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ABSTRACT

Treatment of osteosarcoma is hampered by tumor hypoxia and requires alternative approaches. Although the CCL2-CCR2 axis
is indispensable in tumor-induced inflammation and angiogenesis, its blockade has not been effective to date. This study aimed
to characterize how CCR2 inhibition affects the crosstalk of osteosarcoma cells with immune cells to better delineate tumor
resistance mechanisms that help withstand such treatment. In this study, 143B cells were exposed to healthy donor PBMC
supernatants in a transwell assay lacking direct cell-to-cell contact and subjected to different oxygen concentrations. In addition,
mice bearing orthotopic 143B tumors were subjected to CCR2 antagonist treatment. Our findings show that hypoxic conditions
alter cytokine and cancer- related protein expression on cells and impair CCR2 antagonist effects in the experimental
osteosarcoma model. CCL2-CCR2 axis blockade in the 143B xenografts, which are positive for hypoxia marker CAIX, did not
slow 143B tumor growth or metastasis but altered tumor microenvironment by VEGFR downregulation and shift in the
CD44-positive cell population towards high CD44 expression. This study highlights differential responses of tumor cells to
CCR2 antagonists in the presence of different oxygen saturations and expands our knowledge of compensatory mechanisms
leading to CCL2-CCR2 treatment resistance.

Abbreviations: AFP, alpha fetoprotein; ANGPT1, angiopoietin 1; ANGPTL4, angiopoietin like-4; AP-1, activator protein 1; AREG, amphiregulin; ATX, lysophosphatidic acid; AXL, tyrosine-protein
kinase receptor UFO; Bcl-x, B-cell lymphoma-x; CAIX, carbonic anhydrase isozyme IX; CAK1, mesothelin; CapG, macrophage-capping protein; CCL2, C-C motif chemokine ligand 2; CCR2, C-C
motif chemokine receptor 2; CCL3, C-C motif chemokine ligand 3; CCL7, C-C motif chemokine ligand 7; CCL20, C-C motif chemokine ligand 20; CCL8, C-C motif chemokine ligand; CD, cluster of
differentiation; CD25, interleukin-2 receptor alpha chain; CD66e, carcinoembryonic antigen-related cell adhesion molecule 5; CD105, endoglin; CD144, VE-cadherin; CD324, cadherin-1; CDKN1B,
cyclin-dependent kinase inhibitor 1B; COL18A1, collagen alpha-1(XVIII) chain; CTSB, cathepsin B; CTSD, cathepsin D; CTSS, cathepsin S; CXCR1, C-X-C motif chemokine receptor 1; DCN, decorin;
Dkk-1, dickkopf-1; DLL1, delta-1; ECM, extracellular matrix; ENO2, enolase-2; ENOS, nitric oxide synthase; ESR1, estrogen receptor alpha; FFPE, formalin-fixed paraffin-embedded; FGF2, fibroblast
growth factor 2; FKHI1, forkhead box protein O1 (FOXO1); FoxA2, forkhead box protein A2; FoxC2, forkhead box protein C2; GAL3, galectin-3; GM-CSF, granulocyte-macrophage colony-stimulating
factor; gp40, epithelial cell adhesion molecule; H&E, hematoxylin and eosin stain; HER, epidermal growth factor receptor; HIF1A, hypoxia-inducible factor 1-alpha; HSP32, heme oxygenase; ICAM-1,
intercellular adhesion molecule 1; IL, interleukin; IFN-y, interferon gamma; IHC, immunohistochemistry; i.p., intraperitoneally; KLK, kallikrein; LECAM-2, endothelial-leukocyte adhesion molecule
1; LEP, leptin; LUM, lumican; M-CSF, macrophage colony-stimulating factor; MET, hepatocyte growth factor receptor; MSP, macrophage-stimulating protein; MFI, mean fluorescent intensity; MMP,
matrix metalloproteinase; MUC, mucin; NKTs, natural killer T cells; OPN, osteopontin; p53, transformation-related protein 53; PDGF, platelet-derived growth factor; PBMC, peripheral blood
mononuclear cells; PD-1, programmed cell death protein 1; PD-L1, programmed cell death ligand 1; PECAM1, Platelet endothelial cell adhesion molecule-1; PGN, progranulin; PRL, prolactin; ProgR/
NR3C3, progesterone R; Serpin B5, maspin; Serpin E1, plasminogen activator inhibitor-1; SNAIL, zinc finger protein SNAI1; SPARC, osteonectin; Tie 2, angiopoietin receptor 2; TAM, tumor-
associated macrophage; Tregs, T regulatory cells; TSP-1, thrombospondin 1; TME, tumor microenvironment; uPA, u-plasminogen activator; VCAM-1, vascular cell adhesion protein 1; VEGF, vascular
endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; VIM, vimentin.
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1 | Introduction

Osteosarcoma, the most common bone cancer in children and
young adults, continues to pose a treatment challenge. Survival
of patients with localized disease is about 60%, and only 20% in
patients with metastatic and recurrent tumors (Meltzer and
Helman 2021). It has been recognized that the immune land-
scape in pediatric cancers differs from that of adults as pediatric
cancers are primarily infiltrated by macrophages and lack T cell
infiltration (Bosse et al. 2020; Thakur et al. 2022; Vakkila
et al. 2006). This could be one of the reasons why novel
immunotherapy strategies, such as immune checkpoint block-
ade, have failed to show efficacy in osteosarcoma (Meltzer and
Helman 2021). In addition, tumor hypoxia negatively impacts
any therapy (McDonald, Chafe, and Dedhar 2016). As tumors
grow, they employ hypoxic microenvironment to their advan-
tage via activating pro-inflammatory and proangiogenic path-
ways. Therefore, to improve osteosarcoma treatment outcomes,
a better understanding of osteosarcoma biology is needed with a
focus on macrophage/monocyte biology and hypoxia.

The CCL2-CCR2 axis is indispensable for cancer progression, as
it is active in tumor hypoxia, neoangiogenesis, recruitment of
immunosuppressing cells, and metastasis (Xu et al. 2021;
Yoshimura 2018). Apart from cancer cells, CCR2 is also ex-
pressed in a plethora of cells such as monocytes/macrophages
as well as T regulatory cells (Tregs), CD4*, CD8" T cells, Nat-
ural Killer T cells (NKTs), endothelial cells, ul and fibroblasts
(Fei et al. 2021). Therefore, it serves as a crosstalk between
cancer and immune cells. Although CCR2 can bind other lig-
ands, such as CCL8, CCL12, and others, CCL2 has by far the
highest binding affinity (Xu et al. 2021).

CCL2 considerably contributes to the recruitment of blood
monocytes into the tumor microenvironment (TME)
(Yoshimura 2018). This chemokine is also active during tumor
hypoxia as hypoxic tumor-derived CCL2 drives the accumula-
tion of granulocytic CD11b*/Ly6C™¢/Ly6G* myeloid cells in
murine mammary tumors, which help to create the premeta-
static niche. CCL2 neutralization in such a medium decreases
metastatic tumor burden (Sceneay et al. 2012).

The CCL2-CCR2 axis is active in osteosarcoma patients and cor-
relates with worse prognosis (Dou et al. 2021; Liu et al. 2020).
Analysis of paraffin-embedded osteosarcoma specimens showed
that all types of osteosarcoma had CCRZ2 gene expression (von
Luettichau et al. 2008). Protein screening of patient samples
showed significant CCL2 upregulation in tumor specimens com-
pared to normal bone tissues (Dou et al. 2021). High-grade murine
osteosarcoma cells produce more CCL2 than low-grade, while
CCL2 knock-out cells decrease cell invasion (Chen et al. 2015).
CCL2 is known as an enhancer of matrix metalloproteinase-9
(MMP-9) expression and cancer cell migration through CCR2 and
activator protein-1 (AP-1) activation resulting in higher grade of
the tumor (Liu et al. 2020). However, tumors have heterogeneous
oxygen tensions. Tumor-related hypoxia significantly alters en-
dothelial and immune cell landscape in TME and is one of the
main causes of treatment resistance (Abou Khouzam et al. 2020).
Therefore, it is crucial to examine CCL2-CCR2 axis changes in
different oxygen environments and whether its inhibition in
hypoxia differs from that in normoxia.

Here we aimed to study the differential effects of CCL2-CCR2
axis blockade in hypoxia compared to normoxia in the pre-
clinical metastatic osteosarcoma human cell line 143B model
(Uluckan et al. 2015). We aimed to elucidate interaction
mechanisms between osteosarcoma cells and immune cells in
hypoxia versus normoxia and compensatory mechanisms
involved when CCR2 is blocked. We used two approaches-an
in vitro coculture of 143B cells with human peripheral blood
mononuclear cells (PBMCs) and the in vivo mouse osteo-
sarcoma xenograft model. We chose 143B cell and healthy
donor PBMC coculture method as it better reflects in vivo cell
behaviors and has emerged as an important method with
various applications in cancer research (Oda et al. 2021;
Rasouli and Safari 2024). Our coculture system is considered
indirect as it lacks cell-to-cell contact and relies on commu-
nication via secretory factors (Rasouli and Safari 2024). To
interrogate CCL2-CCR2 axis blockade we selected a small
organic molecule RS504393 (spiropiperidine), a selective
antagonist of the CCR2 receptor, that does not induce che-
motaxis and does not stimulate post-receptor signaling
(Mirzadegan et al. 2000). This compound blocks the CCR2
receptor by occupation of a binding site for CCL2 without
affecting CXCR1, CCR1, or CCR3 (Mirzadegan et al. 2000).
RS504393 has shown promising activity when used in com-
bination with immune check blockade in solid tumor pre-
clinical studies (Tu et al. 2020).

We interrogated the effect of the CCR2 antagonist on the
ability of 143B cells to secrete chemokines CXCL8, CCL2, and
vascular endothelial growth factor (VEGF). All these proan-
giogenic and pro-inflammatory chemokines play a role in
osteosarcoma progression. In addition, we studied changes in
the expression of various surface proteins on 143B cells that
play a role in tumor hypoxia, such as carbonic anhydrase IX
(CAIX), VEGFR, and programmed cell death ligand 1 (PD-
L1). Moreover, we analyzed changes in CD44, a cell surface
transmembrane glycoprotein crucial for the interaction
between cancer cells and the extracellular matrix (ECM) and
has been implicated in osteosarcoma progression (Mayr
et al. 2017). Lastly, we performed proteome analysis for
selected cancer-related targets on 143B cells in hypoxic and
normoxic coculture with PBMCs with or without CCR2
antagonist treatment to assess changes in an array of cancer-
related proteins.

Overall, our findings show how hypoxic conditions alter cyto-
kine and receptor expression and impair CCR2 antagonist effect
in the experimental 143B osteosarcoma model. We observed
differential effects on protein surface expression, cytokine
secretion and cancer-related protein makeup depending on
oxygen levels. In the in vivo model, CCL2-CCR2 axis blockade
with CCR2 antagonist did not slow tumor growth or metastasis
but altered TME by VEGFR downregulation. Proteomics data
from hypoxic coculture 143B cells show divergent protein ex-
pression patterns in response to CCR2 antagonist as compared
to normoxia. These findings reinforce the role of hypoxia in
CCL2-CCR2 axis inhibition failure.

Our data also reveals the potential use of a coculture model of
tumor cells and PBMCs as a relevant model for studying cell
phenotypes more accurately than mono-cultures.
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2 | Materials and Methods
2.1 | Human Subjects

All healthy donor participants provided informed consent ac-
cording to the declaration of Helsinki and the experimental
protocols were approved by the bioethics protocol approved by
the Vilnius Regional Committee of Biomedical Research (2020
03 31 #2020/3-1209-694, 2024 01 18 #2020/3-1209-694).

2.2 | Cell Culture

143B cells were purchased from ATCC. Cells were cultured in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum and 100 units/mL penicillin, 100 mg/mL streptomycin.
Cells were grown in the humidified incubator with 21% O,, 5%
CO, at 37°C. Hypoxic conditions, when needed, were achieved in
the hypoxic chamber (MACS VAS500 microaerophilic workstation,
Don Whitley Scientific, UK) with 1% O,, 5% CO,, and residual N..

2.3 | Flow Cytometry (FC)
2.3.1 | FC on PBMCs and 143B Cells

Cells were stained with following anti-human anibodies: anti-h/
mCD11b FITC (#101206, Biolegend), anti-hCD86 Alexa Fluor
(AF) 488 (#53-0869-42, Invitrogen), anti-hCD274 APC (#17-
5983-42, Invitrogen), anti-hCAIX AF483 (#FAB2188G, R&D),
anti-hCD45 PE/Cy7 (#304016, Biolegend), anti-hVEGFR PE/Cy7
(#393008, Biolegend), anti-hCCR2 PE (#357206, Biolegendanti-
hCD206 APC (#17-2069-42, Invitrogen), anti-hCXCR1 FITC
(#8F1-1-4, eBioscience). 7-AAD stain (#00-6993-50, eBioscience)
was used to discern live cells from the dead. Cells were analyzed
by flow cytometry using Partec CyFlow Space flow cytometer
(Germany). For CXCR1 analysis cells were analyzed with BD
FACS Symphony Al cell analyzer (Becton, Dickinson and Com-
pany, USA). Data were analyzed using FlowJo. Cells were selected
according to FSC-H and SSC-H plots. When duplicates were dis-
criminated using FSC-H and FSC-A plots. 7-AAD negatives cells
were used for the analysis.

2.3.2 | FC on Tumors, Harvested From Mice

Tumors were dissected from mice and placed into a separate
100 mm Petri dish on ice, quickly minced with scalpels into
fragments. Collagenase 1 mg/mL and DNAse (Roche #52779120)
100 ul/2 mL added into 2mL HBSS and incubated at 37°C for
15 min. Digested tumors were passed through a 70 um strainer.
Cells were centrifuged, lysed with 2mL ACK lysing buffer for
1 min to deplete red blood cells, quenched with HBSS, cen-
trifuged and washed with FACS buffer, and subjected for flow
analysis. TruStainFcX (#422302, Biolegend) was used for non-
specific receptor blockade. To analyze tumor fraction in human
cell xenografts anti-hCD274 APC (#17-5983-42, Invitrogen), anti-
hCA9 AF488 (#FAB2188G, R&D), anti-hVEGFR PE/Cy7
(#393008, Biolegend), anti-hCCR2 PE (#357206, Biolegend), anti-
hCD44 APC (#559942, BD Pharmingen) with corresponding

isotype controls. For immune fraction in xenograft tumors, anti-
mouse antibodies were used. For nonspecific receptor blockade,
TruStainFcX anti-mouse (#101320, Biolegend) was used. Anti-
bodies used were anti-h/mCD11b FITC (#101206, Biolegend),
anti-mCD206 APC (#141708, Biolegend), anti-mCD86 PE
(#105008, Biolegend), anti-mPD-L1 PE (#155404, Biolegend),
anti-mCCR2 PE (#150610, Biolegend). 7-AAD stain (#00-6993-50
eBioscience) was used to discern live cells from dead. Cells were
analyzed by flow cytometry using BD FACS Symphony Al flow
cytometer (USA). Data were analyzed using FlowJo. Cells were
selected according to FSC-A and SSC-A plots. When duplicates
were discriminated using FSC-H and FSC-A plots. 7-AAD ne-
gatives cells were used for the analysis.

Fraction of positive cells (%) or mean fluorescent intensity
(MFI) of certain marker were calculated and used for further
analysis.

2.4 | Transwell 143B-PBMC Assay

For transwell assay Thermo Scientific, Nunc Polycarbonate Cell
Culture Inserts in Multi-Well Plates, 0.4 um, 12-well (#140652)
were used. First, 0.15 x 10° 143B cells per well were seeded and
left for 24 h in 1% O, in Advanced DMEM with 3%FBS (#12491-
015, Gibco). Treatment with vehicle or RS504393 (#2517, To-
cris) 0.5 uM concentration was added and cells were incubated
in 21% and 1% O, After 24 h, healthy donor blood was collected
in compliance with the bioethics protocol approved by the
Vilnius Regional Committee of Biomedical Research (2020 03
31 Nr.2020/3-1209-694). PBMCs were isolated using Ficoll-
Paque PREMIUM (#17-5442-02, GE Healthcare) according to
manufacturer protocol. Cells were counted and seeded 1 x 10°
per well with Advanced DMEM + 5% BSA. After 48-h incuba-
tion in 1% or 21% O,, supernatants were collected from the top
or bottom chambers, centrifuged 300 X g for 5 min. Gathered
supernatant was centrifuged again 1000 x g for 5 min, and
prepared for ELISA analysis. PBMCs from the top chamber and
143B cells from the bottom chamber were harvested for flow
analysis.

2.5 | Quantitation of Cytokines and Chemokines
in Cell Culture Supernatants

Indirect enzyme-linked immunosorbent assay (ELISA) kits for
the measurement of human cytokines and chemokines-CCL2,
CXCL8 (#88-7399-88, #88-8086-86, Invitrogen, Thermo Fisher
Scientific, USA), VEGF (#DY293B-05, R&D Systems) - levels in
cell culture supernatants were used. ELISA Kkits are based on
the sandwich immunoassay technique. Supernatants were
used diluted up to 1:200. All procedures were performed ac-
cording to manufacturers’ protocols. In the last step 3,3’,5,5-
tetramethylbenzidine (TMB) substrate solution was added to
each well. The plates were monitored for 15 min for color
development, the reaction in wells was stopped with 3.6%
H,SO, solution and the wells were read at 450 nm with refer-
ence wavelength at 620 nm using Multiscan GO microplate
spectrophotometer. A standard curve was generated from
cytokine standard and the cytokine concentration in the sam-
ples was calculated.
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2.6 | 143B Xenograft Experiment

Female Nude mice (CR ATH HO Code 24106216), 5-6 weeks
old, were obtained from Charles River Laboratories. Animals
were housed, bred, and handled in the Department of Animal
Models Animal Facility at Life Sciences Center, Vilnius Uni-
versity, Lithuania, 12-h light-dark cycle, at 21°C-23°C and
40%-60% humidity. Animals were fed with an irradiated
breeding/maintenance diet for transgenic mice (Altromin,
#1414) and water ad libitum. All experimental procedures
conformed to Directive 2010/63/EU requirements and were
approved by the Lithuanian State Food and Veterinary Service
(Approval No. G2-233, 2023-01-18).

Before injection into animals, mycoplasma-free 143B cells in the
exponential growth phase were harvested, washed, and re-
suspended in PBS. 8-12 weeks old female Nude mice were
inoculated intraosseous under isoflurane anesthesia with
0.5 x 10° 143B cells resuspended in 20 uL of PBS into the right
tibia. Once tumors reached palpable size, on the 16th day post-
tumor inoculation, mice were randomized based on tumor size
and treated with CCR2 antagonist RS504393 (#2517, TOCRIS)
at a dose of 2 mg/kg/dose intraperitoneally (i.p.) daily or vehicle
control. 10 mice per group were used based on sample size
calculation guidelines (Arifin and Wan Mohammad 2017).
Tumor size was calculated as follows: volume = (D*d"**7)/6,
where D is the longer measurement and d is the shorter one. All
mice were sacrificed once a single mouse reached a tumor
volume of 1500 mm>. At the end of the experiment, animals
were euthanized with a flow of 8.0 L/min of medical CO, gas
(Elme Messer Lit, Vilnius, Lithuania) followed by cervical
dislocation.

2.7 | Immunohistochemistry

Immunohistochemistry on 143B tumors and lungs was per-
formed by the National Pathology Center, Vilnius, Lithuania.
Formalin-fixed and paraffin embedded (FFPE) slides cut at 3
microns were subjected to H&E and immunohistochemical
staining with BenchMark Ultra VENTANA. In brief, before
initial deparaffinization, sections were steamed in 60°C for
24 min, then antigen retrieval with CC1 for 64 min at 95°C. The
slides were incubated against CCR2 antibody (Roche clone
SN707, 1:400; frozen at —20°C) for 32 min at 37°C and CAIX
antibody (clone EP161, 1:50, #379R, cell marque). Tissues were
exposed to Dab chromogen 8 min and then counterstained with
hematoxylin, dehydrated, and mounted. Visualization system
universal DAB detection kit (#(92) 760-500, Roche) was used.
Metastasis count was analyzed by two investigators. Total
metastasis burden per mouse was estimated by measuring their
size and applying the following formula: volume = (D*d"**r)/6,
where D is the longer measurement and d is the shorter one.

2.8 | Proteome Profiler Analysis

Proteome analysis on 143B cells, harvested from mono-culture
and coculture with healthy donor PBMCs, was performed using
Proteome Profiler Human XL Oncology Array Kit (#ARY026,

R&D) following manufacturer's instructions. Briefly 143B cells
lysates (one lysate from three donors per treatment condition)
were prepared using RIPA lysis buffer (#89900, ThermoFisher)
containing protease and phosphatase inhibitors (ThermoFisher
Halt Phosphatase inhibitor cocktail (#78428) and Halt Protease
Inhibitor Cocktail (#78425) and PMSF Protease Inhibitor
(#36978)) for 30 min on ice and centrifuged at 16,000 x g for
15min at 4°C. Total protein lysate was quantified using the
Bradford method. 400 pg of lysate was used per condition.
Images were obtained using the Alliance Q9 Advanced
(UVITEC) system. Spots were quantified using the UVIBAND
MAX analysis software system. Pixel density signal of each spot,
representing one analyte, was quantified. Each analyte had two
repeats, so an average value of each pair was used. Quantified
average signal value of each spot was subtracted by an average
background value (negative control in the array kit). In the case
the substracted signal value was equal 0 or lower, it was
equalized to 1 for further analysis. Calculated values were used
for multiple variable analysis (all calculated values are repre-
sented in Supporting Information Table S1, raw blots in Fig-
ure S1). Relative changes (log(fold change) of calculated signal
values were used for heatmets to compare the change in protein
expression level.

2.9 | Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(version 10.0.2). A parametric unpaired t-test was applied to
evaluate the statistical significance of differences between two
independent groups of variables and p < 0.05 was assumed to be
significant (*p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001).

3 | Results

3.1 | CCR2 Expression and CCL2 Secretion Are
Increased in 143B Cells in the Presence of PBMCs

First, we determined the secretion level of CCL2 and CCR2
expression patterns in 143B cells. CCR2 expression on 143B
cells is not robust in vitro, but it is more evident in vivo
(Figure 1A). 143B cells secrete CCL2, more in normoxia than in
hypoxia, but it can acutely increase by IFNy stimulation
(Figure 1B).

We assumed that the crosstalk of 143B cells with immune cells
can provoke CCL2-CCR2 axis activation. Therefore, we assessed
the changes in CCR2 and CCL2 on 143B cells when they were
subjected to secretory factors from PBMCs by employing a
healthy donor PBMC coculture model using the transwell assay.
In such system, 143B cells were seeded on the bottom of the
transwell vessel for 24 h either under normoxia and hypoxia
conditions. The PBMCs were collected from healthy adult
donors the next day, seeded on the 0.4uM pore size top
chamber of the transwell, and incubated either under normoxia
and hypoxia for an additional 48 h. In such a system, cell
communication lacked direct cell-to-cell contact. Although
CCR2 expression on 143B cells did not change, we discovered a
significant increase in CCR2 expression on CD11b* PBMCs in
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FIGURE 1 | 143B cell phenotype in mono-culture and coculture with immune cells. (A) CCR2 expression (left) and H&E stain (right) on 143B
tumors by immunohistochemical analysis (IHC); scale bars-100 um. (B) ELISA analysis for differences in CCL2 secretion of 143B cells grown in
normoxia or hypoxia, without/with (—/+) IFNy. (C) CCR2 expression differences by MFI on CD11b cells when PBMC are grown in mono-culture
(blue circles) and in transwell (teal squares) in normoxia (empty shapes) or hypoxia (filled shapes). (D) Changes of surface protein expression by
mean fluorescent intensity (MFI) of the following markers: CCR2, CAIX, VEGFR, and PD-L1, when 143B cells were gown in mono-culture (brown
circles), they were exposed to PBMC cells in a transwell assay (coculture, purple squares) under normoxia (empty shapes) or hypoxia (filled shapes).
(E) Changes in percentage of surface protein expression of these markers: CCR2, CAIX, VEGFR, PD-L1, and CD44, when 143B cells are gown in
mono-culture (brown circles) or when they are exposed to PBMC cells in a transwell assay (purple squares), either under normoxia (empty shapes) or
hypoxia (filled shapes). (F) Secretion of CCL2, VEGF and CXCLS8 by 143B cells (pink triangles) or PBMC (red squares) in mono-culture, in transwell
(teal rhombi) under normoxia (empty shapes) or hypoxia (filled shapes). (G) Multiple variables analysis for PD-L1, CCL2, CD44 and CAIX expression
in hypoxia comparing transwell coculture phenotype with mono-culture. *p < 0.05, **p < 0.01, ***p < 0.001, significance was determined using the
Student's t-test, n = 3 per experimental group.

hypoxia when compared to cell mono-culture and normoxia
(Figure 1C), whereas CCR2 expression on tumor cells did not
change significantly. CCL2 secretion was minimal by 143B cells
under normoxia and hypoxia, but increased by PBMCs

(Figure 1F). CCL2 secretion increased in the transwell system
under normoxia but decreased significantly in hypoxia
(Figure 1F). Although we observed a decrease in CCR2 ex-
pression on 143B cells as well as CCL2 secretion by 143B cells
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and PBMCs in hypoxia compared to normoxia, the surface
expression of CCR2 on CD45*CD11b* PBMCs increased in
hypoxia.

3.2 | Hypoxia Causes Downregulation of CD44,
VEGF, and PD-L1 and an Increase in CAIX Surface
Expression in 143B Cells in the Coculture Model

Hypoxia increased CAIX expression in 143B cells and it was
even more prominent in a transwell assay (Figure 1D,E). PD-L1
expression decreased in hypoxia and in transwell assay
(Figure 1D,E). Similarly, CD44 expression decreased in hypoxia
in cell mono-culture and transwell (Figure 1D). Although
VEGFR expression increased in transwell in normoxia, it
decreased in hypoxia (Figure 1E). We found that VEGF secre-
tion was prominent by 143B cells, but not PBMCs (Figure 1F) as
opposed to CXCL8 secretion, which was primarily secreted by
PBMCs and increased when cells were grown in a transwell
system, more so in hypoxia (Figure 1F).

To describe cell phenotype comparing mono- and co-cultures, we
performed multiple variables analysis of surface protein expression
changes in hypoxia. We found changes in total CCL2 secretion,
and expression of PD-L1, CD44, and CAIX on 143B (Figure 1G) in
the coculture compared to mono-culture of 143B cells.

3.3 | CCR2 Inhibition Causes a Different Pattern
of Cell Response in the Co-Cultures and Mono-
Cultures of 14B3 Cells and PBMCs under Normoxia
and Hypoxia Conditions

To assess the change in tumor cell phenotype after CCR2
inhibition, we investigated the secretion levels of cancer-related
chemokines and expression of cancer and immune cell activa-
tion markers on 143B cells and PBMCs grown either in mono-
culture or coculture. CCR2 antagonist decreased CXCL8
secretion by PBMCs (more under normoxia conditions), but did
not significantly alter its secretion in a transwell assay
(Figure 2A). CCR2 antagonist decreased VEGF secretion in
transwell under hypoxic conditions (Figure 2B), but not in 143B
cells in mono-culture. CCR2 inhibition increased CCL2 secre-
tion in PBMC mono-culture as well as transwell under both,
hypoxia and normoxia (Figure 2C). Comparing surface protein
expression on 143B cells in their coculture with PBMCs under
normoxia and hypoxia conditions, we observed that CCR2
inhibition increased CD44 and PD-L1 expression on 143B cells
only in normoxia and increased VEGFR in both, normoxia and
hypoxia, conditions (Figure 2D,E). There was a notable trend of
decreased CAIX expression in hypoxia after the addition of
CCR2 antagonist (Figure 2D,E). We also analyzed CXCL8
receptors’ CXCR1 and CXCR2 changes on 143B cells and
PBMCs when they were grown as mono-culture or in coculture.
We did not detect CXCR2 receptor expression either on 143B
cells or on PBMCs (data not shown). At the same time, CXCR1
receptor expression on 143B cells in mono-culture increased
significantly in hypoxia compared to normoxia (Figure 2F).
Interestingly, CXCR1 expression increased similarly in nor-
moxia when 143B cells were grown in transwell (Figure 2F).
This can be explained by a prominent CXCL8 secretion by

PBMCs. CCR2 inhibition did not have significant effects on
CXCR1 expression (Figure 2F).

Next, we summarized the CCR2 antagonist effects on cytokine
secretion and surface protein expression in hypoxia using
multiple variables analysis. By applying multiple variables
analysis to cells treated with CCR2 antagonist in hypoxia, we
noticed a change in cell phenotype described by a decrease in
expression of PD-L1 and CD44, as well an increase in CCL2
secretion and CAIX expression in the coculture as compared to
mono-culture (Figure 2G). Lastly, comparing CCR2 antagonist
effects on cells treated with vehicle-only in the coculture under
hypoxia, we observed a decreased VEGF secretion and dimin-
ished expression of CD44 and CAIX on 143B cells, as well as an
increased CCL2 secretion (Figure 2H). Overall, CCR2 inhibition
effects were more pronounced in the coculture model than in
the mono-culture.

Lastly, we determined changes in CD11b+ CD86+, CD11b+
CD163+, CD11b+ CD206+, CCR2+, CD11b+ CCR2+, and
PD-L1+ percentage of CD45+ cells by flow cytometry on
PBMCs that were cocultured with 143B+/— CCR2 antagonist
under hypoxic or normoxic conditions. No significant changes
were noted except for a CCR2+ increase on CD45 when a CCR2
antagonist was added in normoxia (Figure 2I) and it is likely a
compensatory effect.

3.4 | In vivo Treatment With CCR2 Antagonist
Does Not Affect Tumor Growth or Metastasis But
Causes Phenotypic Changes in 143B Cells and
Tumor-infiltrating Monocytes/Macrophages

To assess 143B tumor growth in vivo under CCR2 inhibition,
143B cells were inoculated intraosseous into the right tibia of
Nude mice. Once tumors reached palpable size, we randomized
them into two treatment groups (n = 10 per group). We started
treating tumors with the CCR2 antagonist RS504393 at a dose of
2 mg/kg/dose i.p. daily on the day of randomization. Treatment
did not induce differences in tumor growth (Figure 3A) or
metastatic burden in lungs from mice who received CCR2
antagonist compared to vehicle control (Figure 3B,C). At the
end of the experiment, tumors were harvested from mice and
subjected to flow cytometry analysis. We analyzed surface
protein expression on tumor cells and some immune cells,
mainly murine monocytes/macrophages, since these xenografts
were grown in Nude mice with impaired T cells. Interestingly,
we observed two tumor cell populations having different ex-
pressions of CD44 (Figure 3D, CD44'°" and CD44"€"). The ratio
of these populations changed after treatment with CCR2
antagonist. CCR2 inhibition equalized the percentages of cells
in each population by increasing the number of CD44™€" cells
(Figure 3D,E). When analyzing tumor cell fraction by flow cy-
tometry, we observed no changes in CCR2 or PD-L1 surface
expression in tumor cells of mice who received CCR2 antago-
nists (Figure 3F). However, the VEGFR signal decreased sta-
tistically under CCR2 inhibition (Figure 3F). When surveying
monocytes/macrophage cell population we observed increased
infiltration of CD11b*CD86" cells into the tumor (Figure 3G).
However, we did not detect the change in a fraction of
CD11b*CCR2* cells (Figure 3G).
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Lack of response to CCR2 antagonist in vivo can be linked to
tumor hypoxia. Hypoxia is a prominent feature in 143B tumors
(Campanile et al. 2013). In agreement with that, 143B tumors
from our experiment had pronounced expression of hypoxia-
induced protein CAIX by flow and IHC (Figure 3H,I)
(McDonald and Dedhar 2014).

3.5 | Proteome Analysis for Selected Cancer-
Related Targets of 143B Cells Grown as Mono-
Culture or in Coculture With or Without CCR2
Antagonist Treatment Reveals Global Upregulation
of Cancer-Related Proteins in Cells From Coculture
as Well as Differential Response to CCR2
Antagonist in Hypoxia Versus Normoxia

Lack of response to CCR2 antagonist treatment in vivo
prompted us to go back to coculture experiments. We went on
to analyze cancer-related protein changes in cocultured 143B
cells in different oxygen environments when they are exposed
to CCR2 antagonists versus vehicle controls. We performed a
proteome array on these cells using the Human XL Oncology
Array Kit. First, we assessed changes in 143B cells when they
were harvested from transwell versus from mono-culture. We
observed a global increase in the majority of tested cancer-
related proteins in coculture (Figure 4A) highlighting the ben-
eficial utility of the coculture model. More importantly, treat-
ment with CCR2 antagonist of 143B cells in coculture revealed
differential upregulation of various proteins in normoxia as
compared to hypoxia (Figure 4B). We grouped these proteins in
clusters based on function and observed that proteins that are
involved in extracellular matrix remodeling, such as kallikrein 5
(KLK5), cathepsinB (CTSB) are decreased with CCR2 antago-
nist treatment in hypoxia, but upregulated in normoxia. In
contrast, matrix metalloproteinase-3 (MMP-3) is upregulated by
CCR2 antagonist in hypoxia but downregulated in normoxia
(Figure 4B). Similarly divergent response was identified in the
analysis of adhesion proteins (PECAM-1, LECAM-2, gp40,
cadherin 1 (CD324) are decreased in response to CCR2 antag-
onist in hypoxia, but increased in normoxia. On the contrary,
carcinoembryonic antigen-related cell adhesion molecule 5
(CD66e) and amphiregulin (AREG) are increased in response to
CCR2 antagonist in normoxia, but not hypoxia (Figure 4B).
Angiogenesis proteins are also affected differentially. Such as
endoglin (CD105), angiopoietin 1 (ANGPT1), serpin E1, VEGF
are decreased in response to CCR2 antagonist in hypoxia but
are upregulated in normoxia, whereas cadherin-5 (CD144) and

thrombospoindinl (TSP-1) are increased in hypoxia, but
decreased in normoxia (Figure 4B). Proteins that are associated
with drug resistance, such as AXL are decreased in hypoxic
coculture but increased in normoxic, when CCR2 antagonist is
added, whereas delta-like ligand 1 (DLL1) and Serpin B5 show
contrary trends. Immune signals such as interleukin-2 receptor
alpha chain (CD25), granulocyte-macrophage colony-
stimulating factor (GM-CSF), CXCL8, and CCL8 also show
contrasting expressions in hypoxia versus normoxia (Figure 4B).
Interestingly CCR2 antagonist upregulates HIF1A and CAIX
expression in hypoxia, but decreases VEGF and angiopoietin-
like 4 (ANGPTL4) expressions (Figure 4B). Overall, we found
contrasting protein expression patterns in 143B cells in response
to CCR2 antagonists under hypoxic and normoxic conditions.

To better delineate oxygen gradient-dependent differences in
response to CCR2 antagonist on 143B cells in coculture we
depicted multiple variables analysis for various cancer-related
proteins in hypoxia versus normoxia comparing transwell co-
culture phenotype when cells are treated with vehicle versus
CCR2 antagonist. We grouped 143B cells in clusters according
to signaling pathways: adhesion (Figure 5A), immune signaling
(Figure 5B), drug resistance (Figure 5C), angiogenesis
(Figure 5D), hypoxia (Figure 5E), metabolic and tumor sup-
pressing factors (Figure 5F). Again data shows divergent CCR2
antagonist response in hypoxia as compared to normoxia.
Increase in HIF1A, CAIX, p53, MMP3, AREG, CD66e can be
associated with treatment resistance and are targetable.

4 | Discussion

In this study, we attempted to elucidate CCL2-CCR2 axis-driven
mechanisms of osteosarcoma tumor evasion in metastatic
osteosarcoma cell line 143B model in different oxygen micro-
environments. In addition, we evaluated the effects of pro-
inflammatory and proangiogenic factors when CCR2 was in-
hibited. We assumed that for this approach cancer-immune
crosstalk is necessary, therefore, we used two models - in vitro
model of tumor cell-PBMC coculture and in vivo model of
mouse xenografts. We chose the coculture study model as it
involves the cultivation of different types of cells in the same
conditions and allows the exploration of dynamic interactions
between cancer-immune cells (Bogdanowicz and Lu 2014). Our
model did not allow for direct cell-to-cell contact and was fo-
cused on paracrine signaling and response to soluble signaling
factors.

FIGURE 2 | Changes in chemokine secretion pattern and expression of tumor cell markers upon CCR2 inhibition. Differences in secretion of

CXCLS8 (A), CCL2 (B) and VEGF (C) by ELISA when 143B cells were pretreated or not with 500 nM of CCR2 antagonist. The difference is shown as a
sum of cytokine secretion levels from untreated (vehicle, red squares) to treated conditions (orange squares) in 143B or PBMC mono-culture and
transwell under hypoxic or normoxic conditions. (D, E) Changes in CAIX, PD-L1, CD44, CCR2, and VEGFR surface expression on 143B cells by MFI
(D) and by percentage of live cells (E) in the coculture when cells were pretreated or not with 500 nM of CCR2 antagonist under hypoxic or normoxic
conditions, (F) CXCR1 surface expression by percentage on live 143B cells in mono-culture and coculture when cells were pretreated or not with
500 nM of CCR2 antagonist under hypoxic or normoxic conditions. (G) Multiple variables analysis for PD-L1, CCL2, CD44 and CAIX expression in
hypoxia comparing transwell coculture phenotype with mono-culture when cells were treated CCR2 antagonist. (H) Multiple variables analysis for
VEGFR, CD44, CCL2, CAIX expression in hypoxia comparing transwell coculture phenotype when cells are treated with vehicle versus CCR2
antagonist. (I) Changes in CD11b+ CD86+, CD11b+ CD163+, CD11b+ CD206+, CCR2+, CD11b+ CCR2+, and PD-L1+ percentage of CD45+ cells
by flow cytometry on PBMCs in their coculture with 143B cells pretreated or not with CCR2 antagonist under hypoxic or normoxic conditions.
*p <0.05, ¥*p < 0.01, ***p < 0.001, significance was determined using the Student's t-test, n = 3 per experimental group.
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FIGURE 4 | Selected human cancer-related protein analysis on 143B cells comparing mono-culture to coculture and CCR2 antagonist response
in 143B cells from coculture in hypoxia versus normoxia. (A) Protein array depicting differential protein expression fold changes of transwell
compared to mono-culture in hypoxia and normoxia. (B) Protein array depicting different fold changes in protein expression of CCR2 treated versus
vehicle control cells from coculture in hypoxia and normoxia.

FIGURE 3 | Invivo treatment with CCR2 antagonist did not affect tumor growth or metastasis, but altered surface receptor expression on tumor
cells and infiltrating monocytes/macrophages. (A) 143B tumor growth dynamics in Nude mice when they were administered with CCR2 antagonist
(red circles) versus vehicle controls (brown circles). Data shown as Means +/— SD, n = 10 per experimental group. (B, C) Metastatic tumor burden in
lungs of CCR2 antagonist-treated mice (brown bar and circles) compared to vehicle control (red bar and circles), scale bars of IHC images: top
(x4 magnification) — 400 pm, bottom (X4 magnification)-1000 um. (D) Gating strategy of CD44 expression and quantification of the % of CD44"Y and
CD44"e" in CD44* cells. (E) Differences of CD44 expression on tumor cells: population having low expression of CD44 (CD44'°%) and population
having high expression of CD44 (CD44"&), (F) Dot and violin plots depicting MFI of CAIX, PD-L1, CCR2, VEGFR and CD44 surface protein staining
on tumor cells from mice treated with vehicle control (pink with red circles) or CCR2 antagonist (yellow with brown circles). Each data point
represents a separate tumor sample from mice. (G) CD11bCCR2 and CD11bCD86 surface expression differences in monocytes/macrophages from
tumors of mice treated with CCR2 antagonist (yellow with brown circles) versus controls (pink with red circles). (H) CAIX expression on 143B
tumors by IHC; scale bars-100 um. (I) Percentage of CAIX+ cells in tumors from mice treated with vehicle versus CCR2 antagonist by flow
cytometry. Each data point represents a separate tumor sample from mice, n =10 per experimental group. *p <0.05, **p <0.01, ***p <0.001,
significance was determined using the Student's t-test.
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FIGURE 5 | Selected functional clusters of human cancer-related protein analysis of 143B cells comparing mono-culture to coculture and CCR2

antagonist response in 143B cells from coculture in hypoxia versus normoxia. Multiple variables analysis was performed with selected cancer-related
targest related to certain cell signaling pathway: (A) LECAM2, PECAM1, AREG and gp40-cell adhesion cluster. (B) CXCL8, GM-CSF, CCL8 and
CD25-immune signaling cluster. (C) DLL1, HIF1A, p53 and HER3-drug resistance cluster. (D) Serpin E1, CD105, ANGPTL4 and TSO-1-
angiogenesis cluster, (E) ANGPTL4, HIF1A, CAIX and VEGF - hypoxia cluster. (F) CDKN1B, ENO2, Serpin B5 and FKH1-metabolic and tumor

suppressor cluster.

First, we interrogated the effect of the CCR2 antagonist on the
ability of 143B cells to secrete chemokines CXCL8, CCL2, and
VEGF. All these proangiogenic and pro-inflammatory cytokines
are angiogenic and implicated in cancer metastasis (Galvez
et al. 2005; Pausch et al. 2020). Importantly, CXCL8 and VEGF
were shown to be increased in the blood serum of patients with
osteosarcoma (Jiang et al. 2017). Comparing cytokine secretion
differences in the coculture model when 143B cells were

exposed to PBMC-secreted molecules to 143B mono-culture we
observed an increase in CXCL8 secretion in the coculture. In
mono-cultures, PBMCs secreted more CXCL8 than 143B cells,
and this difference was more notable in normoxia than in
hypoxia. Conversely, in transwell coculture there was a further
increase in CXCLS8 secretion in both oxygen conditions. Inter-
estingly, the CCR2 antagonist was effective at decreasing
CXCLS8 secretion by PBMCs only in normoxia. Similarly to
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CXCLS, CCL2 secretion was also more pronounced in PBMCs
but not in 143B cells. Although CCL2 level increased in the
transwell coculture under normoxia it decreased significantly in
hypoxia. The mechanism of such downregulation of CCL2
secretion in hypoxia is unclear. Treatment with CCR2 antago-
nist dramatically increased CCL2 production across experi-
mental conditions. We believe this is a compensatory effect to
blockade of the CCR2 receptor by CCR2 antagonist preventing
CCL2 binding.

The VEGF-VEGFR axis is implicated in tumor neo-angiogenesis
and represents a prognostic marker in osteosarcoma patients
(Zhang et al. 2021). Notably, the VEGF secretion pattern
was different from that of CCL2 and CXCLS, as this cytokine
was produced mainly by 143B cells and not PBMCs in mono-
cultures. In the coculture, we noticed that increased VEGF
secretion was more pronounced in hypoxia than in normoxia.
In turn, the CCR2 antagonist was more effective in decreasing
VEGF secretion in hypoxia, with increased VEGFR expression
on 143B cells in the coculture. In summary, we demonstrated
that CCR2 antagonist differentially affects CXCL8 secretion in
normoxia and VEGF secretion in hypoxia.

Next, we examined changes in expression levels of PD-L1,
CD44, CAIX, and CCR2 on the surface of 143B cells in the
transwell coculture model. CD44, cell surface adhesion receptor
and stem cell marker, regulates cancer progression and metas-
tasis (Basakran 2015; Skandalis 2023). CD44 is a transmem-
brane glycoprotein, a receptor for hyaluronic acid, that plays a
role in cell-to-cell interactions via osteopontin, collagens, and
MMP. Interest in CD44 studies in osteosarcoma has gained
speed, as it is associated with tumor progression and metastasis
in preclinical osteosarcoma studies (Gvozdenovic et al. 2013)
and is associated with worse survival in osteosarcoma patients
(Gao et al. 2015). CD44 promotes osteosarcoma cell migration
and proliferation and positively correlates with osteosarcoma
immune checkpoint proteins such as PD-L1, a ligand for pro-
grammed cell death protein 1 (PD-1), which is a T-cell co-
inhibitory receptor (Brahmer et al. 2012; Ji et al. 2023). In
agreement with this notion, we observe that 143B cells have
high expression of both markers, PD-L1 and CD44, and hypoxia
causes downregulation of both, PD-L1 and CD44 expression. In
contrast, in breast cancer studies hypoxia upregulated CD44
expression on tumor cells (Krishnamachary et al. 2012). In our
study, the addition of CCR2 antagonist increased PD-L1 and
CD44 expression in normoxia but failed to do so in hypoxia.

We also assessed changes of CAIX on 143B cells, a key enzyme
for cancer cell survival in hypoxia (Pastorekova and
Gillies 2019). This surface protein, helps cancer cells to survive
in hypoxia by maintaining the physiological pH in cancer cells
and acidifying the TME (Pastorekova and Gillies 2019). We
observed a significant increase of CAIX expression on the sur-
face of 143B cells in hypoxia, and even more so - in their co-
culture with PBMCs. CCR2 antagonist did decrease CAIX
expression on 143B cells in hypoxia, although this change was
not statistically significant. The possible mechanisms linking
the CCL2-CC2 axis and CAIX expression need to be further
explored. In our study, CCR2 expression only slightly decreased
on 143B cells in hypoxia. But contrary to that, there
was a significant increase in CCR2 surface expression in

CD45*CD11b* cells under hypoxia, showing that this cell
subset might be more sensitive to hypoxia. Treatment with
CCR2 antagonist increased CCR2 surface expression on 143B
cells in transwell across different oxygen conditions and was
likely a compensatory effect. Although previous studies have
reported diminished CCR2 expression in M2 macrophages in
hypoxia (Araya et al. 2019) we observed the opposite effect.

Lastly, we went on to explore the effects of CCR2 blockade on
the same selected cellular markers in the in vivo model.
Although targeting the CCL2-CCR2 axis in osteosarcoma
remains an attractive immunotherapy option, a rich body of
evidence today shows that CCR2 blockade as monotherapy does
not work (Fei et al. 2021). In agreement with these observations,
in our study treatment of mice with CCR2 antagonist in vivo did
not slow tumor progression or stop metastasis compared to
vehicle control - it is likely due to various oxygen tensions in the
tumor-altering treatment response as we determined in the
coculture model. Flow cytometry analysis of harvested osteo-
sarcoma tumors from mice, treated with CCR2 antagonist
showed alterations in tumor CD44, VEGFR, and PD-L1 ex-
pression as well as CD86 expression on monocytes/macro-
phages compared to vehicle controls. CCR2 blockade increased
the fraction of VEGFR?Y, as well as PD-L1* tumor cells, which
might indicate an evasive mechanism when an alternative
proangiogenic, immunosuppressive pathway is activated. CCR2
blockade also increased the fraction of CD44™ cells. Interest-
ingly, we observed two populations having either low or high
expression of CD44. CCR2 antagonist shifted the cells from
CD44"°% to CD44"™¢" in this way increasing overall CD44 ex-
pression. In tumor stroma analysis we noted an increase in
CD11b*CD86* cells after CCR2 inhibition. CD86 is a costimu-
latory molecule that CD11b™ cells express as a response to pro-
inflammatory signals (Orecchioni et al. 2019). Tumor-associated
macrophages (TAMs) that express CD86" can exert both pro-
tumorigenic and anti-tumorigenic functions depending on their
activation state (Cendrowicz et al. 2021). Therefore, an increase
in the number of the subset of these cells could potentially be a
desired effect of CCR2 blockade-related treatment.

CCR2 antagonist ineffectiveness in vivo could be related to a
hypoxic microenvironment. CAIX expression is avid in these
tumors and signifies an altered oxygen supply. Our in vitro data
suggest differential surface protein expression as well as cytokine
secretion in response to CCR2 antagonists in hypoxia as compared
to normoxia. Therefore we performed a more in-depth proteome
analysis of cancer-related targets in tumor cells grown in coculture
with PBMC and when they are subjected to CCR2 antagonist in
hypoxia versus normoxia. Proteome analysis revealed differential
expression patterns in tumor cells. Hypoxia-related proteins such
as CAIX and HIF1A are further increased with CCR2 antagonist
administration in hypoxia. Importantly, VEGF was downregulated
in hypoxic coculture when CCR2 antagonist was added, and we
observed the same trend in mice tumors’ VEGFR expression. Also,
proteins associated with drug resistance, such as DLL1 and p53
were upregulated when hypoxic coculture was treated with CCR2
antagonist. These hypoxia-driven mechanisms are likely respon-
sible for poor response to CCR2 treatment.

In summary, our findings show that hypoxic conditions alter
the expression of different cellular markers and impair CCR2
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antagonist effects in the experimental osteosarcoma model.
CCR2 inhibition in the 143B cell model has differential effects
on protein surface expression and cytokine secretion depending
on oxygen levels. CCL2-CCR2 axis blockade with CCR2
antagonist does not slow 143B tumor growth or metastasis but
alters TME by decreased VEGFR and shifts the CD44 expressing
cell population towards CD44™s", A Proteome array of 143B
cells from coculture with PBMCs reveals upregulation of vari-
ous angiogenesis, hypoxia, cell adhesion, and drug resistance-
related proteins that can explain poor treatment response in
mice. Changes in CAIX and HIF1A, as well as DLL1 and p53
upregulation are of particular interest.

Our data show potential for dual targeting of the CCL2-CCR2 axis
with HIF1A or CAIX inhibitors in the future. In addition, we reveal
prospects for CCL2-CCR2 axis blockade with inhibitors targeting
VEGFR or CD44 expression or activity. Lastly, we show the benefits
of the tumor cell-PBMC coculture model as a tool to better delineate
the tumor cell phenotypes compared to mono-cultures.
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