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CC chemokine receptor 2 (CCR2) expression promotes diffuse
large B-Cell lymphoma survival and invasion
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In recent years, CC chemokine receptor 2 (CCR2) has been found to be involved in tumor growth, angiogenesis, epithelial
mesenchymal transition, metastasis, and immune escape. CCR2 overexpression was first identified as a poor prognostic predictor in
diffuse large B-cell lymphoma (DLBCL) in our published article, but the mechanisms involved remain unknown. In this work, we
collected data from another 138 patients with DLBCL data and verified the CCR2 expression level and its relationship to
clinicopathological characteristics. Furthermore, we explored the possible mechanisms via in vitro and in vivo experiments. We
showed that CCR2 overexpression was an independent prognostic marker and predicted shorter overall survival (OS) and
progression-free survival (PFS) in patients with DLBCL. Blockade of CCR2 expression with a CCR2 antagonist inhibited tumor cell
proliferation, migration, and anti-apoptosis ability in vitro by affecting the PI3K/Akt signaling pathway and the p38 MAPK signaling
pathway. Furthermore, administration of a CCR2 antagonist decreased tumor growth and dissemination of DLBCL cells and
increased survival time in the xenograft model. Our study demonstrates that CCR2 expression plays an important role in the
development of DLBCL by stimulating cell proliferation, migration, and anti-apoptosis. Therefore, the inhibition of CCR2 may be a

potential target for anticancer therapy in DLBCL.

Laboratory Investigation (2022) 102:1377-1388; https://doi.org/10.1038/s41374-022-00824-5

INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most common
subgroup of non-Hodgkin lymphoma worldwide. It is a phenoty-
pically and genetically heterogeneous disease, accounting for
approximately 30-40% of all cases'%. The addition of rituximab to
standard CHOP (cyclophosphamide, doxorubicin, vincristine and
prednisone) chemotherapy significantly increases event-free and
overall survival (OS) times. Approximately 50-70% of DLBCL
patients can be cured, but nearly one-third of patients develop
relapsed or refractory disease that remains a major cause of
mortality and morbidity due to the limited therapeutic options®~.
The prognosis of patients with newly diagnosed DLBCL depends
on the prognostic clinical and biological characteristics as defined
in the previously developed International Prognostic Index (IPI)°.
The patient prognosis within the IPI group is highly variable; thus,
novel biomarkers with potential implications for prognosis are of
great importance’.

Chemokines that bind to receptors play an essential role in
tumorigenesis and pathological immune pathways and have been
investigated as markers of adverse prognosis in non-Hodgkin
lymphomas®®. CC chemokine receptor 2 (CCR2), a G protein-
coupled receptor (GPCR) that mainly combines with CC ligand 2
(CCL2), can be detected in a diversity of cells, such as monocytes,
memory T cells, natural killer (NK) cells, dendritic cells, and
basophils'®'3. The CCR2-CCL2 axis recruits inflammatory mono-
cytes to the tumor microenvironment (TME) and promotes

polarization of selectively activated M2-phenotypes, thereby
contributing to immunosuppression and enhancing tumor vascu-
larization, cancer extravasation, and metastasis, including in
prostate cancer, breast cancer, pancreatic cancer, and hepatocel-
lular carcinoma'®™'®, This receptor and its ligands have been
found to be involved in the tumor-promoting effects of malignant
B cells in hematologic neoplasms such as follicular lymphoma'®. In
this study, we evaluated the prognostic significance of this
receptor in patients with DLBCL and sought to investigate the role
of alterations in CCR2 expression in DLBCL using in vitro and
in vivo experiments.

MATERIALS AND METHODS

Patients and tissue samples

We recruited 138 patients with DLBCL who underwent pathological
biopsies at the First Affiliated Hospital and the Second Affiliated Hospital of
Anhui Medical University during the period from 2004-2016 based on the
World Health Organization (WHO) criteria’, and all patients provided
informed consent. The following criteria were met by all patients:
pathologically substantiated DLBCL, no preceding history of malignancy,
transplantation, or immunosuppression, and available laboratory data and
follow-up information. All cases were evaluated for CCR2 expression by
utilizing immunohistological analysis, and sections were independently
reviewed by two highly experienced pathologists. Approximately 73% of
patients were treated with the CHOP protocol, and 27% received the CHOP
regimen plus rituximab as primary therapy and were followed-up at each
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of these two hospitals. This study was approved by the Institutional Review
Board of Anhui Medical University and was conducted in accordance with
The Code of Ethics of the World Medical Association (Declaration of
Helsinki).

Immunohistochemical staining

Specimens from 138 patients as well as subcutaneous tumors and infiltrated
organs including bone marrow, lung, and central nervous system were fixed
in 4% formalin and embedded in paraffin. We used 3 um paraffin sections
and the monoclonal antibodies of CCR2 (1:300, Abcam, USA) for patient
specimens and anti-human CD20 (ZSGB-Bio, Beijing, China), CCR2 (1:50,
Bioss, Beijing, China) for subcutaneous tumors and infiltrated organs in the
study. The sections were dewaxed in xylene and stripped of xylene in a
gradient of ethanol to reduce water. Antigens were then repaired using
sodium citrate solution (pH=6) using a high-pressure antigen repair
method. After using 3% hydrogen peroxide to block endogenous peroxidase
and goat serum to reduce non-specific background staining, anti-CD20 and
CCR2 antibodies were incubated on the sections overnight at 4°C. After
recovery to room temperature, biotin-labelled secondary antibodies (anti-
rabbit) were added dropwise for 30min at 37°C, followed by room
temperature action using horseradish peroxidase-labelled ovalbumin for
15min. Finally, DAB (ZSGB-Bio, Beijing, China) was used for color
development, followed by staining using hematoxylin. The sections of
subcutaneous tumors and disseminated organs were also stained with
hematoxylin and eosin. Stained sections were interpreted by two profes-
sional pathologists, with different magnifications (x200 and x400) recorded
in the same field of view for each section using an Olympus BX51TF
microscope (Olympus, Tokyo, Japan). Semi-quantitative analysis of tumor cell
staining was performed at grades 0, 1, 2, and 3. Grade 0 being < 1% tumor
cell staining, grade 1 being 1-33%, grade 2 being 34-66%, and grade 3 being
>67%. Grade O represented negative expression, and grades 1-3 repre-
sented positive expression®’.

Cell culture

SUDHL-4, SUDHL-6, and OCI-Ly8 (germinal center subtype, GCB) and
SUDHL-2, OCI-Ly10 (activated subtype, ABC) are human-derived DLBCL cell
lines. The SUDHL-2, SUDHL-4, and OCI-Ly10 cell lines were generously
gifted by Dr. Ding (The First Affiliated Hospital Of USTC China), and the
SUDHL-6 and OCI-Ly8 cell lines were presented by Prof. Zhai Zhimin (The
Second Hospital Of Anhui Medical University, China). The cell culture
media consisted of 1640 (Hyclone, Utah, USA) plus 10% fetal bovine serum
(Gibco, NY, USA) and 1% penicillin/streptomycin (Beyotime, Shanghai,
China). All cells were incubated at 37 °C in a 5% CO, incubator.

Proliferation assays

Cell proliferation was measured using a Cell Counting Kit-8 (CCKS8)
(Beyotime, Shanghai, China). Briefly, SUDHL-2 and OCI-Ly8 cells were
resuspended and then inoculated at 3 x 10* cells/100 L in RPMI 1640 with
10% FBS media in 96-well plates. The CCR2 antagonist sc-202525 (50 uM or
100 uM, Santa Cruz Biotechnology, California, USA) was added, and the
control group was treated with equal amounts of DMSO. The cells were
incubated at 37°C and 5% CO, for 24 h, 48 h, and 72 h; then, 10 uL of
CCKS8 solution was added. After incubation at 37 °C for 2 h, the absorbance
of each well at 450 nm was detected. Results represent the average
absorbance of five wells £ SD.

Migration assay

Migration experiments were performed using 8-um pore size Transwell
chambers (Corning Costar, NY, USA); 2.5 x 10° cells in the upper chamber
were resuspended in 100 pL of serum-free medium with or without the
CCR2 antagonist (100 uM) and incubated for 2 h at 37 °C; 600 pL of the
serum-free medium was used in the lower chamber with or without
rhMCP-1 (100 ng/ml, R&D System, California, USA), and the number of cells
migrating to the lower chamber within 24 h was counted using a cell
counting machine (JIMBIO-FIL, Jiangsu, China). Data represent the total
number of cells that migrated to the lower chamber +the standard
deviation (SD).

Apoptosis analysis

To determine whether cells exposed to the CCR2 antagonist were
undergoing apoptosis, we used an Annexin V-APC Apoptosis Assay Kit
(BestBio, Beijing, China) according to the manufacturer’s instructions and
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detected the expression of cleaved caspase 3 protein by Western Blot (WB).
In brief, SUDHL-2 cells and OCI-Ly8 cells were cultured in RPMI 1640
containing 10% FBS with the addition of the CCR2 antagonist (50 uM or
100 uM) for 48 h; then, the cells were collected for WB analysis or washed
twice with PBS and incubated with 2 uL of Annexin V-APC and 2 pL of
propidium iodide (PI) at 4 °C and protected from light for 0.5 h, then, they
were probed by flow cytometry. The control group was processed with
equal quantities of DMSO.

Western blot analysis

The protein was extracted by centrifugation at 4 °C and 12,000 rpm/min for
20min after collection and addition of RIPA (Beyotime, Shanghai,
China) + 1% PMSF (Beyotime, Shanghai, China). The preparation of the
BCA assay (Beyotime, Shanghai, China) for protein quantification was
followed by adding a loading buffer (Beyotime, Shanghai, China) and
boiling for 10 min. Approximately 20 pg of proteins were separated by SDS
polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins were
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore,
Massachusetts, USA). Following blocking of the membranes with 5% skim
milk in Tris-saline buffer supplemented with 0.1% Tween-20 at room
temperature for 1h, they were subsequently treated with the primary
antibodies at 4 °C overnight. The primary antibodies used were as follows:
CCR2 antibody (1:1000, Bioworld Technology Inc., Minnesota, USA), cleaved
caspase 3 antibody (1:500, Abcam, Cambridge, UK), p-PI3K antibody, p-Akt
antibody, and p-p38 antibody (1:1000, all from Cell Signaling Technology,
Boston, USA). After washing 3 times with TBST, the membranes were
hatched with HRP-conjugated secondary antibody (1:5000, ZSGB-Bio,
Beijing, China) for 1h at room temperature. The bands were displayed
using ECL reagent (Pierce, Massachusetts, USA) with a chemiluminescence
imaging instrument (Tanon5200, Shanghai, China), and ImageJ software
was used to analyze and calculate the grayscale values. The expression
level of the objective protein was normalized to the level of $-actin (1:2000,
ZSGB-Bio, Beijing, China).

In vivo proliferation assay

Four-to-six-week-old BALB/c female nude mice (16-22g) were obtained
from GemPharmatech Co., Ltd. (Nanjing, China). Mice were housed in a
specific pathogen-free (SPF) room under controlled temperature and
humidity at the School of Basic Medical Sciences, Anhui Medical University.
After a week of acclimatization, 1.5 x 107 OCI-Ly8 cells were resuspended in
200 ul of PBS and injected subcutaneously into the right axillary regions of
the nude mice. When the tumor volume reached approximately 100 mm?,
the mice were randomly divided into two groups: the CCR2 antagonist group
(n=>5) and the control group (n=6). The CCR2 antagonist group was
injected intraperitoneally with the CCR2 antagonist at a dose of 10 mg/kg
every other day, and the control group was given the same dose of DMSO
every other day for 3 weeks (the day of administration was recorded as day
0). The weights of the mice and tumor size were recorded every other day,
and the tumor volume was calculated as follows: (length x width x width)/2.
When the tumor volume reached approximately 1500 mm? mice were
euthanized, and the tumors were removed. Tumor growth and changes in
the weights of the mice were plotted as curves.

In vivo migration assays and bioluminescent imaging
Four-to-six-week-old female NOD-SCID mice (16-20g) were purchased
from GemPharmatech Co., Ltd (Nanjing, China). Approximately 1.5 x 107
Luciferin-labeled OCl-Ly8 cells were resuspended in 200ul of PBS and
injected into the mice viavthe tail vein, followed by random division into
the CCR2 antagonist group (n=3) and control group (n=3). The CCR2
antagonist group was administered the CCR2 antagonist (20 mg/kg)
intraperitoneally every day, while the control group was given the same
dose of DMSO intraperitoneally. We observed the statuses and weights of
the mice daily. They were euthanized according to animal ethics when
showing signs of metastasis such as straightened hair and significant
weight loss. We monitored the dissemination of intravenously injected
OCI-Ly8 cells via capturing bioluminescence images every 6 days using a
bioluminescent imaging system (LagoHTX, USA). Mice were anesthetized
with 3.5% isoflurane in oxygen, and bioluminescence images were
captured 10 min after intraperitoneal injection of firefly D-luciferin (3 mg
per mouse). The subcutaneous tumors and in vivo disseminated organs
were removed for hematoxylin and eosin staining and immunohisto-
chemical analysis. The animal experiments were approved by the Animal
Ethics Committee of Anhui Medical University.
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Table 1. Association between CCR2 expression and patients’clinico-pathological features.
clinico-pathological features patients
N

Gender

Male 73

Female 65
Age

Median (range) 58 (13-84)

<60 80

260 58
Ann Arbor stage

I/ 67

11V\% 71
Extranodal sites of disease

<1 101

a>1 37
ECOG

<1 79

a>1 59
LDH

<normal 91

>normal 47
IPI

0-2 84

3-5 54
Chemotherapy

CHOP 101

R-CHOP 37
Subtypel

ABC 79

GCB 59

43

Negative Positive P

17 (12) 56 (41) 0.427
19 (14) 46 (33)

24 (17) 56 (41) 0.219
12 (9) 46 (33)

27 (20) 40 (29) <0.001**
9 (6) 62 (45)

30 (22) 71 (51) 0.110
6 (4) 31 (23)

25 (18) 54 (39) 0.085
11 (8) 48 (35)

33 (24) 58 (42) <0.001**
32 44 (32)

30 (22) 53 (39) 0.001*
6 (4) 48 (35)

24 (17) 77 (56) 0.304
12 (9) 25 (18)

19 (14) 60 (44) 0.528
17 (12) 42 (30)

ECOG Eastern Cooperative Group, LDH Lactate dehydrogenase, IPI International Prognostic Index. 1 Hans algorithm was used to determine the GCB/Non-GCB

cases. P-values were calculated using Fisher’s exact test. *P < 0.05,**P < 0.01.

Statistical analysis

All data values are reported as the mean + SEM from three independent
experiments. We used either the chi-square test or Fisher's exact test to
compare categorical values between the two groups. Univariate and
multivariate analyses for progression-free survival (PFS) and OS were
performed using the Cox proportional hazard model. Survival curves
were constructed using the Kaplan-Meier method, and log-rank tests
were used to compare differences between the groups. For the
cell culture trials and in vivo experiments, we determined statistical
significance by two-tailed Student’s t-tests using GraphPad
Prism (version 8.0.2). The statistical calculations were conducted using
SPSS software (version 25). P<0.05 indicates a statistically significant
result.

RESULTS

Immunohistochemical CCR2 intensity and its correspondence
with clinicopathological features

We performed an assessment of CCR2 expression in 138 biopsies
from patients with DLBCL. All the clinical data of the enrolled
DLBCL patients are available in Table 1. A high expression of CCR2
was observed in 102 cases (74%) and is expressed in tumor cells in
both the cytoplasm and cell membrane (Fig. 1A, B). The frequency
of CCR2 expression progressively increased with higher IPI scores
(Table 1, P=0.001). Positive CCR2 expression in patients with

Laboratory Investigation (2022) 102:1377 - 1388

DLBCL was remarkably correlated with Ann Arbor stage and LDH
(Table 1, P <0.001, respectively).

High CCR2 expression is a negative prognostic factor affecting
0OS and PFS in patients with DLBCL

To examine whether CCR2 expression is an independent
prognostic predictor of PFS and OS, we performed univariate
and multivariate Cox regression analysis. By employing uni-
variate Cox analysis, as shown in Table 2 and Table 3, CCR2
expression was found to be a statistically significant predictor of
PFS (HR:14.527, P<0.001) and OS (HR:5.419, P<0.001). The
same was true for LDH (HR:1.969, P=0.047 for PFS and
HR:2.353, P=0.018 for OS). In addition, ECOG was an
independent prognostic factor for PFS (HR:0.561, P=0.047).
Furthermore, multivariate Cox analysis revealed that CCR2
expression and LDH remained significant prognostic factors
for PFS (Table 2, HR:11.002, P < 0.001 and HR:2.337, P =0.006,
respectively). Similarly, CCR2 expression and LDH were demon-
strated to be significant prognostic factors for OS (Table 3,
HR:4.670, P<0.001 and HR:2.231, P=0.011, respectively).
Following first-line chemotherapy, the overall effectiveness rate
including complete response (CR) and partial response (PR) was
63% in our research. The significant effect of CCR2 expression
on the overall response rate is shown in Table 4 (P <0.001). In
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Fig. 1 Expression of CCR2 in DLBCL tissues and cell lines. A Low cytoplasmic or membrane staining of CCR2. Original magnification x200

and x400. Scale bar, 50 pm and 20 pum. B High cytoplasmic or membrane staining of CCR2, Original magnification x200 and x400. Scale bar,
50 pm, and 20 pm. € CCR2 were expressed in human DLBCL cell lines of SUDHL-2, SUDHL-4, SUDHL-6, OCI-Ly8, and OCI-Ly10.

addition, in different treatment cohorts, we found that there
was no significant correlation between the expression of CCR2
and cell origin (COO) (Table 5). Kaplan-Meier analysis indicated
that patients with CCR2-positive expression (n=102) had
significantly poorer PFS (Fig. 2A, log-rank P<0.001) and OS
(Fig. 2E, log-rank P<0.001) than those with CCR2-negative
expression. We further investigated whether CCR2 expression
could stratify low-risk (IPl score =0-1), intermediate-risk (IPI
score =2-3), and high-risk (IPl score =4-5) patients. CCR2
expression significantly stratified patients when the analysis
was limited to low- and intermediate-risk patients (Fig. 2B, C,
PFS: P<0.001 and P=0.001, respectively; Fig. 2F, G, OS:
P<0.001 and P<0.001, respectively). Nevertheless, in our
study, CCR2 expression was not predictive of high-risk DLBCL
(Fig. 2D, PFS:P=0.051; Fig. 2H, OS:P=0.448). Furthermore,
received R-CHOP patients with high CCR2 (n=25) expression
had significantly poorer PFS (Fig. 2I, log-rank P < 0.001) and OS

SPRINGER NATURE

(Fig. 2J, log-rank P < 0.001) than those with low CCR2 (n=12)
expression, respectively.

Association of CCR2 expression with proliferation and
migration in DLBCL cells

We evaluated CCR2 expression in DLBCL cell lines by Western blot
analysis and found that CCR2 was expressed in all cell lines to
different degrees (Fig. 1C, D). To verify the effect of the CCR2
expression level on the proliferation of DLBDL cells, SUDHL-2 and
OCl-Ly8 cells were supplemented with a CCR2 antagonist (sc-
202525, 50 uM or 100 uM) or DMSO (equal in volume to the CCR2
antagonist treatment). We found that sc-202525 significantly
inhibited the proliferation rate of SUDHL-2 (Fig. 3A, P <0.01) and
OClI-Ly8 cells (Fig. 3B, P <0.01) compared with DMSO treatment.
To identify of the migratory impact of CCR2 expression, we
evaluated the migration induced by MCP-1 in DLBCL cell lines.
Recombinant human (rh)MCP-1 (100 ng/ml) was added to the

Laboratory Investigation (2022) 102:1377 - 1388
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Table 2. Univariate and multivariate COX regression analysis for progression-free survival in DLBCL patients.

Variables Progression-free survival
Univariate COX Regression

HR (IC 95%)

CCR2 (+/-) 14.527 (6.692-31.536)
LDH (Normal/High) 1.969 (1.008-3.848)
ECOG (£1/a> 1) 0.561 (0.317-0.993)
IPI (0-2/3-5) 1.063 (0.356-3.175)
Ann Arbor stage 0.687 (0.351-1.345)
(-11/01-1v)

Extranodal sites of disease 1.993 (0.788-5.045)
(£1/a>1)

GCB (yes/no) 0.625 (0.387-1.012)
Age (<60/260) 1.270 (0.770-2.096)
CHOP/R-CHOP 1.405 (0.878-2.248)

Multivariate COX Regression

P HR (IC 95%) P
<0.001** 11.002 (5.285-22.903) <0.001**
0.047* 2.337 (1.274-4.289) 0.006**
0.047* 0.642 (0.395-1.044) 0.074
0.913
0.273

0.145
0.056

0.349
0.156

Only significant factors for the univariate analysis were included in the multivariate analysis. HR Hazard ratio, 95% IC 95% confidence interval of hazard ratio,
LDH Lactate dehydrogenase, ECOG Eastern Cooperative Group, IPI International Prognostic Index. *P < 0.05,**P < 0.01.

Table 3. Univariate and multivariate COX regression analysis for overall survival in DLBCL patients.

Variables Overall survival
Univariate COX Regression

HR (IC 95%)

CCR2 (+/-) 5.419 (3.038-9.668)
LDH (Normal/High) 2.353 (1.160-4.776)
ECOG (£1/a>1) 0.931 (0.538-1.611)
IPI (0-2/3-5) 0.713 (0.212-2.397)
Ann Arbor stage 0.653 (0.338-1.263)
(I-I/1-1v)

Extranodal sites of disease 1.675 (0.699-4.017)
(£1/a>1)

GCB (yes/no) 0.839 (0.520-1.353)
Age (<60/260) 0.841 (0.496-1.426)
CHOP/R-CHOP 1.364 (0.852-2.183)

Multivariate COX Regression

P HR (IC 95%) P
<0.001** 4.670 (2.698-8.083) <0.001**
0.018" 2.231 (1.206-4.129) 0.011
0.931
0.585

0.206
0.248
0471

0.521
0.196

Only significant factors for the univariate analysis were included in the multivariate analysis. HR Hazard ratio, 95% IC 95% confidence interval of hazard ratio,
LDH Lactate dehydrogenase, ECOG Eastern Cooperative Group, IPI International Prognostic Index. *P < 0.05,**P < 0.01.

Table 4. Response rate according to CCR2 expression.

Characteristic Response Response rate
CR/PR PD % P

CCR2

Negative 32 4 89 <0.0071**

Positive 55 47 54 <0.001**

CR Complete response, PR Partial response, PD Progressive disease.
**p<0.01.

lower chamber to stimulate cell migration, and OCI-Ly8 cells
showed increased migration capacity in the presence of MCP-1.
However, there was no difference in SUDHL-2 cells. To evaluate
whether MCP-1-driven migration was dependent on CCR2
expression, we evaluated whether exposure to sc-202525, a

Laboratory Investigation (2022) 102:1377 - 1388

Table 5. The correlation between CCR2 expression and COO in
different treatment cohorts.

Characteristic CCR2 P
Negative Positive

CHOP
ABC 12 20 0.288
GCB 12 64

R-CHOP
ABC 7 30 0.582
GCB 5 20

CCR2 antagonist, repressed this migration. We found that sc-
202525 significantly inhibited migration of SUDHL-2 and OCI-Ly8
cell lines (Fig. 3Q).

SPRINGER NATURE
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CCR2 expression promotes the anti-apoptotic ability of DLBCL
cells

To ascertain whether CCR2 activates intracellular signals, a CCR2
antagonist (sc-202525) was applied to SUDHL-2 and OCl-Ly8 cells for

SPRINGER NATURE

Fig. 2 Kaplan-Meier analysis of PFS and OS according to the
expression of CCR2 in patients with DLBCL. A Kaplan-Meier
analysis of PFS of all patients (P < 0.001). B Kaplan-Meier analysis of
PFS of patients with IPI score=0-1 (P<0.001). C Kaplan-Meier
analysis of PFS of patients with IPl score = 2-3 (P =0.001). D Kaplan-
Meier analysis of PFS of patients with IPl score=4-5 (P=0.051).
E Kaplan-Meier analysis of OS of all patients (P<0.001). F Kaplan-
Meier analysis of OS of patients with IPI score=0-1 (P<0.001).
G Kaplan-Meier analysis of PFS of patients with IPI score =2-3
(P<0.001). H Kaplan-Meier analysis of PFS of patients with IPI
score =4-5 (P=0.448). | Kaplan-Meier analysis of PFS of patients
with R-CHOP therapy (P < 0.001). J Kaplan-Meier analysis of OS of
patients with R-CHOP therapy (P < 0.001). P-values were calculated
using the Log-rank test.

<

48 h. Then, cell apoptosis was detected by flow analysis using an
apoptosis reagent kit and observed the expression of cleaved caspase
3 protein by WB analysis. The same amount of DMSO was substituted
for the negative group. As the illustration demonstrates, apoptosis
increased after treatment with sc-202525, and the apoptosis rates of
SUDHL-2 (Fig. 4A, P<0.01) and OCI-Ly8 cells (Fig. 4B, P < 0.01) were
approximately 3.5 times and 7 times higher, respectively, than those
of the control group. Similarly, Fig. 4C shows that the expression of
cleaved caspase 3 was higher in DLBCL cells affected by CCR2
antagonists compared to the control group (P < 0.01).

CCR2 activates the PI3K-Akt MARK signaling pathway and
inhibits the p38 MAPK signaling pathway in DLBCL

The published literature has reported that the expression of the PI3K/
Akt and p38 MAPK signaling pathways in prostate cancer and breast
cancer are correlated with the level of CCR2%'. However, the role of
these signaling pathways in DLBCL has not been previously reported.
To gain further insights into the molecular mechanism by which
CCR2 facilitates DLBCL cell survival, we treated SUDHL-2 and OCl-Ly8
cells with sc-202525 for 48 h and then screened for p-PI3K protein,
p-Akt protein, p-p38 protein, p-STAT3 protein, p-STAT5 protein, p-Src
protein, p-P44/42 protein, and p-NF-kB protein expression by
Western blot analysis. We observed that the expression levels of
p-PI3K and p-Akt expression were dramatically decreased, whereas
those of p-p38 protein were significantly increased in both strains of
cells (Fig. 4D, E). The PI3K/Akt and p38 MAPK signaling pathways are
engaged in regulating cell proliferation, metabolism, and moti-
lity”>**. We suggest that CCR2 expression is involved in the
proliferation and migration of DLBCL cells by activating the PI3K/Akt
signaling pathway and CCR2 antagonist induces apoptosis through
activation of the p38 MAPK signaling pathway.

CCR2 antagonists inhibit subcutaneous tumor growth by
blocking CCR2

Based on the results of the in vitro experiments, we performed
in vivo experiments to explore whether a CCR2 antagonist could
inhibit tumor growth by blocking CCR2 in vivo. We transplanted
1.5 x 107 OCI-Ly8 cells into the right axillary subcutis of nude mice.
When a tumor was apparent, the mice were randomly divided into
two groups. The CCR2 antagonist group was administered a CCR2
antagonist (10 mg/kg), and the control group was given the same
dose of DMSO every other day. We recorded the weights of the
mice and subcutaneous tumor size every other day. The results
showed that the tumor size and tumor weight in mice treated
with the CCR2 antagonist were significantly reduced compared
with those in mice in the control group (Fig. 5A-C, E); however, the
body weights of the mice showed no significant difference
between the two groups (Fig. 5D). When the subcutaneous tumor
volume reached approximately 1500 mm?, the mice were eutha-
nized, and the tumors were removed and weighed. Immunohis-
tochemistry and hematoxylin and eosin staining were performed
on the subcutaneous tumors of mice from both groups; CCR2 and
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Fig. 3 CCR2 expression driven the proliferation and migration in DLBCL cell lines. A SUDHL-2 cells. B OCI-Ly8 cells. To determine growth,
SUDHL-2 or OCI-Ly8 cells (2 x 10*/well) were seeded into a 96-well plate and cultured for 24-72 h with RPMI 1640 and 10% fetal bovine serum
and relative cell numbers in each well measured by CCK8. Cells were grown in the presence of CCR2 antagnoist sc-202525. The control cells
were treated with equivalent amounts of DMSO. C Association of CCR2 expression with MCP-1 driven migration in DLBCL cell lines. To
determine migration,cells were incubated in serum-free media in the presence or absence of CCR2 antagonist sc-202525 (100 uM) prior to and
during the transwell migration assay. Recombinant human (rh) MCP-1 (100 ng/ml) was added to the lower chamber to stimulate cell
migration. Cells unexposed to rhMCP-1 were used as control. OCI-Ly8 cell increased their migration capacity in the presence of MCP-1,
however there was no difference in SUDHL-2 cells. We found that sc-202525 significantly inhibited migration spurred by MCP-1 in SUDHL-2
and OCI-Ly8 cell lines. Data are presented as the mean + SEM (n = 3). *P < 0.05, **P < 0.01.

CD20 expression was significantly decreased in the CCR2
antagonist-treated group compared with the DMSO-treated
group, and we observed necrotic tumor cells and residual tumor
cells from the IHC image of CCR2 in the CCR2 antagonist-
administered group (Fig. 5F). These results confirmed that CCR2
antagonist treatment can inhibit the growth of the subcutaneous
tumors by blocking CCR2.

CCR2 antagonists significantly inhibit tumor dissemination

We have shown that a CCR2 antagonist inhibited tumor growth by
blocking CCR2. Thus, we next explored whether treatment with a
CCR2 antagonist could inhibit tumor dissemination in vivo.
Approximately 1.5 x 107 OCI-Ly8 cells were resuspended in 200ul
of PBS and injected intravenously into NOD-SCID mice. The mice
were then randomly divided into two groups; one group was
administered a CCR2 antagonist (20 mg/kg) intraperitoneally daily,
and the control group was administered intraperitoneal DMSO.
Bioluminescence imaging was performed every 6 days to monitor
the dissemination of tumors in the mice. On day 12, a significant
difference in tumor dissemination began to appear between the
two groups, with parenchymal organ dissemination in the control
group. The difference in dissemination between the two groups
became gradually more pronounced (Fig. 6A). Bioluminescence
images were analyzed using software to obtain the fluorescence
intensity of the tumor-disseminated organs, and it showed that
the intensity of the control group increased significantly, with a
significant difference between the two groups (Fig. 6B). The mice
were euthanized when they showed straightened hair and
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significant weight loss. Then, all the organs of mice in the control
group were removed for hematoxylin and eosin and immunohis-
tochemical staining. Finally, the bone marrow and central nervous
systems of the control mice were found to be seeded by the
tumors, which was consistent with the bioluminescence imaging
findings (Fig. 6C). These results confirmed that treatment with a
CCR2 antagonist could inhibit tumor dissemination in vivo.

DISCUSSION
In the current study, we investigated the prognostic significance of
CCR2 expression in patients with DLBCL. We found that CCR2 was
highly expressed in 74% of patients with DLBCL and that the
frequency of CCR2 expression gradually increased with increasing IPI
scores. In addition, through multivariate analysis, we found that
CCR2 was an independent prognostic marker affecting patients with
DLBCL patients. These findings are consistent with the statistical
results of our pre-published clinical materials®®. Furthermore, our
findings are paralleled by those of previous studies in which CCR2
expression was described as a prognostic factor associated with
poor prognosis in liver, lung, prostate, colorectal, and renal
cancer'**™?° Furthermore, Kaplan-Meier analysis showed that
patients with positive CCR2 expression had markedly inferior PFS
and OS, which is consistent with the observations of B. Ou et al.%.
Since CCR2 expression was upregulated in the majority of
patients with DLBCL, we investigated the expression of CCR2 in
DLBCL cell lines to explore the role of this receptor on DLBCL cells.
The results of the in vitro studies showed that CCR2 expression
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by WB (C). To obtain a deeper understanding of the molecular mechanisms of CCR2 on DLBCL cells, we treated SUDHL-2 cells (D) and OCI-Ly8
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Fig. 5 CCR2 antagonist inhibits the growth of subcutaneous tumor. 1.5 x 10" OCI-ly8 cells were transplanted into the right sides of nude
mice. When tumor volume reached about 100 mm3, we divided the mice into two groups, which administrated CCR2 antagonist (10 mg/kg) or
DMSO intraperitoneally every other day. A Representative images of subcutaneous tumors treated with CCR2 antagonist or DMSO.
B Subcutaneous tumors were removed from euthanized mice. C The tumor volumes of two groups (means + SEM; CCR2 antagonist, n =5;
DMSO, n = 6; *P < 0.05). D The mice weight of two groups (means + SEM). E The subcutaneous tumor weights of two groups (means + SEM,
*P<0.05). F H&E staining and immunohistochemistry (CCR2 and CD20) were performed on OCI-ly8 subcutaneous tumors after CCR2
antagonist treatment. Scale bar, 20 ym; original magnification x400. H&E, hematoxylin and eosin staining.
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Fig. 6 CCR2 antagonist inhibits the dissemination of tumor. 1.5 x 10’ OCl-ly8 cells were injected intravenously into NOD-SCID mice, which
were intraperitoneally dosed daily with CCR2 antagonist (20 mg/kg) or DMSO. The tumor dissemination was monitored through
bioluminescent imaging (BLI) every six days. After 24 days, the mice were euthanized and removed all organs for H&E and
immunohistochemistry. Finally, we found the BM and CNS were disseminated organs with being consistent with the BLI. A The BLI of
CCR2 antagonist (n=3) or DMSO (n = 3) treated mice. B The BLI curve of CCR2 antagonist or DMSO treated mice (means + SEM, Which
statistical test *P < 0.05). C The expression of CD20 and CCR2 of BM and CNS of the disseminated mice. Scale bar, 20 pym; original magnification
x400. H&E Hematoxylin and eosin staining, BM Bone marrow, CNS Central nervous system.
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was detected in a protein-level analysis in DLBCL cell lines
including SUDHL-2, SUDHL-4, OCl-Ly10, SUDHL-6, and OCI-LY8
cells. Several published studies have identified the expression of
CCR2 in cancer cells, including prostate cancer’’, multiple
myeloma®® renal cancer®®, and lung cancer cell lines?®. To examine
the immediate effects of CCR2 expression on DLBCL cell lines in an
in vitro experiment, we treated SUDHL-2 and OCI-Ly8 cells with
pharmacological concentrations of the CCR2 antagonist sc-
202525. The results indicate that a high level of CCR2 stimulates
the proliferation, migration, and anti-apoptotic abilities of DLBCL
cells. The present results are consistent with those of previous
studies in which CCR2 expression was found to facilitate the
neoplastic progression of colorectal and ovarian cancer®®?'.

In the in vivo experiments, the results showed that the tumor
volume was significantly reduced after treatment with a CCR2
antagonist, and bioluminescence imaging indicated that CCR2
antagonists significantly inhibit DLBCL cell dissemination. These
results are consistent with our in vitro observations. Due to the
important role of CCR2 in tumor growth, invasion, migration, and
survival, the optimal use of CCR2 inhibition may be part of a
potential targeted therapy. The results of the current study indicate
that CCR2 antagonists reduce cell viability, block metastasis,
improve chemotherapeutic efficacy, and overcome macrophage-
induced depression'2%3_ A potent, selective and orally adminis-
tered CCR2 antagonist, designated INCB3344, has been evaluated
previously in both humans and mice®*. In fact, a phase Il clinical
trial was performed using the anti-CCR2 monoclonal antibody
MLN1202 in patients with bone metastasis from cancer’>. In
addition, Chemocentryx has recently commenced a Phase Ib trial
of a CCR2 antagonist (CCX872) for the treatment of patients with
unresectable pancreatic cancer®®. These clinical studies will provide
important information on the safety and potential therapeutic
effects of a CCR2 signaling blockade in patients with cancer.

The PI3K/Akt and p38 MAPK signaling pathways are critical for
many physiological and pathological conditions, such as regulat-
ing cell survival, growth, proliferation, angiogenesis, transcription,
translation, and metabolism?'*”7°, To further investigate the
molecular mechanisms by which CCR2 expression promotes the
survival of DLBCL cells, WB analysis for the PI3K/Akt and p38 MAPK
signaling pathways showed that CCR2 antagonists significantly
inhibited the activation of the PI3K/Akt signaling pathway but
activated the p38 MAPK signaling pathway in vitro. Similarly, Roca
et al. found that the CCL2-CCR2 axis regulates autophagy and
increases survivin expression via the PI3K/Akt pathway, providing
a strong survival advantage in PC-3 prostate cancer cells®. In
ovarian cancer, Chao et al. found that binding of large omental
adipocytes to their cognate receptor CCR2 promotes tumor cell
migration and omental metastasis through activation of the PI3K/
Akt pathway®'. In addition, Erwin F et al. found that apoptotic
stimuli sometimes trigger the activation of p38 via secondary
pathways, such as the production of reactive oxygen species
(ROS)?". These results highly emphasize the carcinogenic role of
CCR2 in DLBCL and demonstrate that targeting CCR2 may be a
very promising therapeutic strategy for DLBCL.

In conclusion, we demonstrated that CCR2 is an independent
prognostic marker that affects patients with DLBCL and is
associated with poorer OS and PFS. Furthermore, we found that
CCR2 antagonists inhibited DLBCL cell proliferation and migration
and promoted apoptosis in vitro as well as in vivo by activating
the PI3K/Akt and p38 MAPK signaling pathways. These discoveries
suggest that targeting CCR2 may be a promising treatment option
for DLBCL.
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