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Purpose: Anlotinib, a tyrosine kinase inhibitor (TKI) has been in clinical application

to inhibit malignant cell growth and lung metastasis in osteosarcoma (OS).

However, a variety of drug resistance phenomena have been observed in the

treatment. We aim to explore the new target to reverse anlotinib resistance in OS.

Materials and Methods: In this study, we established four OS anlotinib-resistant

cell lines, and RNA-sequence was performed to evaluate differentially expressed

genes. We verified the results of RNA-sequence by PCR, western blot and ELISA

assay. We further explored the effects of tocilizumab (anti- IL-6 receptor), either

alone or in combined with anlotinib, on the inhibition of anlotinib-resistant OS

cells malignant viability by CCK8, EDU, colony formation, apoptosis, transwell,

wound healing, Cytoskeletal stain assays, and xenograft nude mouse model. The

expression of IL-6 in 104 osteosarcoma samples was tested by IHC.

Results: We found IL-6 and its downstream pathway STAT3 were activated in

anlotinib-resistant osteosarcoma. Tocilizumab impaired the tumor progression

of anlotinib-resistant OS cells, and combined treatment with anlotinib

augmented these effects by inhibiting STAT3 expressions. IL-6 was highly

expressed in patients with OS and correlated with poor prognosis.

Conclusion: Tocilizumab could reverse anlotinib resistance in OS by IL-6/STAT3

pathway and the combination treatment with anlotinib rationalized further

studies and clinical treatment of OS.

KEYWORDS

tyrosine kinase inhibitor, interleukin-6, anlotinib, drug resistance, osteosarcoma
Abbreviations: OS, osteosarcoma; TKI, tyrosine kinase inhibitor; IL-6, interleukin-6; IL-6R, IL-6 receptor;

PTKs, protein tyrosine kinases; PFS, progression-free survival; IC50, half maximal inhibitory concentrations;

OD, optical density; ELISA, enzyme-linked immunosorbent assay; IHC, Immunohistochemistry; IRS,

immunoreactive score; GSEA, gene set enrichment analysis; EMT, epithelial-mesenchymal transition.
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1 Introduction

Osteosarcoma (OS), the most common and severe primary

malignant bone tumor, which accounts for approximately 20% of all

bone tumors and predominantly arises in the metaphysis of the long

bones of children, adolescents, and young adults (1, 2). Despite

recent improvements in the therapeutic management of OS, the

survival has remained largely unchanged for patients with

metastatic or relapsed OS due to its high propensity for

pulmonary metastasis at early stage (3–5). The current standard

treatment for OS consists of neoadjuvant chemotherapy (pre-

operative), extensive surgical resection, and adjuvant

chemotherapy (post-operative) (4, 6). OS patients with a

surgically respectable tumor may become long-term survivors

under standard treatment, while the metastatic, recurrent, and

unresectable disease is always fatal (7). Multiple agents that have

been testified to be effective in preclinical studies have failed to

prolong survival in patients with advanced OS in the past two

decades (8–10).

Angiogenesis is a common and pivotal carcinogenic

characteristic involved in the progression of OS, especially in

advanced OS (5). Numerous reagents are designed to target

tumour-associated angiogenesis pathways. Small-molecule anti-

angiogenesis tyrosine kinase inhibitors (TKIs) are one of the

targeted drugs that specifically inhibit protein tyrosine kinases

(PTKs) that are crucial for regulating normal cells within

numerous signaling factors and their abnormal activation and

dysregulation can cause alterations in tumorigenesis-related

downstream signaling (11–13). TKIs have shown more promising

prospects compared with other target therapies in OS, with median

progression-free and overall survival improved to 4-5 months and

7-11.3 months, respectively (14–16). Anlotinib is a novel orally

available multi-targeted TKI that blocks VEGF-R2, PDGFR, EMT,

and FGFR and exhibits antitumor activity in several tumors (5, 17).

A previous multicenter clinical trial in advanced bone tumors

evaluated the safety and anticancer effects of anlotinib, with

progression-free survival (PFS) rates of 72.9% and 35.4% at 3 and

6 months respectively, with objective response rates of 7.4% in

patients with OS and 37.5% in patients with Ewing’s sarcoma (18).

Although anlotinib effectively reduces tumour burden and

improves quality of survival and PFS in patients with OS, it is still

unchangeable in improving the overall survival of the patients,

mainly due to the rapid and inevitable progress of acquired drug

resistance (19, 20). For example, in a case of giant delayed

pulmonary metastasis of OS treated with anlotinib, the lung

metastases in the patient were reduced by 82%, achieving a

significant efficacy, but the overall survival of the patient was still

only 6.1 months (21). Further immunohistochemical testing of the

tumor showed a significant reduction in VEGF-R2 expression after

administration of anlotinib, and whole exon sequencing showed

mutational amplification of c-MYC, suggesting a possible

association with resistance to anlotinib.

In this study, we established acquired anlotinib resistance

models in human OS cells and xenograft tumors by exposing

gradient increasing concentration of anlotinib. RNA sequencing

(RNA-seq) revealed that the interleukin 6 (IL-6) as a prototypical
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cytokine and cytokine-cytokine receptor interaction pathways are

crucial in developing anlotinib resistance in OS cells. IL-6 was first

identified in 1973 as a soluble protein produced by T cells that

activates the B cell’s differentiation into antibody-producing cells

and has been found to be associated with chemotherapy resistance

and TKIs resistance in many tumors (22–25). The downstream

pathway of STAT3 activated by IL-6 is also believed to be closely

related to the proliferation, metastasis, and drug resistance of tumor

(10, 26, 27). Here, we explored the effects and mechanisms of

tocilizumab, a clinically used drug targeting the IL-6 receptor (IL-

6R), combined with anlotinib in treating anlotinib-resistant OS in

vitro and in vivo. Repurposing tocilizumab and other IL-6 inhibitors

could be a strategy to treat TKI resistance OS.
2 Materials and methods

2.1 Cell culture and establishing of
anlotinib-resistant cells

The OS cell lines (143B (RRID : CVCL_2270), KHOS (RRID :

CVCL_2546), MG-63 (RRID : CVCL_0426), U2OS (RRID :

CVCL_0042)) were purchased from the American Type Culture

Collection (ATCC). All the cell lines have been authenticated within

the last three years and were mycoplasma-free. 143B cells were

cultured in DMEM (Gibco), KHOS, MG63, U2OS cells were

cultured in RPMI-1640 (Gibco), with 10% fetal bovine serum

(FBS, Wisent) and 1% penicillin/streptomycin (PS, Gibco). All

cells were cultured in the incubator at 37 °C in humidified air

with 5% CO2 and stored in CELLSAVING solution (New Cell &

Molecular Biotech) at −80°C. Anlotinib (S8726) and Tocilizumab

(anti-human IL-6R, A2012) were both purchased from

Selleckchem. All products were stored and used according to

manufacturer’s instructions.

To establish anlotinib-resistant cells, we treated the KHOS,

143B, MG63 and U2OS cells with gradually increasing anlotinib

concentrations from 0.5 to 5 mM over 5 months. The culture

medium was changed and anlotinib was added daily. Once the

cells maintained stable proliferationin the existing anlotinib

concentration, the anlotinib concentration was increased in with

an 0.5 mM increments. Half maximal inhibitory concentrations

(IC50) were tested by CCK8 assay to detect cellular sensitivity to

anlotinib-resistant cells (KHOS-R, 143B-R).
2.2 CCK8 assay

The OS cells and anlotinib-resistant cells were seeded into 96-

well plates at a density of 3× 103 cells/well. The cells were treated

with different anlotinib concentrations and 100ng/ml tocilizumab.

After 24-hour treatment, Cell Counting Kit-8 (CCK8, Dojindo)

were added into culture medium following the manufacturer’s

instructions. The cells were incubated for 1 hour in incubator,

and the optical density (OD) value was measured at 450 nm using a

microplate reader (Bio- Rad). IC50 of OS cells to anlotinib were

calculated using GraphPad Prism 9.0.
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2.3 Colony formation assay

The cells were seeded into six-well plates at a concentration of

800 cells/well, incubated overnight, subsequently treated with 3mM
anlotinib and 100ng/ml tocilizumab. The culture medium was

changed every three days. After one week of treatment, the cells

were fixed with 4% fixative solution (P1110, Solarbio) and stained

with 0.1% crystal violet stain solution (G1063, Solarbio).
2.4 Apoptosis assay

The OS cells were seeded into six-well plates at a concentration

of 5×105 cells/well, incubated overnight, and treated with different

drugs at the mentioned concentrations for 24 h. Then the cells were

stained with the FITC Annexin V Apoptosis Detection Kit I

(556547, BD Biosciences) following the manufacturer ’s

instructions, and examined by flow cytometer (C6 Plus,

BD Biosciences).
2.5 RNA sequencing

RNA was isolated from 4 kinds of OS cells and corresponding

resistant OS cells, RNA sequencing (RNA-Seq) was performed by

Biomarker Technologies Corporation (Beijing, China). The cDNA

library was constructed using the NEBNext Ultra RNA Library Prep

Kit for Illumina (NEB, E7530) and NEBNext Multiplex Oligos for

Illumina (NEB, E7500). Gene expression levels were estimated using

fragments per kilobase of exon per million fragments mapped

(FPKM) values using the Cufflinks software. Differentially

expressed genes (sensitive vs. resistant) were identified as log2 (fold

change) > 2 and adjusted P value <0.05.
2.6 RNA isolation and qRT-PCR assay

Total RNA was isolated using TRIzol reagent (15596018,

Invitrogen) following the manufacturer’s protocol. Complementary

DNA (cDNA) was synthesized using PrimeScript RT Master Mix

(TaKaRa Biotechnology). qRT-PCR was performed to measure the

relative target gene expressions using SYBR Green premix Ex Taq

(TaKaRa, RR420A). Data were normalized to the controls and

measured using the comparative CT method. The sequence

primers were listed in Supplementary Table 1.
2.7 Enzyme-linked immunosorbent assay

The cell culture supernatants of OS cells and anlotinib-resistant

OS cells were collected to be used immediately or stored at -80°C.

ELISA was performed by following the manufacturer’s instructions

us ing enzyme ‐ l inked immunosorbent assay k i t (70-

EK106, Multiscience).
2.8 Protein extraction and western blot

Total protein was extracted from cell lysates using cell lysis

buffer (Cell Signaling Technology). The protein concentration was
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measured using the BCA Protein Assay kit (Solarbio). Then, protein

was loaded into SDS- PAGE gels and transferred onto PVDF

membranes, and blocked with rapid Closure Solution (WB1601,

Biotides) for 20min. The membranes were incubated with primary

antibodies including anti-IL6 (77888-1-Ig, Proteintech), anti-N-

cadherin (22018-1-AP, Proteintech), anti-Vimentin (60330-1-Ig,

Proteintech), anti-STAT3 (10253-2-AP, Proteintech), anti-

GAPDH (60004-1-Ig, Proteintech) and anti-b-actin (ab8226,

Abcam) at 4 °C overnight. The next day, the secondary antibodies

were added onto the membranes at 37 °C for 1 h. Protein bands

were visualized using the Image Lab Software (Bio-Rad).
2.9 5-ethynyl-2’ -deoxyuridine assay

KHOS-R cells was added into 12 well plates and incubated

overnight. Then, the cells were treated with 3mM anlotinib or

100ng/ml tocilizumab for 24h. EdU assay was performed using

BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 488

(C0071S, Beyotime Biotechnology) following the manufacturers’

protocol. Stained cells were photographed using a fluorescence

microscope (Leica).
2.10 Wound healing assay

The cells were plated into a six-well plate and incubated until

reached 80% confluence. A sterile pipette tip was used to scratch a

line on the cells. Cells were washed twice with PBS and then treated

with 3mM anlotinib or 100ng/ml tocilizumab for 24h.The images

were taken at 0 hour and 24 hours under the microscope, the cell

migration area was measured using Image J software.
2.11 Transwell assay

Transwell inserts (3422, Corning, NY, USA) were used for our

transwell assay. Cell complete medium with 3mM anlotinib was

added into the bottom chamber of transwell plate, 1.2×104 cells

were seeded into the upper chamber and incubated with 100ng/ml

tocilizumab for 24 hours. The migrating cells on the underside of

the inserts were fixed with 4% fixative solution and stained with

0.1% crystal violet for 15 min. The cells remained on the upper

chamber membrane were removed gently with a cotton swab.

Images were acquired by the microscope, and the number of

migrating cells was measured using Image J software.
2.12 Cytoskeletal stain assay

The anlotinib-resistant cells were added into 24 well plates and

incubated overnight. Then, the cells were treated with 3mM
anlotinib or 100ng/ml tocilizumab for 24h, and fixed with 4%

fixative solution. TRITC Phalloidin (CA1610, Solarbio) was used

for cytoskeletal stain assay and cell nuclei were stained with DAPI

(Solarbio) following the manufacturers’ protocol. Images were

photographed using a fluorescence microscope.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1192472
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Xu et al. 10.3389/fonc.2023.1192472
2.13 Immunohistochemistry

We collected 104 osteosarcoma tissues after surgery, which were

approved by the Ethics Committee of the Peking University

People’s Hospital (2021PHE030), and made into 3 tissue arrays.

Tumor tissues excised from the mice were fixed in 4%

paraformaldehyde immediately, embedded in paraffin, and cut

into 4-mm sections. The methods of Immunohistochemistry

(IHC) and immunoreactive score (IRS) evaluation were

performed as previously described (5). The Paraffin sections were

reacted with the anti-IL-6 antibody.
2.14 Orthotopic osteosarcoma mouse
model construction

The orthotopic osteosarcoma mouse models were performed

using BALB/c-nude mice (female, 6-week-old). Animal

experiments were approved by the ethics committee of Peking

University People’s Hospital. To establishing the xenograft tumor

model, 10mL 106 anlotinib-resistant 143B-R cells were implanted

into mice fibular marrow cavity and then randomly divided into

four groups (4 mice per group): NC, anlotinib, tocilizumab, and

combination therapy groups. Anlotinib was gastric gavage

administration at a concentration of 2mg/kg once per day for 14

consecutive days, tocilizumab was injected at a concentration of

5mg/kg every one week intraperitoneally. The mice were treated

once the obvious tumor formation, after 14-day treatment, the mice

were sacrificed, the lungs and legs with tumor were removed,

tumors and lungs were stored in 4% paraformaldehyde for IHC

and HE staining analysis.
2.15 Statistical analysis

Data was expressed as mean ± S.D. (standard deviation).

Unpaired two-tailed Student t test was used for analysis of two

samples. The One- way ANOVA was used among different groups.

All statistical analysis were performed with the GraphPad Prism 9.0.

The level of significance was chosen as P < 0.05.
3 Results

3.1 Construction and validation of
anlotinib-resistant osteosarcoma cells

In order to construct anlotinib-resistant osteosarcoma cell lines,

we gradually increased the anlotinib concentration added in the

culture medium of 143B, KHOS, MG63 and U2OS cells over 4

months. To verify the establishment of the anlotinib-resistant cells,

we first compared the IC50s of OS cells with the anlotinib-resistant

OS cells for 24 h by CCK8 assay. We found that the IC50s of 143B

and KHOS were 4.758mM and 13.91mM respectively, while the IC50s

of 143B-R and KHOS-R were increased to 15.25 mM and 26.38mM
respectively (Figures 1A, B). In addition, the clone formation results
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showed that the proliferation of OS cells were obviously inhibited in

response to 3 mM anlotinib, while the 143B-R and KHOS-R cells

were not sensitive to anlotinib (Figures 1C, D). The results of

apoptosis also showed that anlotinib-resistant OS cells significantly

down-regulated their sensitivity to anlotinib (Figure 1E). All these

results indicated the anlotinib-resistant OS cell lines were

successfully constructed.
3.2 IL-6/STAT3 axis was the key pathway in
OS anlotinib resistance

OS cell lines (negative control, NC) and anlotinib-resistant cell

lines (RE) were collected for second-generation RNA sequencing,

and the differentially-expressed genes between NC and RE were

shown in Figure 2A, we found cytokine-cytokine receptor

interaction was highly activated by KEGG enrichment analysis

(Figure 2B). Gene set enrichment analysis (GSEA) further

validated the enrichment of cytokine activity in anlotinib-resistant

OS cell lines (Figure 2C). We found that IL-6 expression was

significantly increased in anlotinib-resistant OS cells (Figures 2A, D),

which suggested that IL-6 might be a key cytokine promoting

anlotinib resistance. qPCR, western blot and ELISA assays were

performed to further validate the sequencing results. Unexpectedly,

the results further showed IL-6 was all enhanced in mRNA,

intracellular protein and secretory protein levels (Figures 2E–G).

IL-6 acts directly at IL-6R located on tumor cells to induce the

expression of STAT3 target genes, and then drive tumor

proliferation, survival and drug resistance (28). According to the

results of western blot, we found the STAT3 expression was up-

regulated in anlotinib-resistant cells (Figure 2H). These results

revealed that IL-6/STAT3 axis was the key pathway in OS

anlotinib resistance.
3.3 Combination with tocilizumab
attenuated the survival of osteosarcoma-
resistant cells

The 24-hour IC50s of resistant cells were first tested by CCK8

assay. The results showed the IC50 values of anlotinib monotherapy

for KHOS-R and 143B-R were 23.76mM and 16.91mM, combined

with 100ng/ml tocilizumab (an IL-6R inhibitor) (29), the IC50s were

reverted to 12.70mM and 9.388mM respectively (Figure 3A). The cell

proliferation viability results indicated that 100ng/ml tocilizumab

affected proliferation of resistant cells lightly, but combination with

anlotinib obviously diminished proliferation viability and regained

sensitivity to anlotinib according to colony formation and EDU

assays (Figures 3B–E). The effect of combination treatment on OS

cells apoptosis was also tested, in KHOS-R cells, we found

tocilizumab monotherapy was ineffective, while a significant

apoptosis rate was showed in combination therapy (Figure 3F).

As for 143B-R cells, no obvious apoptosis difference was shown

between the NC and anlotinib groups, and low dose tocilizumab or

combination therapy both upregulated apoptosis rates of 143B-

R (Figure 3G).
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3.4 Combination therapy was more
effective to suppress the malignant
progression of resistant cells by blocking
the IL-6/STAT3 axis

Malignant cancer progression also encompasses the tumor

migration and invasion, which closely related with tumor

metastasis (30). The results of wound healing and transwell assays

showed combination therapy was more effective to diminished

tumor migrating and invasive ability (Figures 4A–E). Epithelial-

mesenchymal transition (EMT) has been defined as a process which

epithelial cells lose the epithelial features and acquire mesenchymal

features. For a long time, EMT has been viewed associating with

various tumor functions, including tumor cell migration,
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metastasis, and resistance to therapy (31). Combination with

tocilizumab treatment significantly downregulated mesenchymal

marker proteins including N-cadherin and Vimentin, which

indicated combination with tocilizumab inhibited EMT of OS

resistant cells (Figure 4F). Cytoskeletal structure is useful to

maintain cell physiological activity and tissue homeostasis (32). F-

actin staining was used to assess the effect of tocilizumab on the

anlotinib resistant cell, and the results showed anlotinib combinated

with tocilizumab obviously impaired the cytoskeletal structure

(Figure 4G). We have found the STAT3 expression was

upregulated in anlotinib-resistant cells as mentioned, whether IL-

6/STAT3 pathway can be inhibited by tocilizumab was not clear.

The results of western blot showed combination therapy decreased

STAT3 expression in 143B-R cells. Meanwhile, 100ng/ml
D

A B

E

C

FIGURE 1

The validation of established anlotinib-resistant OS cells. (A) The results of CCK8 assay showed IC50 values of KHOS cells and KHOS-R were13.91mM
and 26.38mM respectively. (B) The IC50 value of 143B cells to anlotinib is 4.758mM, and 143B-R cells is 15.25 mM. (C) The colony formation results
indicated KHOS-R and 143B-R were more insensitive to anlotinib. (D) The quantified data of colony formation assay. (E) The results of apoptosis
showed both KHOS-R and 143B-R cells were more insensitive to anlotinib for 24h treatment. (***P < 0.001, ****P < 0.0001).
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tocilizumab monotherapy and combination therapy were both able

to inhibit IL-6/STAT3 pathway in KHOS-R cells (Figure 4H).
3.5 Tocilizumab enhanced the antitumor
effect of anlotinib in vivo

Orthotopic xenograft model of OS in nude mice was established

employing the 143B-R cells. The obvious tumor formation was

shown, and then treatments of different groups were performed.

After 14-day treatment, we found combination therapy with
Frontiers in Oncology 06
tocilizumab significantly inhibited tumor growth, as shown by the

results of the volume and weight of the tumor tissues (Figures 5A–C).

The images of the lungs showed that tocilizumab monotherapy and

combination therapy both decreased the number of pulmonary

metastatic nodules. And combination therapy significantly

inhibited the growth of osteosarcoma lung metastasis nodules

compared with NC group and anlotinib treatment group by HE

staining (Figures 5D, E). To detect whether STAT3 pathway was

blocked in mouse models, STAT3 expression levels in different

treatment groups were examined by IHC assay. And we found

STAT3 expressions were all decreased in anlotinib group, anti-IL-

6R group, and combination treatment group (Figures 5F, G).
D

A B

E F

G H

C

FIGURE 2

IL-6/STAT3 axis played a critical role in OS anlotinib resistance. (A) The heatmap showed the differentially-expressed genes between NC (OS cell lines)
and RE (anlotinib-resistant cell lines). IL-6 was up-regulated in anlotinib-resistant cells (143B-R, KHOS-R, MG63-R, U2OS-R). (B) KEGG enrichment
analysis showed the differentially-expressed enrichment signaling pathways between OS cell lines and anlotinib-resistant OS cells. Cytokine-cytokine
receptor interaction was highly active in anlotinib-resistant OS cells (143B-R, KHOS-R, MG63-R, U2OS-R). (C) Gene set enrichment analysis (GSEA)
validated enrichment of cytokine activity in anlotinib-resistant OS cell lines. (D) The volcano plot showed IL-6 was up-regulated in anlotinib-resistant OS
cell lines. (E) The qPCR results showed IL-6 mRNA expression was both increased in KHOS-R and 143B-R cells when compared with OS cell lines. (F)
The ELISA assay results showed IL-6 secretion was both increased in KHOS-R and 143B-R cells when compared with OS cell lines. (G) Western blot
results indicated IL-6 protein expression was up-regulated in 143B-R and KHOS-R cells. (H) The results of Western blot showed STAT3 protein was
increased in anlotinib resistant cells which revealed STAT3 pathway was activated. (**P <0.01, ****P < 0.0001).
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3.6 IL-6 was highly expressed in patients
with osteosarcoma and correlated with
poor prognosis

Tissue microarrays were established using 104 tumor specimens,

and were used to examine IL-6 expression in patients with

osteosarcoma by IHC staining (Figure 6A). We found IL-6 was

highly expressed in OS tissues, and we translated IRS scores into

three levels: high, medium, and low groups (Figure 6B). Combined

with patient clinical information, we found that IL-6 expression was

correlated with poor prognosis of patients, the median survival of the

patients in high, medium, and low IL-6 expression groups were 1217,

1508, and 2274 days respectively (Figure 6C). Figure 6D presented the

hypothetic mechanisms of combination therapy with tocilizumab

enhances sensitivity to anlotinib for anlotinib resistant OS cells.
4 Discussion

Treatment for patients with advanced OS and other malignancies

has been unsatisfactory, even a short-term response to TKIs is

initially achieved (5, 33–35). Nearly all patients succumb to relapse

because of drug resistance, for which no effective therapy is available
Frontiers in Oncology 07
at present. In addition to the rapid and inevitable development of

drug resistance, the side effects of TKIs during treatment are also

important factors that prevent patients from maintaining effective

treatment (20). Here we first demonstrated that the IL-6/STAT3

pathway is activated in human OS anlotinib-resistant cells. We first

established anlotinib-resistant subtype OS cells by exposing the cells

to gradually increasing doses of anlotinib for over 5 months as we

previously published the study, and the cells were grown in situ in

nude mice for a stable orthotopic OS mouse model (5). Through this

model combined with the results of second-generation sequencing,

increased expression of IL-6 and robust activation of the cytokine-

cytokine receptor interaction signaling pathway were identified in the

anlotinib-resistance subset when compared with their parental

sensitive cells, indicating that the IL-6 plays a crucial role in the

progression of developing resistance to anlotinib. It has been reported

that the increased secretion of IL-6 can induce resistance in non-small

cell lung cancer cells to osimertinib, a third-generation EGFR-TKI

(36). In a similar study, Li et al. demonstrated that inhibition of IL-6

signaling can sensitizes TKI-resistant human lung cancer cells,

suggesting that IL-6 might be a breakthrough in addressing TKI

resistance (37). In this study, we verified the high expression of IL-6

in resistance OS cells relative to sensitive cells at transcriptome and
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FIGURE 3

Combination with tocilizumab inhibited the proliferation of anlotinib-resistant cells. (A) The IC50 values of combination treatment were decreased to
12.70mM and 9.388mM from 23.76mM and 16.91mM for KHOS-R and 143B-R cells respectively. (B) The number of colony formation was significantly
inhibited in combination treatment group of anlotinib resistant cells, and tocilizumab monotherapy showed anti-tumor function on 143B-R cells.
(C, D) The statistical analysis of colony formation results of KHOS-R and 143B-R cells. (E) Representative pictures from Edu assay. The results
showed combination treatment obviously inhibited the proliferation viability of KHOS-R cells. (F, G) The results of apoptosis assay showed
combination treatment obviously promoted anlotinib-resistant OS cells apoptosis. (ns, no significance; *P<0.05, **P<0.01, ****P<0.0001).
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protein levels, respectively, using q-PCR, western blot, and ELISA

assays. This is consistent with other studies that have reported high

expression of IL-6 in OS (26, 38, 39). In addition, we further verified

the biological variances between resistant cells and sensitive cells by

using colony formation assay and apoptosis assay to confirm the

successful establishment of anlotinib-resistant OS cells.

In our cell viability assay, the IC50 values of anlotinib

monotherapy for KHOS-R and 143B-R cells were shown to be
Frontiers in Oncology 08
23.76 mM and 16.91 mM respectively, which were 1.71 folds and 3.56

folds higher than those of their parental sensitive cells. However,

with tocilizumab treatment, the IC50 values of resistance cells were

reverted to 12.70 mM and 9.38 mM respectively, suggesting that

tocilizumab administration could reverse the resistance and be of

therapeutic value in OS. We verified our hypothesis by evaluating

the proliferation, invasion, migration, apoptosis, and cytoskeleton

formation of resistance cells after administration with anlotinib,
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FIGURE 4

Combination therapy was more effective to suppress OS malignant progression by blocking IL-6/STAT3 axis. (A) The migration ability of anlotinib-
resistant OS cells was significantly inhibited by the combination treatment with tocilizumab. (B, C) The statistical plots showed the combination
treatment with tocilizumab decreased the healing rate of anlotinib-resistant cells, and migration ability of anlotinib-resistant KHOS cells could also
be inhibited by tocilizumab monotherapy. (D) The results of transwell assay showed the migration ability of anlotinib-resistant OS cells was
significantly inhibited by the combination treatment. (E) The statistical data of transwell assay for 143B-R and KHOS-R cells. (F) Western blot results
showed the EMT-related protein N-cad expression and vimentin expression were decreased which was caused by combination treatment. (G) The
combination treatment with tocilizumab inhibited cytoskeleton formation of anlotinib-resistant OS cells. (H) Western blot results showed the STAT3
expression and phosphorylation were inhibited because of the combination treatment. (ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001).
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tocilizumab, and a combination treatment. The results suggested

that tocilizumab effectively overcomes TKI resistance in established

TKI-resistant cell lines. These cellular biological functions are

unlikely to be solely related to IL-6 expression but are usually

directly induced and regulated by its downstream proteins and

pathways. It is well known that aberrant overexpression of IL-6

drives the formation of the tumor microenvironment, and OS

tumor cells produce large amounts of soluble IL-6, accompanied

by increased phosphorylation of STAT3, and exhibit strong

chemotaxis to those factors (10, 40). STAT3 is constitutively

triggered during the onset and development of OS by tyrosine

phosphorylation by a range of signaling pathways, including

cytokines from the IL-6 family, and its overexpression is

associated with resistance to chemotherapeutics and decreased

survival of the patients, and emerges as a potential therapeutic

target (10, 26, 41). In this study, high level of STAT3 in resistance

cells (143B-R, KHOS-R, MG63-R, and U2OS-R cell lines)

compared with their parental cells was verified through western

blot. This suggests the biological properties of resistant OS cells

such as improved proliferation, invasion, and migration abilities,

may be achieved through IL-6-induced up-regulation of STAT3.

When combined anlotinib with tocilizumab for blocking the IL-

6R expression, the neoplastic features of OS cells were significantly

suppressed compared with anlotinib monotherapy. In addition, we

tested the protein expression of STAT3 in different drug

administration groups of cells, and the results were consistent

with our hypothesis that neither anlotinib monotherapy nor IL-
Frontiers in Oncology 09
6R monotherapy reduced STAT3 expression in resistant cells, while

the combination treatment strikingly restrained the STAT3

expression and phosphorylation. Besides the inhibitory effect on

the IL-6/STAT3 signaling pathway, tocilizumab’s ability to reverse

EMT may also play an important role in overcoming anlotinib

resistance. In our further study, similar trends are observed in N-

cad expression, an epithelial-mesenchymal transition-related

protein, and in vimentin expression that is strongly connected

with cytoskeleton formation and metastasis in tumors. This also

confirms the therapeutic effect of combining tocilizumab and

anlotinib on the invasion, metastasis and cytoskeleton formation

of OS-resistant cell at the molecular level.

Powerful therapeutic effects of tocilizumab were also observed

in our anlotinib-resistant xenograft nude mouse model. These

results are consistent with those of previous studies investigating

the role of the IL-6/STAT3 pathway in lung cancer (37, 42).

Meanwhile, inhibiting IL-6/STAT3 suppressed tumor cell growth

and enhanced the sensitivity to antitumor drugs (37, 43). For

further exploring the correlation between IL-6 expression and the

prognosis of patients with OS, we performed microarray analysis

and survival analysis in 104 patients with OS, and our results were

consistent with previous studies that patients suffering from OS

with a poor prognosis are likely to have high IL-6 expressed (44, 45).

Therefore, IL-6 expression can be used as an important prognosis

predictor in OS patients.

However, there are some limitations still existed. IL-6/STAT3

signaling pathway contains many other molecules, and we just
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FIGURE 5

Tocilizumab enhanced the antitumor effect of anlotinib in vivo. (A) Xenograft photographs were taken after 14-day administration with anlotinib
monotherapy, tocilizumab monotherapy and combination therapy. (B) Growth curves of tumors presented by volume evaluated once 4 days.
(C) The results of tumor weights at the day of mice were euthanized. (D) Representative images of lungs harvested from mice after 14 days of
treatment. (E) The statistical analysis results of pulmonary metastasis. (F) Representative STAT3 staining of tumor sections from mouse models were
shown. (G) Quantification of STAT3 expression was performed in different treatment groups. (ns, no significance; *P < 0.05).
frontiersin.org

https://doi.org/10.3389/fonc.2023.1192472
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Xu et al. 10.3389/fonc.2023.1192472
validated the STAT3 expression and its phosphorylation, other

molecules expression may be further explored. Our results

showed IL-6/STAT3 signaling pathway was the correlated with

anlotinib resistance and patients’ poor prognosis. However the

clinical information about the anlotinib efficacy in patients with

OS was not gotten and further analyzed.

In conclusion, we found that IL-6 expression was upregulated in

anlotinib resistant OS cell lines and tocilizumab could decrease IL-

6/STAT3 signaling activation and reverse EMT. Notably,

administering tocilizumab or IL-6 inhibitor combined with

anlotinib, as a new therapeutic option, can overcome anlotinib-

resistant tumor progression. Meanwhile, the side effects of anlotinib

and other TKIs such as oral mucositis, low platelet count, low white

blood cell count, and abnormal liver function may be mitigated by

combining with tocilizumab (20). Most combinational therapeutic

strategies achieved better efficacy than single-drug administration in

tumors. However, finding combination regimens based on

resistance mechanisms is tough but crucial for heterogeneous

tumors such as OS. The present study provided a potential
Frontiers in Oncology 10
combination strategy to treat OS by examining the putative

mechanisms of anlotinib resistance and demonstrating an

effective way to overcome this resistance. Further studies should

be conducted to validate the clinical efficacy of tocilizumab or other

IL-6 inhibitors for anlotinib resistant OS management.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of the Peking University People’s

Hospital. The patients/participants provided their written informed

consent to participate in this study. The animal study was reviewed
D

A

B C

FIGURE 6

IL-6 was highly expressed in patients with osteosarcoma and correlated with poor prognosis. (A) Total 104 tissues from OS patients were collected
and IL-6 expression was shown by IHC. (B) The IRS score of IL-6 expression was determined and translated into three levels: high (IRS 9–12),
medium (IRS 5–8), and low (0–4). (C) The survival analysis indicated the patients with high level IL-6 expression were correlated with poor prognosis
(n=104). (D) Schematic diagram illustrating the hypothetic mechanisms of combination therapy with tocilizumab enhances sensitivity to anlotinib for
anlotinib resistant OS cells.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1192472
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Xu et al. 10.3389/fonc.2023.1192472
and approved by ethics committee of Peking University

People’s Hospital.
Author contributions

JX: Investigation, Methodology, Writing, Original Draft; CC:

Conceptualization, Methodology, Writing; KS: Validation, Formal

analysis; QS: Data curation, Software; BW: Data curation, Editing;

YH:Editing; TR: Supervision, Validation; XT: Resources,

Supervision, Funding acquisition. All authors contributed to the

article and approved the submitted version.
Funding

This work is supported by grants from the National Natural

Science Foundation of China (81972509)and Beijing Natural

Science Foundation (7232193).
Frontiers in Oncology 11
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.

Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fonc.2023.1192472/

full#supplementary-material
References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA: Cancer J Clin (2018)

68:7–30. doi: 10.3322/caac.21442

2. Niu J, Yan T, Guo W, Wang W, Ren T, Huang Y, et al. The COPS3-FOXO3
positive feedback loop regulates autophagy to promote cisplatin resistance in
osteosarcoma. Autophagy (2022) 30:1–18. doi: 10.1080/15548627.2022.2150003

3. Xie L, Chen C, Liang X, Xu J, Sun X, Sun K, et al. Expression and clinical
significance of various checkpoint molecules in advanced osteosarcoma: possibilities
for novel immunotherapy. Orthopaedic Surg (2023) 15:829–38. doi: 10.1111/os.13620

4. Argenziano M, Tortora C, Pota E, Di Paola A, Di Martino M, Di Leva C, et al.
Osteosarcoma in children: not only chemotherapy. Pharm (Basel Switzerland) (2021)
14:923. doi: 10.3390/ph14090923

5. Chen C, Guo Y, Huang Q, Wang B, Wang W, Niu J, et al. PI3K inhibitor impairs
tumor progression and enhances sensitivity to anlotinib in anlotinib-resistant
osteosarcoma. Cancer Lett (2022) 536:215660. doi: 10.1016/j.canlet.2022.215660

6. Chen C, Xie L, Ren T, Huang Y, Xu J, Guo W. Immunotherapy for osteosarcoma:
fundamental mechanism, rationale, and recent breakthroughs. Cancer Lett (2021)
500:1–10. doi: 10.1016/j.canlet.2020.12.024

7. Boye K, Longhi A, Guren T, Lorenz S, Næss S, Pierini M, et al. Pembrolizumab in
advanced osteosarcoma: results of a single-arm, open-label, phase 2 trial. Cancer
Immunol Immunother: CII (2021) 70:2617–24. doi: 10.1007/s00262-021-02876-w

8. Xie L, Xu J, Sun X, Tang X, Yan T, Yang R, et al. Apatinib for advanced
osteosarcoma after failure of standard multimodal therapy: an open label phase II
clinical trial. Oncologist (2018) 24:e542–50. doi: 10.1200/JCO.2018.36.15_suppl.11520

9. Chen C, Mao X, Cheng C, Jiao Y, Zhou Y, Ren T, et al. miR-135a reduces
osteosarcoma pulmonary metastasis by targeting both BMI1 and KLF4. Front Oncol
(2021) 11:620295. doi: 10.3389/fonc.2021.620295

10. Chen C, Zhang H, Yu Y, Huang Q, Wang W, Niu J, et al. Chloroquine
suppresses proliferation and invasion and induces apoptosis of osteosarcoma cells
associated with inhibition of phosphorylation of STAT3. Aging (2021) 13:17901–13.
doi: 10.18632/aging.203196

11. Arora A, Scholar EM. Role of tyrosine kinase inhibitors in cancer therapy. J
Pharmacol Exp Ther (2005) 315:971–9. doi: 10.1124/jpet.105.084145

12. 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 Proliferation (2021) 54:
e13102. doi: 10.1111/cpr.13102

13. Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell
(2010) 141:1117–34. doi: 10.1016/j.cell.2010.06.011

14. Xie L, Ji T, Guo W. Anti-angiogenesis target therapy for advanced osteosarcoma
(Review). Oncol Rep (2017) 38:625–36. doi: 10.3892/or.2017.5735

15. 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) 16:98–107. doi: 10.1016/S1470-2045(14)71136-2

16. 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
(2012) 23:508–16. doi: 10.1093/annonc/mdr151

17. Lin B, Song X, Yang D, Bai D, Yao Y, Lu N. Anlotinib inhibits angiogenesis via
suppressing the activation of VEGFR2, PDGFRb and FGFR1. Gene (2018) 654:77–86.
doi: 10.1016/j.gene.2018.02.026

18. Liu Z, Gao S, Zhu L, Wang J, Zhang P, Li P, et al. Efficacy and safety of anlotinib
in patients with unresectable or metastatic bone sarcoma: a retrospective multiple
institution study. Cancer Med (2021) 10:7593–600. doi: 10.1002/cam4.4286

19. Tang L, Niu X, Wang Z, Cai Q, Tu C, Fan Z, et al. Anlotinib for recurrent or
metastatic primary malignant bone tumor: a multicenter, single-arm trial. Front Oncol
(2022) 12:811687. doi: 10.3389/fonc.2022.811687

20. Chen C, Shi Q, Xu J, Ren T, Huang Y, Guo W. Current progress and open
challenges for applying tyrosine kinase inhibitors in osteosarcoma. Cell Death Discov
(2022) 8:488. doi: 10.1038/s41420-022-01252-6

21. Long ZY, Lu Y, Li M, Chen G, Shi L, Xiao X, et al. Effective treatment of
anlotinib in giant delayed pulmonary metastasis of osteosarcoma: a case report and
literature review. Ann palliative Med (2021) 10:7073–82. doi: 10.21037/apm-20-1790

22. Ham IH, Oh HJ, Jin H, Bae CA, Jeon SM, Choi KS, et al. Targeting interleukin-6
as a strategy to overcome stroma-induced resistance to chemotherapy in gastric cancer.
Mol Cancer (2019) 18:68. doi: 10.1186/s12943-019-0972-8

23. Hu F, Song D, Yan Y, Huang C, Shen C, Lan J, et al. IL-6 regulates autophagy
and chemotherapy resistance by promoting BECN1 phosphorylation. Nat Commun
(2021) 12:3651. doi: 10.1038/s41467-021-23923-1

24. Lai SC, Su YT, Chi CC, Kuo YC, Lee KF, Wu YC, et al. DNMT3b/OCT4
expression confers sorafenib resistance and poor prognosis of hepatocellular carcinoma
through IL-6/STAT3 regulation. J Exp Clin Cancer Res: CR (2019) 38:474. doi: 10.1186/
s13046-019-1442-2

25. Kang S, Narazaki M, Metwally H, Kishimoto T. Historical overview of the
interleukin-6 family cytokine. J Exp Med (2020) 217:e20190347. doi: 10.1084/
jem.20190347

26. Tu B, Du L, Fan QM, Tang Z, Tang TT. STAT3 activation by IL-6 from
mesenchymal stem cells promotes the proliferation and metastasis of osteosarcoma.
Cancer Lett (2012) 325:80–8. doi: 10.1016/j.canlet.2012.06.006

27. Wang Z, Wang C, Zuo D, Zhang T, Yin F, Zhou Z, et al. Attenuation of STAT3
phosphorylation promotes apoptosis and chemosensitivity in human osteosarcoma
induced by raddeanin a. Int J Biol Sci (2019) 15:668–79. doi: 10.7150/ijbs.30168

28. Johnson DE, O’Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3 signalling
axis in cancer. Nat Rev Clin Oncol (2018) 15:234–48. doi: 10.1038/nrclinonc.2018.8

29. Speake C, Habib T, Lambert K, Hundhausen C, Lord S, Dufort MJ, et al. IL-6-
targeted therapies directed to cytokine or receptor blockade drive distinct alterations in
T cell function. JCI Insight (2022) 22:e159436. doi: 10.1172/jci.insight.159436

30. Paskeh MDA, Ghadyani F, Hashemi M, Abbaspour A, Zabolian A, Javanshir S,
et al. Biological function and therapeutic perspective of targeting PI3K/Akt signaling in
hepatocellular carcinoma: promises and challenges. Pharmacol Res (2022) 187:106553.
doi: 10.1016/j.phrs.2022.106553
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2023.1192472/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1192472/full#supplementary-material
https://doi.org/10.3322/caac.21442
https://doi.org/10.1080/15548627.2022.2150003
https://doi.org/10.1111/os.13620
https://doi.org/10.3390/ph14090923
https://doi.org/10.1016/j.canlet.2022.215660
https://doi.org/10.1016/j.canlet.2020.12.024
https://doi.org/10.1007/s00262-021-02876-w
https://doi.org/10.1200/JCO.2018.36.15_suppl.11520
https://doi.org/10.3389/fonc.2021.620295
https://doi.org/10.18632/aging.203196
https://doi.org/10.1124/jpet.105.084145
https://doi.org/10.1111/cpr.13102
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.3892/or.2017.5735
https://doi.org/10.1016/S1470-2045(14)71136-2
https://doi.org/10.1093/annonc/mdr151
https://doi.org/10.1016/j.gene.2018.02.026
https://doi.org/10.1002/cam4.4286
https://doi.org/10.3389/fonc.2022.811687
https://doi.org/10.1038/s41420-022-01252-6
https://doi.org/10.21037/apm-20-1790
https://doi.org/10.1186/s12943-019-0972-8
https://doi.org/10.1038/s41467-021-23923-1
https://doi.org/10.1186/s13046-019-1442-2
https://doi.org/10.1186/s13046-019-1442-2
https://doi.org/10.1084/jem.20190347
https://doi.org/10.1084/jem.20190347
https://doi.org/10.1016/j.canlet.2012.06.006
https://doi.org/10.7150/ijbs.30168
https://doi.org/10.1038/nrclinonc.2018.8
https://doi.org/10.1172/jci.insight.159436
https://doi.org/10.1016/j.phrs.2022.106553
https://doi.org/10.3389/fonc.2023.1192472
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Xu et al. 10.3389/fonc.2023.1192472
31. Pastushenko I, Blanpain C, Transition States during Tumor Progression EMT.
And metastasis. Trends Cell Biol (2019) 29:212–26. doi: 10.1016/j.tcb.2018.12.001

32. Li X, Wang J. Mechanical tumor microenvironment and transduction:
cytoskeleton mediates cancer cell invasion and metastasis. Int J Biol Sci (2020)
16:2014–28. doi: 10.7150/ijbs.44943

33. Han B, Li K, Zhao Y, Li B, Cheng Y, Zhou J, et al. Anlotinib as a third-line therapy in
patients with refractory advanced non-small-cell lung cancer: a multicentre, randomised
phase II trial (ALTER0302). Br J Cancer (2018) 118:654–61. doi: 10.1038/bjc.2017.478

34. Xie L, Xu J, Sun X, Tang X, Yan T, Yang R, et al. Apatinib for advanced
osteosarcoma after failure of standard multimodal therapy: an open label phase II
clinical trial. Oncologist (2019) 24:e542–50. doi: 10.1634/theoncologist.2018-0542

35. Jin Z, Lu Y, Wu X, Pan T, Yu Z, Hou J, et al. The cross-talk between tumor cells and
activated fibroblasts mediated by lactate/BDNF/TrkB signaling promotes acquired resistance to
anlotinib in human gastric cancer.Redox Biol (2021) 46:102076. doi: 10.1016/j.redox.2021.102076

36. Li L, Li Z, Lu C, Li J, Zhang K, Lin C, et al. Ibrutinib reverses IL-6-induced
osimertinib resistance through inhibition of laminin a5/FAK signaling. Commun Biol
(2022) 5:155. doi: 10.1038/s42003-022-03111-7

37. Li L, Han R, Xiao H, Lin C, Wang Y, Liu H, et al. Metformin sensitizes EGFR-TKI-
resistant human lung cancer cells in vitro and in vivo through inhibition of IL-6 signaling and
EMT reversal. Clin Cancer Res (2014) 20:2714–26. doi: 10.1158/1078-0432.CCR-13-2613

38. Han XG, Mo HM, Liu XQ, Li Y, Du L, Qiao H, et al. TIMP3 overexpression
improves the sensitivity of osteosarcoma to cisplatin by reducing IL-6 production.
Front Genet (2018) 9:135. doi: 10.3389/fgene.2018.00135
Frontiers in Oncology 12
39. Lin YM, Chang ZL, Liao YY, Chou MC, Tang CH. IL-6 promotes ICAM-1
expression and cell motility in human osteosarcoma. Cancer Lett (2013) 328:135–43.
doi: 10.1016/j.canlet.2012.08.029

40. Gross AC, Cam H, Phelps DA, Saraf AJ, Bid HK, CamM, et al. IL-6 and CXCL8
mediate osteosarcoma-lung interactions critical to metastasis. JCI Insight (2018) 3:
e99791. doi: 10.1172/jci.insight.99791

41. Liu Y, Liao S, Bennett S, Tang H, Song D,Wood D, et al. STAT3 and its targeting
inhibitors in osteosarcoma. Cell proliferation (2021) 54:e12974. doi: 10.1111/cpr.12974

42. Si J, Ma Y, Lv C, Hong Y, Tan H, Yang Y. HIF1A-AS2 induces osimertinib
resistance in lung adenocarcinoma patients by regulating the miR-146b-5p/IL-6/
STAT3 axis. molecular therapy. Nucleic Acids (2021) 26:613–24. doi: 10.1016/
j.omtn.2021.09.003

43. Chiu HC, Chou DL, Huang CT, Lin WH, Lien TW, Yen KJ, et al. Suppression of
Stat3 activity sensitizes gefitinib-resistant non small cell lung cancer cells. Biochem
Pharmacol (2011) 81:1263–70. doi: 10.1016/j.bcp.2011.03.003

44. Li J, Yan X, Tang J, Wang Y, Tang J, Wu W, et al. HDAC2-mediated
upregulation of IL-6 triggers the migration of osteosarcoma cells. Cell Biol Toxicol
(2019) 35:423–33. doi: 10.1007/s10565-019-09459-7

45. Oliveira ID, Petrilli AS, Tavela MH, Zago MA, de Toledo SR. TNF-alpha, TNF-
beta, IL-6, IL-10, PECAM-1 and the MPO inflammatory gene polymorphisms in
osteosarcoma. J Pediatr Hematol/Oncol (2007) 29:293–7. doi: 10.1097/
MPH.0b013e3180587e69
frontiersin.org

https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.7150/ijbs.44943
https://doi.org/10.1038/bjc.2017.478
https://doi.org/10.1634/theoncologist.2018-0542
https://doi.org/10.1016/j.redox.2021.102076
https://doi.org/10.1038/s42003-022-03111-7
https://doi.org/10.1158/1078-0432.CCR-13-2613
https://doi.org/10.3389/fgene.2018.00135
https://doi.org/10.1016/j.canlet.2012.08.029
https://doi.org/10.1172/jci.insight.99791
https://doi.org/10.1111/cpr.12974
https://doi.org/10.1016/j.omtn.2021.09.003
https://doi.org/10.1016/j.omtn.2021.09.003
https://doi.org/10.1016/j.bcp.2011.03.003
https://doi.org/10.1007/s10565-019-09459-7
https://doi.org/10.1097/MPH.0b013e3180587e69
https://doi.org/10.1097/MPH.0b013e3180587e69
https://doi.org/10.3389/fonc.2023.1192472
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Tocilizumab (monoclonal anti-IL-6R antibody) reverses anlotinib resistance in osteosarcoma
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and establishing of anlotinib-resistant cells
	2.2 CCK8 assay
	2.3 Colony formation assay
	2.4 Apoptosis assay
	2.5 RNA sequencing
	2.6 RNA isolation and qRT-PCR assay
	2.7 Enzyme-linked immunosorbent assay
	2.8 Protein extraction and western blot
	2.9 5-ethynyl-2’ -deoxyuridine assay
	2.10 Wound healing assay
	2.11 Transwell assay
	2.12 Cytoskeletal stain assay
	2.13 Immunohistochemistry
	2.14 Orthotopic osteosarcoma mouse model construction
	2.15 Statistical analysis

	3 Results
	3.1 Construction and validation of anlotinib-resistant osteosarcoma cells
	3.2 IL-6/STAT3 axis was the key pathway in OS anlotinib resistance
	3.3 Combination with tocilizumab attenuated the survival of osteosarcoma-resistant cells
	3.4 Combination therapy was more effective to suppress the malignant progression of resistant cells by blocking the IL-6/STAT3 axis
	3.5 Tocilizumab enhanced the antitumor effect of anlotinib in vivo
	3.6 IL-6 was highly expressed in patients with osteosarcoma and correlated with poor prognosis

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	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 /sRGB
  /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


