beyond cancer. Additionally, T lymphocytes
expressing CAR or TCR can recognize a wide range of antigens
and are not restricted to tumor-specific antigens due to retaining
their endogenous TCR expression (127). Therefore,
autoimmune diseases or other immune-mediated hyper-
responses may be triggered in patients undergoing ACT.

3.3 Targeting NK cells in OS

A strategy that incorporates NK cells into OS treatment
represents a promising immunotherapeutic approach to boost
tumoricidal properties. Although activated NK cells can express
PD-1 (186) and CTLA4 (187), more research is required to
determine whether ICIs directly affect NK cells. It has been
reported that anti-PD-1 treatment can re-engage NK cell
antitumor responses in multiple myeloma (188). Furthermore,
blockade of CTLA4 or release of cytokines can overcome the
stagnancy in NK cell antitumor responses (161). Clinical trials
(189) have shown that NK cells may have the potential to attack
and eliminate cancer cells for OS prevention and treatment
response. Compared to normal controls, the quantitative

Frontiers in Immunology

15

10.3389/fimmu.2022.871076

observation of lower-level NK cell defects in peripheral blood
of patients with OS indicated the regulatory role of NK cells in
human autoimmunity and OS tumor development. NK cell
antitumor activity is determined by reactivity and inhibition
of NK cells and their engagement by cognate ligands toward
target tumor cells (190). Metastatic and primary OS cells are
susceptible to activated/expanded NK cell lysis both in vivo and
in vitro, which relies on heterogeneous interactions between the
NK group-2 member D (NKG2D) receptor and NKG2D ligands
(NKG2DL) (191). In other words, NK cells can kill OS cells,
including the tumor-initiating cell (TIC) compartment, in an
NKG2D-NKG2DL dependent manner. In addition, the NK cell-
derived NK-92 cell line has been genetically modified to express
CARs that target both hematological malignancies and solid
tumor antigens in preclinical and clinical trials (192), such as
GD2 on neuroblastomas (193) or HER2 on neoplasms (194).

However, despite these conflicting results, several
hindrances need to be overcome to maximize the curative
effects of NK cell-based immunotherapies. Such obstacles
include patients needing to be injected with a large number of
cells, the lack of cellular memory, poor NK cell infiltration of
solid tumors, limited expansion in vivo, and systemic toxicity of
cytokines such as IL-2 (195, 196). Hence, to optimize NK cell
infiltration and performance in solid tumors, it is imperative that
strategies be developed to address these issues.

4 Discussion

OS is the most common malignant bone tumor. Although
OS is sensitive to some chemotherapeutic drugs, cancer cells
may develop chemoresistance. Although advances in
neoadjuvant chemotherapy and their rapid and wide
applications have a crucial impact on the overall survival rate
of patients with OS, their overall survival rate has not
significantly improved over the last 30 years. Similarly, the
prognosis of patients with metastatic or recurrent OS remains
poor, with an overall five-year survival rate of 20% (197).
Current standard treatment for OS therapy is the delivery of
chemotherapeutic agents such as high-dose methotrexate,
doxorubicin, and platinum salts. However, clinical outcomes
from chemotherapy have been reported to be unsatisfactory
in recent studies. To date, there have been no obvious
breakthroughs in clinical trials of new drugs developed for this
dilemma. Furthermore, many clinical trials have found that the
efficacy of most promising targeted therapies is very poor and far
below expectations (198-202).

The main reasons for the lack of development of OS therapy
include tumor heterogeneity, chemoresistance, and the lack of
discovery of tumor-specific antigens (TSA) in OS. Some studies
have emphasized that the TME is involved in the proliferation
and migration of cancer cells (199, 203). Despite vital
improvements made in preclinical trials, many clinical trials
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targeting the TME to suppress tumor growth or improve drug
resistance have failed to show promising efficacy in multiple
cancers. The only exception is immunotherapy, including the
usage of ICIs (15). In fact, most anticancer therapies act on
immune regulatory factors that comprise part of the TME. The
immune microenvironment should also be regarded as a clinical
treatment option. Furthermore, these cells and molecules that
constitute the OS microenvironment may improve the
chemoresistance and enrich potential therapeutic targets for
OS therapy, such as blood vessels, T cells, and macrophages
(198, 204-206). Given the barriers of OS treatment involved in
chemoresistance, novel therapeutic approaches to treat OS is
urgently needed. The immune system is a significant part of the
OS microenvironment, in which cytokines are closely related to
the development and dynamic balance of bone cells. As a novel
antitumor model, immunotherapy benefits from the immune
system in a subtle way to improve anticancer treatment efficacy.
Finding biomarkers that can be used to predict responses is a
leading difficulty in immunotherapy but would help determine
the best possible treatment options. Multiple tumor immune
phenotypes (PD-1 or PD-L1 expression), somatic genomic
characteristics (mutational burden and microsatellite
instability), the gut microbiome (207), and the HLA class I
genotype (208) have all been proposed as predictors of responses
to checkpoint inhibitors.

4.1 Mechanisms of unsatisfactory effects
of ICls against OS

Though ICIs such as PD-1 or PD-L1 showed promising
results in preclinical research, OS showed minor tumor
regression with the usage of ICIs based on the current clinical
trial results listed in Table 6. The main reason for the
unsatisfactory effects of PD-1 antibodies can be summarized
into four points: 1) insufficient immunogenicity of TSA: the lack
of highly immunogenic TSA resulting in the inability of T cells to
recognize tumor cells. A higher burden of nonsynonymous
mutations with durable clinical benefit displayed in patients
with non-small cell lung cancer treated by anti-PD-1 through
exome sequencing (209). Therefore, we hypothesized that
tumors with high mutational burden have a higher probability
of producing more neoantigens with sufficient immunogenicity
to induce antigen-specific T cell responses; 2) dysfunction of
MHC: variable PD-L1 expression and frequent loss of MHC I
facilitates immune evasion of OS cells. The mutation of beta 2-
microglobulin (B2-GM) led to dysfunctional antigen
presentation of HLA I complexes, which were active in the
MHC I pathway, resulting in the weakening cytotoxicity of T
cells (210); 3) paucity of CD8+ T cells: shortage of CD8+ T cells
upregulated multiple inhibitory receptors, such as CTLA-4, PD-
1, T cell immunoglobulin, mucin domain 3 (TIM-3), T cell
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immunoglobulin, TIGIT, and lymphocyte-activation gene 3
(LAG-3), as well as by producing immunosuppressive
cytokines or other soluble factors (211, 212); 4) inhibition of
the TME: immunosuppressive mechanisms in the TME involve
the suppressive action of Tregs, MDSCs, TAMs, or other
undefined cells, and the specific mechanism of these cells as
mentioned above. Furthermore, cytokines and tumor-derived
chemokines would also meditate drug resistance by recruiting
immunosuppressive cells into the TME (213).

4.2 Future perspectives

Targeting components of the TME, such as immune cells,
immunosuppressive cytokines, and inhibitory receptors of T cells
may be a novel therapeutic approach to improve the dilemma of
drug-resistance and the unconspicuous OS tumor recession.
Although the significant breakthroughs toward improving
outcomes of TME target therapies have been made in vitro and
in vivo, promising efficacy in human OS patients remains to be
seen. In multiple malignancy, immunotherapy is the jewel in the
crown because of its the unique exception of feeble TME targeting
therapy (15). Therefore, immunotherapy involving ICIs could be
an effective and alternative tact to avoid the hindrance faced in OS
treatments. For the success of OS immunotherapy, it is necessary
to expound the mechanism of immunosurveillance, confirm TSA
for OS, and conduct collaborative multicenter research.

Several biological features of OS imply that modulation of
the immune response regulation may be beneficial. However,
nuances within the specific TME and the complexity of the
immune system make it an extremely challenging work. As seen
with conventional chemotherapy drugs, tumors utilize multiple
pathways to resist immunotherapy, suggesting that
combinatorial approaches targeting multiple pathways will be
explored to achieve robust responses. Chemotherapy,
radiotherapy, tumor-vaccines, and ICIs, or compatibility with
ACT, may yield meaningful clinical benefits. Additionally, in the
OS microenvironment, Tregs, TAMs, and MDSCs could play
crucial roles in immunoreaction with overactivated inhibitory
receptors including PD-1, CTLA-4, and TIGIT. In order to
develop targeted immunotherapies through utilizing those
immunologic markers in intratumoral microenvirenments, we
must better understand and characterize the OS immune system.
Other adults strategies explored, including the combination of
PD-1 agents and IDO since IDO has been shown to inhibit T-
cell proliferation and induce Tregs, among other
immunosuppressive properties. The ubiquitous expression of
IDO in primary OS may make the combinatorial strategy more
attractive for OS treatments.

A more comprehensive understanding of the mechanisms of
resistance is likely to be required for the development of effective
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therapies for patients with OS, identifying predictive biomarkers
to help guide the appropriate usage of these treatments, as well as
developing rational combinatorial treatments to overcome such
resistance. Despite many challenges, there is hope that
immunotherapy will lead to breakthroughs that will
revolutionize OS therapy.

Author contributions

LY, JZ, and YL substantially contributed to the conception,
drafting, editing, and final approval of this manuscript. All
authors contributed to the article and approved the
submitted version.

References

1. Mirabello L, Troisi RJ, Savage SA. International osteosarcoma incidence
patterns in children and adolescents, middle ages and elderly persons. Int ] Cancer
(2009) 125(1):229-34. doi: 10.1002/ijc.24320

2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA: Cancer |
Clin (2021) 71(1):7-33. doi: 10.3322/caac.21654

3. Mirabello L, Troisi R], Savage SA. Osteosarcoma incidence and survival rates
from 1973 to 2004: data from the surveillance, epidemiology, and end results
program. Cancer (2009) 115(7):1531-43. doi: 10.1002/cncr.24121

4. Savage SA, Mirabello L. Using epidemiology and genomics to understand
osteosarcoma etiology. Sarcoma (2011) 2011:548151. doi: 10.1155/2011/548151

5. Rickel K, Fang F, Tao J. Molecular genetics of osteosarcoma. Bone (2017)
102:69-79. doi: 10.1016/j.bone.2016.10.017

6. Savage SA, Mirabello L, Wang Z, Gastier-Foster JM, Gorlick R, Khanna C,
et al. Genome-wide association study identifies two susceptibility loci for
osteosarcoma. Nat Genet (2013) 45(7):799-803. doi: 10.1038/ng.2645

7. Casali PG, Bielack S, Abecassis N, Aro HT, Bauer S, Biagini R, et al. Bone
sarcomas: ESMO-PaedCan-EURACAN clinical practice guidelines for diagnosis,
treatment and follow-up. Ann  Oncol (2018) 29:79-95. doi: 10.1093/annonc/
mdy310

8. Ferrari S, Briccoli A, Mercuri M, Bertoni F, Picci P, Tienghi A, et al.
Postrelapse survival in osteosarcoma of the extremities: Prognostic factors for
long-term survival. J Clin Oncol (2003) 21(4):710-5. doi: 10.1200/JC0O.2003.03.141

9. DeLaney TF, Park L, Goldberg SI, Hug EB, Liebsch NJ, Munzenrider JE, et al.
Radiotherapy for local control of osteosarcoma. Int ] Radiat Oncol Biol Physics
(2005) 61(2):492-8. doi: 10.1016/j.ijrobp.2004.05.051

10. Schwarz R, Bruland O, Cassoni A, Schomberg P, Bielack S eds. The role of
radiotherapy in oseosarcoma. symposium on pediatric and adolescent osteosarcoma.
Houston: Univ Texas, MD Anderson Canc Ctr (2008). p. TX2009.

11. Isakoff MS, Bielack SS, Meltzer P, Gorlick R. Osteosarcoma: Current
treatment and a collaborative pathway to success. J Clin Oncol Off ] Am Soc Clin
Oncol (2015) 33(27):3029-35. doi: 10.1200/JC0.2014.59.4895

12. Wojtkowiak JW, Verduzco D, Schramm K], Gillies R]. Drug resistance and
cellular adaptation to tumor acidic pH microenvironment. Mol Pharmaceut (2011)
8(6):2032-8. doi: 10.1021/mp200292¢

13. Wu T, Dai Y. Tumor microenvironment and therapeutic response. Cancer
Lett (2017) 387:61-8. doi: 10.1016/j.canlet.2016.01.043

14. Murciano-Goroftf YR, Warner AB, Wolchok JD. The future of cancer
immunotherapy: microenvironment-targeting combinations. Cell Res (2020) 30
(6):507-19. doi: 10.1038/s41422-020-0337-2

15. Xiao Y, Yu D. Tumor microenvironment as a therapeutic target in cancer.
Pharmacol Ther (2021) 221:107753. doi: 10.1016/j.pharmthera.2020.107753

Frontiers in Immunology

17

10.3389/fimmu.2022.871076

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

16. Casazza A, Di Conza G, Wenes M, Finisguerra V, Deschoemaeker S,
Mazzone M. Tumor stroma: a complexity dictated by the hypoxic tumor
microenvironment. Oncogene (2014) 33(14):1743-54. doi: 10.1038/0nc.2013.121

17. Multhoff G, Vaupel P. Hypoxia compromises anti-cancer immune
responses. In: Ryu PD, LaManna JC, Harrison DK, Lee SS, editors. Oxygen
transport to tissue xli. advances in experimental medicine and biology (Advances
in experimental medicine and biology) (2020) 12322020:131-43.

18. Giatromanolaki A, Harris AL. Tumour hypoxia, hypoxia signaling pathways
and hypoxia inducible factor expression in human cancer. Anticancer Res (2001) 21
(6B):4317-24.

19. Choudhry H, Harris AL. Advances in hypoxia-inducible factor biology. Cell
Metab (2018) 27(2):281-98. doi: 10.1016/j.cmet.2017.10.005

20. Daniel C, Bell C, Burton C, Harguindey S, Reshkin SJ, Rauch C. The role of
proton dynamics in the development and maintenance of multidrug resistance in
cancer. Biochim Et Biophys Acta-Mol Basis Dis (2013) 1832(5):606-17. doi:
10.1016/j.bbadis.2013.01.020

21. Avnet S, Chano T, Massa A, Bonuccelli G, Lemma S, Falzetti L, et al. Acid
microenvironment promotes cell survival o human bone sarcoma through the
activation of clAP proteins and NE-kappa b pathway. Am J Cancer Res (2019) 9
(6):1127—+.

22. Wang D, Qian G, Wang J, Wang T, Zhang L, Yang P, et al. Visfatin is
involved in the cisplatin resistance of osteosarcoma cells via upregulation of snail
and Zebl. Cancer Biol Ther (2019) 20(7):999-1006. doi: 10.1080/
15384047.2019.1591675

23. Keremu A, Aini A, Maimaitirexiati Y, Liang Z, Aila P, Xierela P, et al.
Overcoming cisplatin resistance in osteosarcoma through the miR-199a-
modulated inhibition of HIF-lc. Biosci Rep (2019) 39(11). doi: 10.1042/
BSR20170080

24. Zheng D, Wu W, Dong N, Jiang X, Xu J, Zhan X, et al. Mxdl mediates
hypoxia-induced cisplatin resistance in osteosarcoma cells by repression of the
PTEN tumor suppressor gene. Mol Carcinog (2017) 56(10):2234-44. doi: 10.1002/
mc.22676

25. Guo X, Yu L, Zhang Z, Dai G, Gao T, Guo W. miR-335 negatively regulates
osteosarcoma stem cell-like properties by targeting POU5F1. Cancer Cell Int (2017)
17:29. doi: 10.1186/s12935-017-0398-6

26. Ma Q, Zhang Y, Liu T, Jiang K, Wen Y, Fan Q, et al. Hypoxia promotes
chemotherapy resistance by down-regulating SKA1 gene expression in human
osteosarcoma. Cancer Biol Ther (2017) 18(3):177-85. doi: 10.1080/
15384047.2017.1294285

27. Zhao CF, Zhang Q, Yu T, Sun SD, Wang W], Liu GY. Hypoxia promotes
drug resistance in osteosarcoma cells via activating AMP-activated protein kinase
(AMPK) signaling. J Bone Oncol (2016) 5(1):22-9. doi: 10.1016/j.jb0.2016.01.002

frontiersin.org


https://doi.org/10.1002/ijc.24320
https://doi.org/10.3322/caac.21654
https://doi.org/10.1002/cncr.24121
https://doi.org/10.1155/2011/548151
https://doi.org/10.1016/j.bone.2016.10.017
https://doi.org/10.1038/ng.2645
https://doi.org/10.1093/annonc/mdy310
https://doi.org/10.1093/annonc/mdy310
https://doi.org/10.1200/JCO.2003.03.141
https://doi.org/10.1016/j.ijrobp.2004.05.051
https://doi.org/10.1200/JCO.2014.59.4895
https://doi.org/10.1021/mp200292c
https://doi.org/10.1016/j.canlet.2016.01.043
https://doi.org/10.1038/s41422-020-0337-2
https://doi.org/10.1016/j.pharmthera.2020.107753
https://doi.org/10.1038/onc.2013.121
https://doi.org/10.1016/j.cmet.2017.10.005
https://doi.org/10.1016/j.bbadis.2013.01.020
https://doi.org/10.1080/15384047.2019.1591675
https://doi.org/10.1080/15384047.2019.1591675
https://doi.org/10.1042/BSR20170080
https://doi.org/10.1042/BSR20170080
https://doi.org/10.1002/mc.22676
https://doi.org/10.1002/mc.22676
https://doi.org/10.1186/s12935-017-0398-6
https://doi.org/10.1080/15384047.2017.1294285
https://doi.org/10.1080/15384047.2017.1294285
https://doi.org/10.1016/j.jbo.2016.01.002
https://doi.org/10.3389/fimmu.2022.871076
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

28. Zhou C, Tan W, Lv H, Gao F, Sun J. Hypoxia-inducible microRNA-488
regulates apoptosis by targeting bim in osteosarcoma. Cell Oncol (Dordrecht)
(2016) 39(5):463-71. doi: 10.1007/s13402-016-0288-2

29. Wang GC, He QY, Tong DK, Wang CF, Liu K, Ding C, et al. MiR-367
negatively regulates apoptosis induced by adriamycin in osteosarcoma cells by
targeting KLF4. ] Bone Oncol (2016) 5(2):51-6. doi: 10.1016/j.jb0.2016.02.002

30. Lin Z, Song D, Wei H, Yang X, Liu T, Yan W, et al. TGF-betal-induced
miR-202 mediates drug resistance by inhibiting apoptosis in human osteosarcoma.
J Cancer Res Clin Oncol (2016) 142(1):239-46. doi: 10.1007/s00432-015-2028-9

31. Xu RD, Liu SZ, Chen HH, Lao LF. MicroRNA-30a downregulation
contributes to chemoresistance of osteosarcoma cells through activating beclin-
1-mediated autophagy. Oncol Rep (2016) 35(3):1757-63. doi: 10.3892/0r.2015.4497

32. LiC, Guo D, Tang B, Zhang Y, Zhang K, Nie L. Notch1 is associated with the
multidrug resistance of hypoxic osteosarcoma by regulating MRP1 gene
expression. Neoplasma (2016) 63(5):734-42. doi: 10.4149/neo_2016_510

33. Guo YQ, Huang CX, Li GW, Chen T, Li JX, Huang ZW. Paxilitaxel induces
apoptosis accompanied by protective autophagy in osteosarcoma cells through
hypoxia-inducible factor-1 alpha pathway. Mol Med Rep (2015) 12(3):3681-7. doi:
10.3892/mmr.2015.3860

34. Zhang Y, Duan G, Feng S. MicroRNA-30la modulates doxorubicin
resistance in osteosarcoma cells by targeting AMP-activated protein kinase alpha
1. Biochem Biophys Res Commun (2015) 459(3):367-73. doi: 10.1016/
j.bbrc.2015.02.101

35. Roncuzzi L, Pancotti F, Baldini N. Involvement of HIF-1ct activation in the
doxorubicin resistance of human osteosarcoma cells. Oncol Rep (2014) 32(1):389—
94. doi: 10.3892/0r.2014.3181

36. Scholten DJ2nd, Timmer CM, Peacock JD, Pelle DW, Williams BO,
Steensma MR. Down regulation of wnt signaling mitigates hypoxia-induced
chemoresistance in human osteosarcoma cells. PloS One (2014) 9(10):e111431.
doi: 10.1371/journal.pone.0111431

37. Dong ], Qin Z, Zhang WD, Cheng G, Yehuda AG, Ashby CRJr,, et al.
Medicinal chemistry strategies to discover p-glycoprotein inhibitors: An update.
Drug Resist Updat (2020) 49:100681. doi: 10.1016/j.drup.2020.100681

38. Liu X. ABC Family transporters. Adv Exp Med Biol (2019) 1141:13-100. doi:
10.1007/978-981-13-7647-4_2

39. Leandro K, Bicker J, Alves G, Falcao A, Fortuna A. ABC Transporters in
drug-resistant epilepsy: mechanisms of upregulation and therapeutic approaches.
Pharmacol Res (2019) 144:357-76. doi: 10.1016/j.phrs.2019.04.031

40. Ma Q, Zhang YL, Liu T, Jiang K, Wen YH, Fan QY, et al. Hypoxia promotes
chemotherapy resistance by down-regulating SKA1 gene expression in human
osteosarcoma. Cancer Biol Ther (2017) 18(3):177-85. doi: 10.1080/
15384047.2017.1294285

41. Fallah J, Rini BIL. HIF inhibitors: Status of current clinical development. Curr
Oncol Rep (2019) 21(1). doi: 10.1007/s11912-019-0752-z

42. Amaravadi RK, Kimmelman AC, Debnath J. Targeting autophagy in cancer:
Recent advances and future directions. Cancer Discovery (2019) 9(9):1167-81. doi:
10.1158/2159-8290.CD-19-0292

43. Yun CW, Jeon ], Go G, Lee JH, Lee SH. The dual role of autophagy in cancer
development and a therapeutic strategy for cancer by targeting autophagy. Int J
Mol Sci (2021) 22(1). doi: 10.3390/ijms22010179

44. White E, Mehnert JM, Chan CS. Autophagy, metabolism, and cancer. Clin
Cancer Res (2015) 21(22):5037-46. doi: 10.1158/1078-0432.CCR-15-0490

45. Akin D, Wang SK, Habibzadegah-Tari P, Law B, Ostrov D, Li M, et al. A
novel ATG4B antagonist inhibits autophagy and has a negative impact on
osteosarcoma tumors. Autophagy (2014) 10(11):2021-35. doi: 10.4161/auto.32229

46. Camuzard O, Santucci-Darmanin S, Carle GF, Pierrefite-Carle V. Role of autophagy
in osteosarcoma. J Bone Oncol (2019) 16:100235. doi: 10.1016/1,jb0.2019.100235

47. Nehme G, Gordon N. Autophagy in osteosarcoma. Adv Exp Med Biol (2020)
1258:167-75. doi: 10.1007/978-3-030-43085-6_11

48. Feng H, Wang ], Chen W, Shan B, Guo Y, Xu J, et al. Hypoxia-induced
autophagy as an additional mechanism in human osteosarcoma radioresistance. J
Bone Oncol (2016) 5(2):67-73. doi: 10.1016/j.jb0.2016.03.001

49. Zhang D, Zhao Q, Sun H, Yin L, Wu J, Xu J, et al. Defective autophagy leads
to the suppression of stem-like features of CD271(+) osteosarcoma cells. ] Biomed
Sci (2016) 23(1):82. doi: 10.1186/s12929-016-0297-5

50. Jing X, Yang F, Shao C, Wei K, Xie M, Shen H, et al. Role of hypoxia in
cancer therapy by regulating the tumor microenvironment. Mol Cancer (2019) 18
(1):157. doi: 10.1186/s12943-019-1089-9

51. Qian BZ, Pollard JW. Macrophage diversity enhances tumor progression
and metastasis. Cell (2010) 141(1):39-51. doi: 10.1016/j.cell.2010.03.014

52. Ostuni R, Kratochvill F, Murray PJ, Natoli G. Macrophages and cancer:
from mechanisms to therapeutic implications. Trends Immunol (2015) 36(4):229-
39. doi: 10.1016/j.it.2015.02.004

Frontiers in Immunology

18

10.3389/fimmu.2022.871076

53. Duluc D, Corvaisier M, Blanchard S, Catala L, Descamps P, Gamelin E, et al.
Interferon-gamma reverses the immunosuppressive and protumoral properties
and prevents the generation of human tumor-associated macrophages. Int ] Cancer
(2009) 125(2):367-73. doi: 10.1002/ijc.24401

54. Sica A, Larghi P, Mancino A, Rubino L, Porta C, Totaro MG, et al.
Macrophage polarization in tumour progression. Semin Cancer Biol (2008) 18
(5):349-55. doi: 10.1016/j.semcancer.2008.03.004

55. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage
plasticity and polarization in tissue repair and remodelling. J Pathol (2013) 229
(2):176-85. doi: 10.1002/path.4133

56. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden SF, et al.
Leukocyte complexity predicts breast cancer survival and functionally regulates
response to chemotherapy. Cancer Discovery (2011) 1(1):54-67. doi: 10.1158/2159-
8274.CD-10-0028

57. Dijkgraaf EM, Heusinkveld M, Tummers B, Vogelpoel LT, Goedemans R,
Jha V, et al. Chemotherapy alters monocyte differentiation to favor generation of
cancer-supporting M2 macrophages in the tumor microenvironment. Cancer Res
(2013) 73(8):2480-92. doi: 10.1158/0008-5472.CAN-12-3542

58. Mantovani A, Allavena P. The interaction of anticancer therapies with
tumor-associated macrophages. J Exp Med (2015) 212(4):435-45. doi: 10.1084/
jem.20150295

59. Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, Schanz S, et al. Tumor
refractoriness to anti-VEGF treatment is mediated by CD11b+Grl+ myeloid cells.
Nat Biotechnol (2007) 25(8):911-20. doi: 10.1038/nbt1323

60. Nakasone ES, Askautrud HA, Kees T, Park JH, Plaks V, Ewald A]J, et al.
Imaging tumor-stroma interactions during chemotherapy reveals contributions of
the microenvironment to resistance. Cancer Cell (2012) 21(4):488-503. doi:
10.1016/j.ccr.2012.02.017

61. Ruffell B, Chang-Strachan D, Chan V, Rosenbusch A, Ho CM, Pryer N, et al.
Macrophage IL-10 blocks CD8+ T cell-dependent responses to chemotherapy by
suppressing IL-12 expression in intratumoral dendritic cells. Cancer Cell (2014) 26
(5):623-37. doi: 10.1016/j.ccell.2014.09.006

62. Shree T, Olson OC, Elie BT, Kester JC, Garfall AL, Simpson K, et al.
Macrophages and cathepsin proteases blunt chemotherapeutic response in breast
cancer. Genes Dev (2011) 25(23):2465-79. doi: 10.1101/gad.180331.111

63. Larionova I, Cherdyntseva N, Liu T, Patysheva M, Rakina M, Kzhyshkowska
J. Interaction of tumor-associated macrophages and cancer chemotherapy.
Oncoimmunology (2019) 8(7):1596004. doi: 10.1080/2162402X.2019.1596004

64. Jinushi M, Chiba S, Yoshiyama H, Masutomi K, Kinoshita I, Dosaka-Akita
H, et al. Tumor-associated macrophages regulate tumorigenicity and anticancer
drug responses of cancer stem/initiating cells. Proc Natl Acad Sci U States A (2011)
108(30):12425-30. doi: 10.1073/pnas.1106645108

65. Weizman N, Krelin Y, Shabtay-Orbach A, Amit M, Binenbaum Y, Wong RJ,
et al. Macrophages mediate gemcitabine resistance of pancreatic adenocarcinoma
by upregulating cytidine deaminase. Oncogene (2014) 33(29):3812-9. doi: 10.1038/
onc.2013.357

66. Han Y, Guo W, Ren T, Huang Y, Wang S, Liu K, et al. Tumor-associated
macrophages promote lung metastasis and induce epithelial-mesenchymal
transition in osteosarcoma by activating the COX-2/STAT3 axis. Cancer Lett
(2019) 440-441:116-25. doi: 10.1016/j.canlet.2018.10.011

67. Shao XJ, Xiang SF, Chen YQ, Zhang N, Cao J, Zhu H, et al. Inhibition of M2-
like macrophages by all-trans retinoic acid prevents cancer initiation and stemness
in osteosarcoma cells. Acta Pharmacol Sinica (2019) 40(10):1343-50. doi: 10.1038/
541401-019-0262-4

68. Ngambenjawong C, Gustafson HH, Pun SH. Progress in tumor-associated
macrophage (TAM)-targeted therapeutics. Adv Drug Deliv Rev (2017) 114:206-21.
doi: 10.1016/j.addr.2017.04.010

69. Meyers PA, Schwartz CL, Krailo M, Kleinerman ES, Betcher D, Bernstein
ML, et al. Osteosarcoma: a randomized, prospective trial of the addition of
ifosfamide and/or muramyl tripeptide to cisplatin, doxorubicin, and high-dose
methotrexate. J Clin Oncol Off ] Am Soc Clin Oncol (2005) 23(9):2004-11. doi:
10.1200/JC0O.2005.06.031

70. Chou AJ, Kleinerman ES, Krailo MD, Chen Z, Betcher DL, Healey JH, et al.
Addition of muramyl tripeptide to chemotherapy for patients with newly
diagnosed metastatic osteosarcoma: a report from the children's oncology group.
Cancer (2009) 115(22):5339-48. doi: 10.1002/cncr.24566

71. Meyers PA, Schwartz CL, Krailo MD, Healey JH, Bernstein ML, Betcher D,
et al. Osteosarcoma: the addition of muramyl tripeptide to chemotherapy improves
overall survival-a report from the children's oncology group. J Clin Oncol Off ] Am
Soc Clin Oncol (2008) 26(4):633-8. doi: 10.1200/JC0.2008.14.0095

72. Punzo F, Bellini G, Tortora C, Pinto DD, Argenziano M, Pota E, et al.
Mifamurtide and TAM-like macrophages: effect on proliferation, migration and
differentiation of osteosarcoma cells. Oncotarget (2020) 11(7):687-98. doi:
10.18632/oncotarget.27479

frontiersin.org


https://doi.org/10.1007/s13402-016-0288-2
https://doi.org/10.1016/j.jbo.2016.02.002
https://doi.org/10.1007/s00432-015-2028-9
https://doi.org/10.3892/or.2015.4497
https://doi.org/10.4149/neo_2016_510
https://doi.org/10.3892/mmr.2015.3860
https://doi.org/10.1016/j.bbrc.2015.02.101
https://doi.org/10.1016/j.bbrc.2015.02.101
https://doi.org/10.3892/or.2014.3181
https://doi.org/10.1371/journal.pone.0111431
https://doi.org/10.1016/j.drup.2020.100681
https://doi.org/10.1007/978-981-13-7647-4_2
https://doi.org/10.1016/j.phrs.2019.04.031
https://doi.org/10.1080/15384047.2017.1294285
https://doi.org/10.1080/15384047.2017.1294285
https://doi.org/10.1007/s11912-019-0752-z
https://doi.org/10.1158/2159-8290.CD-19-0292
https://doi.org/10.3390/ijms22010179
https://doi.org/10.1158/1078-0432.CCR-15-0490
https://doi.org/10.4161/auto.32229
https://doi.org/10.1016/j.jbo.2019.100235
https://doi.org/10.1007/978-3-030-43085-6_11
https://doi.org/10.1016/j.jbo.2016.03.001
https://doi.org/10.1186/s12929-016-0297-5
https://doi.org/10.1186/s12943-019-1089-9
https://doi.org/10.1016/j.cell.2010.03.014
https://doi.org/10.1016/j.it.2015.02.004
https://doi.org/10.1002/ijc.24401
https://doi.org/10.1016/j.semcancer.2008.03.004
https://doi.org/10.1002/path.4133
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1158/0008-5472.CAN-12-3542
https://doi.org/10.1084/jem.20150295
https://doi.org/10.1084/jem.20150295
https://doi.org/10.1038/nbt1323
https://doi.org/10.1016/j.ccr.2012.02.017
https://doi.org/10.1016/j.ccell.2014.09.006
https://doi.org/10.1101/gad.180331.111
https://doi.org/10.1080/2162402X.2019.1596004
https://doi.org/10.1073/pnas.1106645108
https://doi.org/10.1038/onc.2013.357
https://doi.org/10.1038/onc.2013.357
https://doi.org/10.1016/j.canlet.2018.10.011
https://doi.org/10.1038/s41401-019-0262-4
https://doi.org/10.1038/s41401-019-0262-4
https://doi.org/10.1016/j.addr.2017.04.010
https://doi.org/10.1200/JCO.2005.06.031
https://doi.org/10.1002/cncr.24566
https://doi.org/10.1200/JCO.2008.14.0095
https://doi.org/10.18632/oncotarget.27479
https://doi.org/10.3389/fimmu.2022.871076
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

73. Pahl JH, Kwappenberg KM, Varypataki EM, Santos SJ, Kuijjer ML,
Mohamed S, et al. Macrophages inhibit human osteosarcoma cell growth after
activation with the bacterial cell wall derivative liposomal muramyl tripeptide in
combination with interferon-y. J Exp Clin Cancer Res (2014) 33(1):27. doi: 10.1186/
1756-9966-33-27

74. Ando K, Mori K, Corradini N, Redini F, Heymann D. Mifamurtide for the
treatment of nonmetastatic osteosarcoma. Expert Opin Pharmacother (2011) 12
(2):285-92. doi: 10.1517/14656566.2011.543129

75. Tap WD, Gelderblom H, Palmerini E, Desai J, Bauer S, Blay JY, et al.
Pexidartinib versus placebo for advanced tenosynovial giant cell tumour
(ENLIVEN): a randomised phase 3 trial. Lancet (2019) 394(10197):478-87. doi:
10.1016/50140-6736(19)30764-0

76. Song Y], Xu Y, Zhu X, Fu J, Deng C, Chen H, et al. Imnmune landscape of
the tumor microenvironment identifies prognostic gene signature CD4/CD68/
CSF1R in osteosarcoma. Front Oncol (2020) 10:1198. doi: 10.3389/
fonc.2020.01198

77. Denny WA, Flanagan JU. Small-molecule CSFIR kinase inhibitors; review
of patents 2015-present. Expert Opin Ther Patents (2021) 31(2):107-17. doi:
10.1080/13543776.2021.1839414

78. Lee JH, Chen TW, Hsu CH, Yen YH, Yang JC, Cheng AL, et al. A phase I
study of pexidartinib, a colony-stimulating factor 1 receptor inhibitor, in Asian
patients with advanced solid tumors. Investigational New Drugs (2020) 38(1):99-
110. doi: 10.1007/s10637-019-00745-z

79. Liu JF, Lee CW, Lin CY, Chao CC, Chang TM, Han CK, et al. CXCL13/
CXCR5 interaction facilitates VCAM-1-Dependent migration in human
osteosarcoma. Int ] Mol Sci (2020) 21(17). doi: 10.3390/ijms21176095

80. Chen Q, Zhang XH, Massagué J. Macrophage binding to receptor VCAM-1
transmits survival signals in breast cancer cells that invade the lungs. Cancer Cell
(2011) 20(4):538-49. doi: 10.1016/j.ccr.2011.08.025

81. Liu X, Kwon H, Li Z, Fu YX. Is CD47 an innate immune checkpoint for
tumor evasion? ] Hematol Oncol (2017) 10(1):12. doi: 10.1186/s13045-016-
0381-z

82. Horrigan SK. Replication study: The CD47-signal regulatory protein alpha
(SIRPa) interaction is a therapeutic target for human solid tumors. eLife (2017) 6.
doi: 10.7554/eLife.18173

83. Mohanty S, Yerneni K, Theruvath JL, Graef CM, Nejadnik H, Lenkov O,
et al. Nanoparticle enhanced MRI can monitor macrophage response to CD47
mAb immunotherapy in osteosarcoma. Cell Death Dis (2019) 10(2):36. doi:
10.1038/541419-018-1285-3

84. Xu JF, Pan XH, Zhang SJ, Zhao C, Qiu BS, Gu HF, et al. CD47 blockade
inhibits tumor progression human osteosarcoma in xenograft models. Oncotarget
(2015) 6(27):23662-70. doi: 10.18632/oncotarget.4282

85. Fang S, Yin H, Song Z, Li R, Xie X, Gu Z. Anti-CD47 antibody eliminates
bone tumors in rats. Saudi J Biol Sci (2019) 26(8):2074-8. doi: 10.1016/
1.5jb5.2019.09.011

86. Mohanty S, Aghighi M, Yerneni K, Theruvath JL, Daldrup-Link HE.
Improving the efficacy of osteosarcoma therapy: combining drugs that turn
cancer cell 'don't eat me' signals off and 'eat me' signals on. Mol Oncol (2019) 13
(10):2049-61. doi: 10.1002/1878-0261.12556

87. Ray M, Lee YW, Hardie J, Mout R, Tonga GY, Farkas ME, et al. CRISPRed
macrophages for cell-based cancer immunotherapy. Bioconjugate Chem (2018) 29
(2):445-50. doi: 10.1021/acs.bioconjchem.7b00768

88. Luo ZW, Liu PP, Wang ZX, Chen CY, Xie H. Macrophages in osteosarcoma
immune microenvironment: Implications for immunotherapy. Front Oncol (2020)
10:586580. doi: 10.3389/fonc.2020.586580

89. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of
myeloid cells by tumours. Nat Rev Immunol (2012) 12(4):253-68. doi: 10.1038/
nri3175

90. Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, Kang L, et al. Altered
recognition of antigen is a mechanism of CD8+ T cell tolerance in cancer. Nat Med
(2007) 13(7):828-35. doi: 10.1038/nm1609

91. Rodriguez PC, Ernstoff MS, Hernandez C, Atkins M, Zabaleta J, Sierra R,
etal. Arginase I-producing myeloid-derived suppressor cells in renal cell carcinoma
are a subpopulation of activated granulocytes. Cancer Res (2009) 69(4):1553-60.
doi: 10.1158/0008-5472.CAN-08-1921

92. Lau EY, Ho NP, Lee TK. Cancer stem cells and their microenvironment:
Biology and therapeutic implications. Stem Cells Int (2017) 2017:3714190. doi:
10.1155/2017/3714190

93. Bertagnolli MM. Chemoprevention of colorectal cancer with
cyclooxygenase-2 inhibitors: two steps forward, one step back. Lancet Oncol
(2007) 8(5):439-43. doi: 10.1016/S1470-2045(07)70139-0

94. Ligon JA, Choi W, Cojocaru G, Fu W, Hsiue EH, Oke TF, et al. Pathways of
immune exclusion in metastatic osteosarcoma are associated with inferior patient
outcomes. J Immunother Cancer (2021) 9(5). doi: 10.1136/jitc-2020-001772

Frontiers in Immunology

19

10.3389/fimmu.2022.871076

95. Deng C, Xu Y, Fu J, Zhu X, Chen H, Xu H, et al. Reprograming the tumor
immunologic microenvironment using neoadjuvant chemotherapy in
osteosarcoma. Cancer Sci (2020) 111(6):1899-909. doi: 10.1111/cas.14398

96. Jiang K, Li J, Zhang J, Wang L, Zhang Q, Ge J, et al. SDF-1/CXCR4 axis
facilitates myeloid-derived suppressor cells accumulation in osteosarcoma
microenvironment and blunts the response to anti-PD-1 therapy. Int
Immunopharmacol (2019) 75:105818. doi: 10.1016/j.intimp.2019.105818

97. Shi X, Li X, Wang H, Yu Z, Zhu Y, Gao Y. Specific inhibition of PI3Kdelta/
gamma enhances the efficacy of anti-PD1 against osteosarcoma cancer. ] Bone
Oncol (2019) 16:100206. doi: 10.1016/.jb0.2018.11.001

98. Uehara T, Eikawa S, Nishida M, Kunisada Y, Yoshida A, Fujiwara T, et al.
Metformin induces CD11b+-cell-mediated growth inhibition of an osteosarcoma:
implications for metabolic reprogramming of myeloid cells and anti-tumor effects.
Int Immunol (2019) 31(4):187-98. doi: 10.1093/intimm/dxy079

99. Guan Y, Zhang R, Peng Z, Dong D, Wei G, Wang Y. Inhibition of IL-18-
mediated myeloid derived suppressor cell accumulation enhances anti-PD1 efficacy
against osteosarcoma cancer. ] Bone Oncol (2017) 9:59-64. doi: 10.1016/
1.jb0.2017.10.002

100. Long AH, Highfill SL, Cui Y, Smith JP, Walker AJ, Ramakrishna S, et al.
Reduction of MDSCs with all-trans retinoic acid improves CAR therapy efficacy for
sarcomas. Cancer Immunol Res (2016) 4(10):869-80. doi: 10.1158/2326-6066.CIR-
15-0230

101. Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The nature of myeloid-
derived suppressor cells in the tumor microenvironment. Trends Immunol (2016)
37(3):208-20. doi: 10.1016/}.it.2016.01.004

102. Acharyya S, Oskarsson T, Vanharanta S, Malladi S, Kim J, Morris PG, et al.
A CXCL1 paracrine network links cancer chemoresistance and metastasis. Cell
(2012) 150(1):165-78. doi: 10.1016/j.cell.2012.04.042

103. Finke J, Ko J, Rini B, Rayman P, Ireland J, Cohen P. MDSC as a mechanism
of tumor escape from sunitinib mediated anti-angiogenic therapy. Int
Immunopharmacol (2011) 11(7):856-61. doi: 10.1016/j.intimp.2011.01.030

104. Liu Y, Huang N, Liao S, Rothzerg E, Yao F, Li Y, et al. Current research
progress in targeted anti-angiogenesis therapy for osteosarcoma. Cell Prolif (2021)
54(9):€13102. doi: 10.1111/cpr.13102

105. Goel S, Duda DG, Xu L, Munn LL, Boucher Y, Fukumura D, et al.
Normalization of the vasculature for treatment of cancer and other diseases.
Physiol Rev (2011) 91(3):1071-121. doi: 10.1152/physrev.00038.2010

106. Chim SM, Tickner J, Chow ST, Kuek V, Guo BS, Zhang G, et al.
Angiogenic factors in bone local environment. Cytokine Growth Factor Rev
(2013) 24(3):297-310. doi: 10.1016/j.cytogfr.2013.03.008

107. Alfranca A, Martinez-Cruzado L, Tornin J, Abarrategi A, Amaral T, de
Alava E, et al. Bone microenvironment signals in osteosarcoma development. Cell
Mol Life Sci (2015) 72(16):3097-113. doi: 10.1007/s00018-015-1918-y

108. Tan Q, Saggar JK, Yu M, Wang M, Tannock IF. Mechanisms of drug
resistance related to the microenvironment of solid tumors and possible strategies
to inhibit them. Cancer J (2015) 21(4):254-62. doi: 10.1097/
PP0O.0000000000000131

109. Zhao ZX, Li X, Liu WD, Liu XZ, Wu SJ, Hu XH. Inhibition of growth and
metastasis of tumor in nude mice after intraperitoneal injection of bevacizumab.
Orthopaedic Surg (2016) 8(2):234-40. doi: 10.1111/0s.12236

110. Quan GM, Choong PF. Anti-angiogenic therapy for osteosarcoma. Cancer
Metastasis Rev (2006) 25(4):707-13.

111. Scharf VF, Farese JP, Coomer AR, Milner R], Taylor DP, Salute ME, et al.
Effect of bevacizumab on angiogenesis and growth of canine osteosarcoma cells
xenografted in athymic mice. Am ] Veterinary Res (2013) 74(5):771-8. doi:
10.2460/ajvr.74.5.771

112. Pignochino Y, Grignani G, Cavalloni G, Motta M, Tapparo M, Bruno S,
et al. Sorafenib blocks tumour growth, angiogenesis and metastatic potential in
preclinical models of osteosarcoma through a mechanism potentially involving the
inhibition of ERK1/2, MCL-1 and ezrin pathways. Mol Cancer (2009) 8:118. doi:
10.1186/1476-4598-8-118

113. Kunz P, Fellenberg ], Moskovszky L, Sapi Z, Krenacs T, Machado I, et al.
Improved survival in osteosarcoma patients with atypical low vascularization. Ann
Surg Oncol (2015) 22(2):489-96. doi: 10.1245/s10434-014-4001-2

114. Navid F, Santana VM, Neel M, McCarville MB, Shulkin BL, Wu J, et al. A
phase II trial evaluating the feasibility of adding bevacizumab to standard
osteosarcoma therapy. Int J Cancer (2017) 141(7):1469-77. doi: 10.1002/ijc.30841

115. Grignani G, Palmerini E, Dileo P, Asaftei SD, D'Ambrosio L, Pignochino Y,
et al. A phase II trial of sorafenib in relapsed and unresectable high-grade
osteosarcoma after failure of standard multimodal therapy: an Italian sarcoma
group study. Ann Oncol Off ] Eur Soc Med Oncol (2012) 23(2):508-16. doi: 10.1093/
annonc/mdr151

116. Xu H, Huang Z, Li Y, Zhang Q, Hao L, Niu X. Perioperative rh-endostatin
with chemotherapy improves the survival of conventional osteosarcoma patients: a

frontiersin.org


https://doi.org/10.1186/1756-9966-33-27
https://doi.org/10.1186/1756-9966-33-27
https://doi.org/10.1517/14656566.2011.543129
https://doi.org/10.1016/S0140-6736(19)30764-0
https://doi.org/10.3389/fonc.2020.01198
https://doi.org/10.3389/fonc.2020.01198
https://doi.org/10.1080/13543776.2021.1839414
https://doi.org/10.1007/s10637-019-00745-z
https://doi.org/10.3390/ijms21176095
https://doi.org/10.1016/j.ccr.2011.08.025
https://doi.org/10.1186/s13045-016-0381-z
https://doi.org/10.1186/s13045-016-0381-z
https://doi.org/10.7554/eLife.18173
https://doi.org/10.1038/s41419-018-1285-3
https://doi.org/10.18632/oncotarget.4282
https://doi.org/10.1016/j.sjbs.2019.09.011
https://doi.org/10.1016/j.sjbs.2019.09.011
https://doi.org/10.1002/1878-0261.12556
https://doi.org/10.1021/acs.bioconjchem.7b00768
https://doi.org/10.3389/fonc.2020.586580
https://doi.org/10.1038/nri3175
https://doi.org/10.1038/nri3175
https://doi.org/10.1038/nm1609
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.1155/2017/3714190
https://doi.org/10.1016/S1470-2045(07)70139-0
https://doi.org/10.1136/jitc-2020-001772
https://doi.org/10.1111/cas.14398
https://doi.org/10.1016/j.intimp.2019.105818
https://doi.org/10.1016/j.jbo.2018.11.001
https://doi.org/10.1093/intimm/dxy079
https://doi.org/10.1016/j.jbo.2017.10.002
https://doi.org/10.1016/j.jbo.2017.10.002
https://doi.org/10.1158/2326-6066.CIR-15-0230
https://doi.org/10.1158/2326-6066.CIR-15-0230
https://doi.org/10.1016/j.it.2016.01.004
https://doi.org/10.1016/j.cell.2012.04.042
https://doi.org/10.1016/j.intimp.2011.01.030
https://doi.org/10.1111/cpr.13102
https://doi.org/10.1152/physrev.00038.2010
https://doi.org/10.1016/j.cytogfr.2013.03.008
https://doi.org/10.1007/s00018-015-1918-y
https://doi.org/10.1097/PPO.0000000000000131
https://doi.org/10.1097/PPO.0000000000000131
https://doi.org/10.1111/os.12236
https://doi.org/10.2460/ajvr.74.5.771
https://doi.org/10.1186/1476-4598-8-118
https://doi.org/10.1245/s10434-014-4001-2
https://doi.org/10.1002/ijc.30841
https://doi.org/10.1093/annonc/mdr151
https://doi.org/10.1093/annonc/mdr151
https://doi.org/10.3389/fimmu.2022.871076
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

prospective non-randomized controlled study. Cancer Biol Med (2019) 16(1):166—
72.

117. Ebb D, Meyers P, Grier H, Bernstein M, Gorlick R, Lipshultz SE, et al.
Phase II trial of trastuzumab in combination with cytotoxic chemotherapy for
treatment of metastatic osteosarcoma with human epidermal growth factor
receptor 2 overexpression: A report from the children's oncology group. J Clin
Oncol (2012) 30(20):2545-51. doi: 10.1200/JCO.2011.37.4546

118. Schuetze SM, Zhao LL, Chugh R, Thomas DG, Lucas DR, Metko G, et al.
Results of a phase II study of sirolimus and cyclophosphamide in patients with
advanced sarcoma. Eur J Cancer (2012) 48(9):1347-53. doi: 10.1016/
j.j¢a.2012.03.022

119. Navid F, Santana VM, Neel M, McCarville MB, Shulkin BL, Wu JR, et al. A
phase II trial evaluating the feasibility of adding bevacizumab to standard
osteosarcoma therapy. Int J Cancer (2017) 141(7):1469-77. doi: 10.1002/ijc.30841

120. Casazza A, Laoui D, Wenes M, Rizzolio S, Bassani N, Mambretti M, et al.
Impeding macrophage entry into hypoxic tumor areas by Sema3A/Nrp1 signaling
blockade inhibits angiogenesis and restores antitumor immunity. Cancer Cell
(2013) 24(6):695-709. doi: 10.1016/j.ccr.2013.11.007

121. Justus CR, Sanderlin EJ, Yang LV. Molecular connections between cancer
cell metabolism and the tumor microenvironment. Int J] Mol Sci (2015) 16
(5):11055-86. doi: 10.3390/ijms160511055

122. de Palma M, Biziato D, Petrova TV. Microenvironmental regulation of
tumour angiogenesis. Nat Rev Cancer (2017) 17(8):457-74. doi: 10.1038/
nrc.2017.51

123. Palazon A, Goldrath AW, Nizet V, Johnson RS. HIF transcription factors,
inflammation, and immunity. Immunity (2014) 41(4):518-28. doi: 10.1016/
j.immuni.2014.09.008

124. Eelen G, Treps L, Li X, Carmeliet P. Basic and therapeutic aspects of
angiogenesis updated. Circ Res (2020) 127(2):310-29. doi: 10.1161/
CIRCRESAHA.120.316851

125. Lane AN, Higashi RM, Fan TW. Metabolic reprogramming in tumors:
Contributions of the tumor microenvironment. Genes Dis (2020) 7(2):185-98. doi:
10.1016/j.gendis.2019.10.007

126. Buechler MB, Turley SJ. A short field guide to fibroblast function in
immunity. Semin Immunol (2018) 35(C):48-58. doi: 10.1016/j.smim.2017.11.001

127. Riera-Domingo C, Audige A, Granja S, Cheng WC, Ho PC, Baltazar F,
et al. Immunity, hypoxia, and metabolism-the menage a trois of cancer:
Implications for immunotherapy. Physiol Rev (2020) 100(1):1-102. doi: 10.1152/
physrev.00018.2019

128. Taneja SS. Re: Safety and activity of anti-PD-L1 antibody in patients with
advanced cancer editorial comment. ] Urol (2012) 188(6):2148-9. doi: 10.1016/
jjuro.2012.08.169

129. Grosso JF, Jure-Kunkel MN. CTLA-4 blockade in tumor models: an
overview of preclinical and translational research. Cancer Immun (2013) 13:5.

130. Daskivich TJ, Belldegrun A. Re: Safety, activity, and immune correlates of
anti-PD-1 antibody in cancer. Eur Urol (2015) 67(4):816-7. doi: 10.1016/
j.eururo.2014.12.052

131. Chang CH, Qiu J, O'Sullivan D, Buck MD, Noguchi T, Curtis JD, et al.
Metabolic competition in the tumor microenvironment is a driver of cancer
progression. Cell (2015) 162(6):1229-41. doi: 10.1016/j.cell.2015.08.016

132. Geiger R, Rieckmann JC, Wolf T, Basso C, Feng YH, Fuhrer T, et al. L-
arginine modulates T cell metabolism and enhances survival and anti-tumor
activity. Cell (2016) 167(3):829-+. doi: 10.1016/j.cell.2016.09.031

133. Joyce JA, Fearon DT. T Cell exclusion, immune privilege, and the tumor
microenvironment. Sci (New York NY) (2015) 348(6230):74-80. doi: 10.1126/
science.aaa6204

134. Smyth MJ, Ngiow SF, Ribas A, Teng MW. Combination cancer
immunotherapies tailored to the tumour microenvironment. Nat Rev Clin Oncol
(2016) 13(3):143-58. doi: 10.1038/nrclinonc.2015.209

135. Baumeister SH, Freeman GJ, Dranoff G, Sharpe AH. Coinhibitory
pathways in immunotherapy for cancer. In: Littman DR, Yokoyama WM,
editors. Annual review of immunology (Annual review of immunology) (2016),
vol. 34 . p. 539-73.

136. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey
CL, et al. Overall survival with combined nivolumab and ipilimumab in advanced
melanoma. New Engl ] Med (2017) 377(14):1345-56. doi: 10.1056/
NEJMoal709684

137. Herbst RS, Baas P, Kim DW, Felip E, Perez-Gracia JL, Han JY, et al.
Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): a randomised controlled trial. Lancet
(2016) 387(10027):1540-50. doi: 10.1016/S0140-6736(15)01281-7

138. Motzer RJ, Tannir NM, McDermott DF, Arén Frontera O, Melichar B,
Choueiri TK, et al. Nivolumab plus ipilimumab versus sunitinib in advanced renal-

Frontiers in Immunology

20

10.3389/fimmu.2022.871076

cell carcinoma. New Engl ] Med (2018) 378(14):1277-90. doi: 10.1056/
NEJMoal712126

139. Chen S, Guenther LM, Aronhalt A, Cardillo L, Janeway KA, Church AJ.
PD-1 and PD-L1 expression in osteosarcoma: Which specimen to evaluate? ]
Pediatr Hematol Oncol (2020) 42(8):482-7. doi: 10.1097/MPH.0000000000001685

140. Thanindratarn P, Dean DC, Nelson SD, Hornicek FJ, Duan Z. Advances in
immune checkpoint inhibitors for bone sarcoma therapy. J Bone Oncol (2019)
15:100221. doi: 10.1016/j.jb0.2019.100221

141. Mamalis A, Garcha M, Jagdeo J. Targeting the PD-1 pathway: a promising
future for the treatment of melanoma. Arch Dermatol Res (2014) 306(6):511-9. doi:
10.1007/s00403-014-1457-7

142. Fife BT, Pauken KE, Eagar TN, Obu T, Wu J, Tang QZ, et al. Interactions
between PD-1 and PD-L1 promote tolerance by blocking the TCR-induced stop
signal. Nat Immunol (2009) 10(11):1185-U70. doi: 10.1038/ni.1790

143. Riley JL. PD-1 signaling in primary T cells. Immunol Rev (2009) 229:114-
25. doi: 10.1111/j.1600-065X.2009.00767.x

144. Torabi A, Amaya CN, Wians FH, Bryan BA. PD-1 and PD-L1 expression
in bone and soft tissue sarcomas. Pathology (2017) 49(5):506-13. doi: 10.1016/
j.pathol.2017.05.003

145. Costa Arantes DA, Gongalves AS, Tham BC, Duarte ECB, de Paula EC, de
Paula HM, et al. Evaluation of HLA-G, HLA-e, and PD-L1 proteins in oral
osteosarcomas. Oral Surg Oral Med Oral Pathol Oral Radiol (2017) 123(6):e188-
€96.

146. Sundara YT, Kostine M, Cleven AH, Bovée JV, Schilham MW, Cleton-
Jansen AM. Increased PD-L1 and T-cell infiltration in the presence of HLA class I
expression in metastatic high-grade osteosarcoma: a rationale for T-cell-based
immunotherapy. Cancer Immunol Immunother CII (2017) 66(1):119-28. doi:
10.1007/500262-016-1925-3

147. Koirala P, Roth ME, Gill ], Piperdi S, Chinai JM, Geller DS, et al. Inmune
infiltration and PD-L1 expression in the tumor microenvironment are prognostic
in osteosarcoma. Sci Rep (2016) 6. doi: 10.1038/srep30093

148. Lussier DM, O'Neill L, Nieves LM, McAfee MS, Holechek SA, Collins AW,
et al. Enhanced T-cell immunity to osteosarcoma through antibody blockade of
PD-1/PD-L1 interactions. J Immunother (Hagerstown Md 1997) (2015) 38(3):96—
106. doi: 10.1097/CJ1.0000000000000065

149. Chowdhury F, Dunn S, Mitchell S, Mellows T, Ashton-Key M, Gray JC.
PD-LI and CD8(+)PD1(+) lymphocytes exist as targets in the pediatric tumor
microenvironment for immunomodulatory therapy. Oncoimmunology (2015) 4
(10). doi: 10.1080/2162402X.2015.1029701

150. Zheng WJ, Xiao H, Liu H, Zhou Y. Expression of programmed death 1 is
correlated with progression of osteosarcoma. Apmis (2015) 123(2):102-7. doi:
10.1111/apm.12311

151. Shen JK, Cote GM, Choy E, Yang P, Harmon D, Schwab J, et al.
Programmed cell death ligand 1 expression in osteosarcoma. Cancer Immunol
Res (2014) 2(7):690-8. doi: 10.1158/2326-6066.CIR-13-0224

152. Chen S, Guenther LM, Aronhalt A, Cardillo L, Janeway KA, Church AJ.
PD-1 and PD-L1 expression in osteosarcoma: Which specimen to evaluate? ]
Pediatr Hematol/Oncol (2020) 42(8):482-7. doi: 10.1097/MPH.0000000000001685

153. Dhupkar P, Gordon N, Stewart ], Kleinerman ES. Anti-PD-1 therapy
redirects macrophages from an M2 to an M1 phenotype inducing regression of OS
lung metastases. Cancer Med (2018) 7(6):2654-64. doi: 10.1002/cam4.1518

154. Skertich NJ, Chu F, Tarhoni IA, Szajek S, Borgia JA, Madonna MB.
Expression of programmed death ligand 1 in drug-resistant osteosarcoma: An
exploratory study. Surg Open Sci (2021) 6:10-4. doi: 10.1016/j.s0pen.2021.07.001

155. Shen JK, Cote GM, Choy E, Yang P, Harmon D, Schwab J, et al.
Programmed cell death ligand 1 expression in osteosarcoma. Cancer Immunol
Res (2014) 2(7):690-8. doi: 10.1158/2326-6066.CIR-13-0224

156. Zheng BX, Ren TT, Huang Y, Sun KK, Wang SD, Bao X, et al. PD-1 axis
expression in musculoskeletal tumors and antitumor effect of nivolumab in
osteosarcoma model of humanized mouse. ] Hematol Oncol (2018) 11.

157. Park JA, Cheung NV. GD2 or HER2 targeting T cell engaging bispecific
antibodies to treat osteosarcoma. ] Hematol Oncol (2020) 13(1):172. doi: 10.1186/
513045-020-01012-y

158. Liu Z, Wang H, Hu C, Wu C, Wang J, Hu F, et al. Targeting autophagy
enhances atezolizumab-induced mitochondria-related apoptosis in osteosarcoma.
Cell Death Dis (2021) 12(2):164. doi: 10.1038/s41419-021-03449-6

159. Tawbi HA, Burgess M, Bolejack V, Van Tine BA, Schuetze SM, Hu J, et al.
Pembrolizumab in advanced soft-tissue sarcoma and bone sarcoma (SARC028): a
multicentre, two-cohort, single-arm, open-label, phase 2 trial. Lancet Oncol (2017)
18(11):1493-501. doi: 10.1016/S1470-2045(17)30624-1

160. Boye K, Longhi A, Guren T, Lorenz S, Naess S, Pierini M, et al.
Pembrolizumab in advanced osteosarcoma: results of a single-arm, open-label,
phase 2 trial. Cancer Immunol Immunother CII (2021) 70(9):2617-24. doi: 10.1007/
500262-021-02876-w

frontiersin.org


https://doi.org/10.1200/JCO.2011.37.4546
https://doi.org/10.1016/j.ejca.2012.03.022
https://doi.org/10.1016/j.ejca.2012.03.022
https://doi.org/10.1002/ijc.30841
https://doi.org/10.1016/j.ccr.2013.11.007
https://doi.org/10.3390/ijms160511055
https://doi.org/10.1038/nrc.2017.51
https://doi.org/10.1038/nrc.2017.51
https://doi.org/10.1016/j.immuni.2014.09.008
https://doi.org/10.1016/j.immuni.2014.09.008
https://doi.org/10.1161/CIRCRESAHA.120.316851
https://doi.org/10.1161/CIRCRESAHA.120.316851
https://doi.org/10.1016/j.gendis.2019.10.007
https://doi.org/10.1016/j.smim.2017.11.001
https://doi.org/10.1152/physrev.00018.2019
https://doi.org/10.1152/physrev.00018.2019
https://doi.org/10.1016/j.juro.2012.08.169
https://doi.org/10.1016/j.juro.2012.08.169
https://doi.org/10.1016/j.eururo.2014.12.052
https://doi.org/10.1016/j.eururo.2014.12.052
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cell.2016.09.031
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1038/nrclinonc.2015.209
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1016/S0140-6736(15)01281-7
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1097/MPH.0000000000001685
https://doi.org/10.1016/j.jbo.2019.100221
https://doi.org/10.1007/s00403-014-1457-7
https://doi.org/10.1038/ni.1790
https://doi.org/10.1111/j.1600-065X.2009.00767.x
https://doi.org/10.1016/j.pathol.2017.05.003
https://doi.org/10.1016/j.pathol.2017.05.003
https://doi.org/10.1007/s00262-016-1925-3
https://doi.org/10.1038/srep30093
https://doi.org/10.1097/CJI.0000000000000065
https://doi.org/10.1080/2162402X.2015.1029701
https://doi.org/10.1111/apm.12311
https://doi.org/10.1158/2326-6066.CIR-13-0224
https://doi.org/10.1097/MPH.0000000000001685
https://doi.org/10.1002/cam4.1518
https://doi.org/10.1016/j.sopen.2021.07.001
https://doi.org/10.1158/2326-6066.CIR-13-0224
https://doi.org/10.1186/s13045-020-01012-y
https://doi.org/10.1186/s13045-020-01012-y
https://doi.org/10.1038/s41419-021-03449-6
https://doi.org/10.1016/S1470-2045(17)30624-1
https://doi.org/10.1007/s00262-021-02876-w
https://doi.org/10.1007/s00262-021-02876-w
https://doi.org/10.3389/fimmu.2022.871076
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

161. Egen JG, Kuhns MS, Allison JP. CTLA-4: new insights into its biological
function and use in tumor immunotherapy. Nat Immunol (2002) 3(7):611-8. doi:
10.1038/ni0702-611

162. Buchbinder E, Hodi FS. Cytotoxic T lymphocyte antigen-4 and immune
checkpoint blockade. J Clin Invest (2015) 125(9):3377-83. doi: 10.1172/JCI80012

163. Lee KM, Chuang E, Griffin M, Khattri R, Hong DK, Zhang W, et al.
Molecular basis of T cell inactivation by CTLA-4. Sci (New York NY) (1998) 282
(5397):2263-6. doi: 10.1126/science.282.5397.2263

164. He J, Wang J, Wang D, Dai S, Yv T, Chen P, et al. Association between
CTLA-4 genetic polymorphisms and susceptibility to osteosarcoma in Chinese han
population. Endocrine (2014) 45(2):325-30. doi: 10.1007/s12020-013-0050-8

165. Liu Y, He Z, Feng D, Shi G, Gao R, Wu X, et al. Cytotoxic T-lymphocyte
antigen-4 polymorphisms and susceptibility to osteosarcoma. DNA Cell Biol (2011)
30(12):1051-5. doi: 10.1089/dna.2011.1269

166. Lussier DM, Johnson JL, Hingorani P, Blattman JN. Combination
immunotherapy with alpha-CTLA-4 and alpha-PD-L1 antibody blockade
prevents immune escape and leads to complete control of metastatic
osteosarcoma. | Immunother Cancer (2015) 3. doi: 10.1186/s40425-015-0067-z

167. Nagamori M, Kawaguchi S, Murakami M, Wada T, Nagoya S, Yamashita
T, et al. Intrinsic and extrinsic manipulation of B7/CTLA-4 interaction for
induction of anti-tumor immunity against osteosarcoma cells. Anticancer Res
(2002) 22(6a):3223-7.

168. Kawano M, Itonaga I, Iwasaki T, Tsumura H. Enhancement of antitumor
immunity by combining anti-cytotoxic T lymphocyte antigen-4 antibodies and
cryotreated tumor lysate-pulsed dendritic cells in murine osteosarcoma. Oncol Rep
(2013) 29(3):1001-6. doi: 10.3892/0r.2013.2224

169. Merchant MS, Wright M, Baird K, Wexler LH, Rodriguez-Galindo C,
Bernstein D, et al. Phase I clinical trial of ipilimumab in pediatric patients with
advanced solid tumors. Clin Cancer Res Off ] Am Assoc Cancer Res (2016) 22
(6):1364-70. doi: 10.1158/1078-0432.CCR-15-0491

170. Liu J, Wang J, Jiang W, Tang Y. Effect of cytotoxic T-lymphocyte antigen-
4, TNF-alpha polymorphisms on osteosarcoma: evidences from a meta-analysis.
Chin J Cancer Res Chung-kuo Yen Cheng Yen Chiu. (2013) 25(6):671-8.

171. Kleinerman ES, Jia SF, Griffin ], Seibel NL, Benjamin RS, Jaffe N. Phase II
study of liposomal muramyl tripeptide in osteosarcoma: the cytokine cascade and
monocyte activation following administration. J Clin Oncol Off ] Am Soc Clin Oncol
(1992) 10(8):1310-6. doi: 10.1200/JC0O.1992.10.8.1310

172. Chiu DK, Yuen VW, Cheu JW, Wei LL, Ting V, Fehlings M, et al.
Hepatocellular carcinoma cells up-regulate PVRLI, stabilizing PVR and
inhibiting the cytotoxic T-cell response via TIGIT to mediate tumor resistance
to PD1 inhibitors in mice. Gastroenterology (2020) 159(2):609-23. doi: 10.1053/
j.gastro.2020.03.074

173. Stamm H, Oliveira-Ferrer L, Grossjohann EM, Muschhammer J, Thaden
V, Brauneck F, et al. Targeting the TIGIT-PVR immune checkpoint axis as novel
therapeutic option in breast cancer. Oncoimmunology (2019) 8(12):e1674605. doi:
10.1080/2162402X.2019.1674605

174. Wang Z, Wu H, Chen Y, Chen H, Yuan W, Wang X. The heterogeneity of
infiltrating macrophages in metastatic osteosarcoma and its correlation with
immunotherapy. J Oncol (2021) 2021:4836292. doi: 10.1155/2021/4836292

175. Zhou Y, Yang D, Yang Q, Lv X, Huang W, Zhou Z, et al. Single-cell RNA
landscape of intratumoral heterogeneity and immunosuppressive
microenvironment in advanced osteosarcoma. Nat Commun (2020) 11(1):6322.
doi: 10.1038/s41467-020-20059-6

176. Mellor AL, Munn DH. Tryptophan catabolism and T-cell tolerance:
immunosuppression by starvation? Immunol Today (1999) 20(10):469-73. doi:
10.1016/50167-5699(99)01520-0

177. Uyttenhove C, Pilotte L, Théate I, Stroobant V, Colau D, Parmentier N,
et al. Evidence for a tumoral immune resistance mechanism based on tryptophan
degradation by indoleamine 2,3-dioxygenase. Nat Med (2003) 9(10):1269-74. doi:
10.1038/nm934

178. Karanikas V, Zamanakou M, Kerenidi T, Dahabreh J, Hevas A, Nakou M,
et al. Indoleamine 2,3-dioxygenase (IDO) expression in lung cancer. Cancer Biol
Ther (2007) 6(8):1258-62. doi: 10.4161/cbt.6.8.4446

179. Brandacher G, Perathoner A, Ladurner R, Schneeberger S, Obrist P,
Winkler C, et al. Prognostic value of indoleamine 2,3-dioxygenase expression in
colorectal cancer: effect on tumor-infiltrating T cells. Clin Cancer Res Off ] Am
Assoc Cancer Res (2006) 12(4):1144-51. doi: 10.1158/1078-0432.CCR-05-1966

180. Speeckaert R, Vermaelen K, van Geel N, Autier P, Lambert J, Haspeslagh
M, et al. Indoleamine 2,3-dioxygenase, a new prognostic marker in sentinel lymph
nodes of melanoma patients. Eur ] Cancer (Oxford Engl 1990) (2012) 48(13):2004-
11. doi: 10.1016/j.jca.2011.09.007

181. Liebau C, Baltzer AW, Schmidt S, Roesel C, Karreman C, Prisack JB, et al.
Interleukin-12 and interleukin-18 induce indoleamine 2,3-dioxygenase (IDO)
activity in human osteosarcoma cell lines independently from interferon-gamma.
Anticancer Res (2002) 22(2a):931-6.

Frontiers in Immunology

21

10.3389/fimmu.2022.871076

182. Urakawa H, Nishida Y, Nakashima H, Shimoyama Y, Nakamura S,
Ishiguro N. Prognostic value of indoleamine 2,3-dioxygenase expression in high
grade osteosarcoma. Clin Exp Metastasis (2009) 26(8):1005-12. doi: 10.1007/
510585-009-9290-7

183. Neelapu SS, Locke FL, Bartlett NL, Lekakis L], Miklos DB, Jacobson CA,
et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory Large b-cell
lymphoma. New Engl ] Med (2017) 377(26):2531-44. doi: 10.1056/
NEJMoal707447

184. Prasad V. Tisagenlecleucel - the first approved CAR-t-cell therapy:
implications for payers and policy makers. Nat Rev Clin Oncol (2018) 15(1):11—
+. doi: 10.1038/nrclinonc.2017.156

185. Ahmed N, Brawley VS, Hegde M, Robertson C, Ghazi A, Gerken C, et al.
Human epidermal growth factor receptor 2 (HER2) -specific chimeric antigen
receptor-modified T cells for the immunotherapy of HER2-positive sarcoma. J Clin
Oncol (2015) 33(15):1688—+. doi: 10.1200/JCO.2014.58.0225

186. Norris S, Coleman A, Kuri-Cervantes L, Bower M, Nelson M, Goodier MR.
PD-1 expression on natural killer cells and CD8(+) T cells during chronic HIV-1
infection. Viral Immunol (2012) 25(4):329-32. doi: 10.1089/vim.2011.0096

187. Stojanovic A, Fiegler N, Brunner-Weinzier] M, Cerwenka A. CTLA-4 is
expressed by activated mouse NK cells and inhibits NK cell IFN-gamma
production in response to mature dendritic cells. ] Immunol (2014) 192
(9):4184-91. doi: 10.4049/jimmunol.1302091

188. Benson DMJr., Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell
B, et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple
myeloma effect: a therapeutic target for CT-011, a novel monoclonal anti-PD-1
antibody. Blood (2010) 116(13):2286-94. doi: 10.1182/blood-2010-02-271874

189. Markiewicz K, Zeman K, Kozar A, Golebiowska-Wawrzyniak M, Wozniak
W. Evaluation of selected parameters of cellular immunity in children with
osteosarcoma at diagnosis. Medycyna Wieku Rozwojowego (2012) 16(3):212-21.

190. Kochin V, Nishikawa H. Meddling with meddlers: curbing regulatory T
cells and augmenting antitumor immunity. Nagoya ] Med Sci (2019) 81(1):1-18.

191. Fernandez L, Valentin ], Zalacain M, Leung W, Patino-Garcia A, Perez-
Martinez A. Activated and expanded natural killer cells target osteosarcoma tumor
initiating cells in an NKG2D-NKG2DL dependent manner. Cancer Lett (2015) 368
(1):54-63. doi: 10.1016/j.canlet.2015.07.042

192. Hermanson DL, Kaufman DS. Utilizing chimeric antigen receptors to
direct natural killer cell activity. Front Immunol (2015) 6. doi: 10.3389/
fimmu.2015.00195

193. Esser R, Miiller T, Stefes D, Kloess S, Seidel D, Gillies SD, et al. NK cells
engineered to express a GD2 -specific antigen receptor display built-in ADCC-like
activity against tumour cells of neuroectodermal origin. J Cell Mol Med (2012) 16
(3):569-81. doi: 10.1111/j.1582-4934.2011.01343 x

194. Uherek C, Tonn T, Uherek B, Becker S, Schnierle B, Klingemann HG, et al.
Retargeting of natural killer-cell cytolytic activity to ErbB2-expressing cancer cells
results in efficient and selective tumor cell destruction. Blood (2002) 100(4):1265-
73. doi: 10.1182/blood.V100.4.1265.h81602001265_1265_1273

195. Klingemann H. Challenges of cancer therapy with natural killer cells.
Cytotherapy (2015) 17(3):245-9. doi: 10.1016/j.jcyt.2014.09.007

196. Floros T, Tarhini AA. Anticancer cytokines: Biology and clinical effects of
interferon-alpha 2, interleukin (IL)-2, IL-15, IL-21, and IL-12. Semin Oncol (2015)
42(4):539-48. doi: 10.1053/j.seminoncol.2015.05.015

197. Meyers PA, Healey JH, Chou AJ, Wexler LH, Merola PR, Morris CD, et al.
Addition of pamidronate to chemotherapy for the treatment of osteosarcoma.
Cancer (2011) 117(8):1736-44. doi: 10.1002/cncr.25744

198. DuBois SG, Shusterman S, Ingle AM, Ahern CH, Reid JM, Wu B, et al.
Phase I and pharmacokinetic study of sunitinib in pediatric patients with refractory
solid tumors: A children's oncology group study. Clin Cancer Res (2011) 17
(15):5113-22. doi: 10.1158/1078-0432.CCR-11-0237

199. Keir ST, Morton CL, Wu JR, Kurmasheva RT, Houghton PJ, Smith MA.
Initial testing of the multitargeted kinase inhibitor pazopanib by the pediatric
preclinical testing program. Pediatr Blood Cancer (2012) 59(3):586-8. doi: 10.1002/
pbc.24016

200. Safwat A, Boysen A, Lucke A, Rossen P. Pazopanib in metastatic
osteosarcoma: Significant clinical response in three consecutive patients. Acta
Oncol (2014) 53(10):1451-4. doi: 10.3109/0284186X.2014.948062

201. Navid F, Baker SD, McCarville MB, Stewart CF, Billups CA, Wu JR, et al.
Phase I and clinical pharmacology study of bevacizumab, sorafenib, and low-dose
cyclophosphamide in children and young adults with Refractory/Recurrent solid
tumors. Clin Cancer Res (2013) 19(1):236-46. doi: 10.1158/1078-0432.CCR-12-
1897

202. Grignani G, Palmerini E, Ferraresi V, D'Ambrosio L, Bertulli R, Asaftei SD,
et al. Sorafenib and everolimus for patients with unresectable high-grade
osteosarcoma progressing after standard treatment: a non-randomised phase 2
clinical trial. Lancet Oncol (2015) 16(1):98-107. doi: 10.1016/S1470-2045(14)
71136-2

frontiersin.org


https://doi.org/10.1038/ni0702-611
https://doi.org/10.1172/JCI80012
https://doi.org/10.1126/science.282.5397.2263
https://doi.org/10.1007/s12020-013-0050-8
https://doi.org/10.1089/dna.2011.1269
https://doi.org/10.1186/s40425-015-0067-z
https://doi.org/10.3892/or.2013.2224
https://doi.org/10.1158/1078-0432.CCR-15-0491
https://doi.org/10.1200/JCO.1992.10.8.1310
https://doi.org/10.1053/j.gastro.2020.03.074
https://doi.org/10.1053/j.gastro.2020.03.074
https://doi.org/10.1080/2162402X.2019.1674605
https://doi.org/10.1155/2021/4836292
https://doi.org/10.1038/s41467-020-20059-6
https://doi.org/10.1016/S0167-5699(99)01520-0
https://doi.org/10.1038/nm934
https://doi.org/10.4161/cbt.6.8.4446
https://doi.org/10.1158/1078-0432.CCR-05-1966
https://doi.org/10.1016/j.ejca.2011.09.007
https://doi.org/10.1007/s10585-009-9290-7
https://doi.org/10.1007/s10585-009-9290-7
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1038/nrclinonc.2017.156
https://doi.org/10.1200/JCO.2014.58.0225
https://doi.org/10.1089/vim.2011.0096
https://doi.org/10.4049/jimmunol.1302091
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1016/j.canlet.2015.07.042
https://doi.org/10.3389/fimmu.2015.00195
https://doi.org/10.3389/fimmu.2015.00195
https://doi.org/10.1111/j.1582-4934.2011.01343.x
https://doi.org/10.1182/blood.V100.4.1265.h81602001265_1265_1273
https://doi.org/10.1016/j.jcyt.2014.09.007
https://doi.org/10.1053/j.seminoncol.2015.05.015
https://doi.org/10.1002/cncr.25744
https://doi.org/10.1158/1078-0432.CCR-11-0237
https://doi.org/10.1002/pbc.24016
https://doi.org/10.1002/pbc.24016
https://doi.org/10.3109/0284186X.2014.948062
https://doi.org/10.1158/1078-0432.CCR-12-1897
https://doi.org/10.1158/1078-0432.CCR-12-1897
https://doi.org/10.1016/S1470-2045(14)71136-2
https://doi.org/10.1016/S1470-2045(14)71136-2
https://doi.org/10.3389/fimmu.2022.871076
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

203. Fotia C, Avnet S, Kusuzaki K, Roncuzzi L, Baldini N. Acridine orange is an
effective anti-cancer drug that affects mitochondrial function in osteosarcoma cells. Curr
Pharm Design (2015) 21(28):4088-94. doi: 10.2174/1381612821666150918144953

204. Bond M, Bernstein ML, Pappo A, Schultz KR, Krailo M, Blaney SM, et al. A
phase II study of imatinib mesylate in children with refractory or relapsed solid
tumors: A children's oncology group study. Pediatr Blood Cancer (2008) 50(2):254—
8. doi: 10.1002/pbc.21132

205. AplencR, Blaney SM, Strauss LC, Balis FM, Shusterman S, Ingle AM, et al.
Pediatric phase I trial and pharmacokinetic study of dasatinib: A report from the
children's oncology group phase I consortium. J Clin Oncol (2011) 29(7):839-44.
doi: 10.1200/JC0O.2010.30.7231

206. Maris JM, Courtright J, Houghton PJ, Morton CL, Kolb EA, Lock R, et al.
Initial testing (stage 1) of sunitinib by the pediatric preclinical testing program.
Pediatr Blood Cancer (2008) 51(1):42-8. doi: 10.1002/pbc.21535

207. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC,
Karpinets TV, et al. Gut microbiome modulates response to anti-PD-1
immunotherapy in melanoma patients. Sci (New York NY) (2018) 359(6371):97-
103. doi: 10.1126/science.aan4236

208. Chowell D, Morris LGT, Grigg CM, Weber JK, Samstein RM, Makarov V,
et al. Patient HLA class I genotype influences cancer response to checkpoint

Frontiers in Immunology

22

10.3389/fimmu.2022.871076

blockade immunotherapy. Sci (New York NY) (2018) 359(6375):582-7. doi:
10.1126/science.aa04572

209. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel J],
et al. Mutational landscape determines sensitivity to PD-1 blockade in non-small
cell lung cancer. Sci (New York NY) (2015) 348(6230):124-8. doi: 10.1126/
science.aaal348

210. Sade-Feldman M, Jiao Y], Chen JH, Rooney MS, Barzily-Rokni M, Eliane
JP, et al. Resistance to checkpoint blockade therapy through inactivation of
antigen presentation. Nat Commun (2017) 8(1):1136. doi: 10.1038/5s41467-017-
01062-w

211. Leavy O. Therapeutic antibodies: past, present and future. Nat Rev
Immunol (2010) 10(5):297. doi: 10.1038/nri2763

212. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME,
White DE, et al. Tumor antigen-specific CD8 T cells infiltrating the tumor express
high levels of PD-1 and are functionally impaired. Blood (2009) 114(8):1537-44.
doi: 10.1182/blood-2008-12-195792

213. ShiT,MaY, YuL, Jiang ], Shen S, Hou Y, et al. Cancer immunotherapy: A
focus on the regulation of immune checkpoints. Int J Mol Sci (2018) 19(5). doi:
10.3390/ijms19051389

frontiersin.org


https://doi.org/10.2174/1381612821666150918144953
https://doi.org/10.1002/pbc.21132
https://doi.org/10.1200/JCO.2010.30.7231
https://doi.org/10.1002/pbc.21535
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aao4572
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1038/s41467-017-01062-w
https://doi.org/10.1038/s41467-017-01062-w
https://doi.org/10.1038/nri2763
https://doi.org/10.1182/blood-2008-12-195792
https://doi.org/10.3390/ijms19051389
https://doi.org/10.3389/fimmu.2022.871076
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Effects of microenvironment in osteosarcoma on chemoresistance and the promise of immunotherapy as an osteosarcoma therapeutic modality
	1 Introduction
	2 Mechanisms of TME-mediated chemotherapy resistance in OS
	2.1 Hypoxic TME and chemoresistance in OS
	2.1.1 Hypoxic TME induces chemoresistance by regulating signaling pathways
	2.1.2 Hypoxic TME induces chemoresistance by regulating autophagy
	2.1.3 Hypoxic TME induces chemoresistance by modulating microRNAs

	2.2 Immune cells within the TME modulate chemoresistance in OS
	2.2.1 Tumor-associated macrophages modulate chemoresistance in OS
	2.2.2 Myeloid-derived suppressor cells modulate chemoresistance in OS

	2.3 Angiogenesis-mediated drug resistance in OS

	3 Immunotherapy: A promising therapeutic option for OS
	3.1 Application of ICIs
	3.1.1 PD-1/PD-L1 in OS
	3.1.2 CTLA-4 in OS
	3.1.3 T cell immunoreceptor with Ig and ITIM domains in OS
	3.1.4 Indoleamine 2,3-dioxygenase in OS

	3.2 Adoptive T cell transfer in OS
	3.3 Targeting NK cells in OS

	4 Discussion
	4.1 Mechanisms of unsatisfactory effects of ICIs against OS
	4.2 Future perspectives

	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


