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Anti-CCL2 antibody combined
with etoposide prolongs survival
in @ minimal residual disease
mouse model of neuroblastoma

Danny Lascano”’, Michael J. Zobel7, William G. Lee?, StephanieY. Chen?, Abigail Zamora?,
Grace E. Asuelime?, So Yung Choi®, Antonios Chronopoulos?, Shahab Asgharzadeh?3,
Araz Marachelian??, Jinseok Park?, Michael A. Sheard* & Eugene S. Kim™23:5>

C-C motif chemokine ligand 2 (CCL2) is a monocyte chemoattractant that promotes metastatic
disease and portends a poor prognosis in many cancers. To determine the potential of anti-CCL2
inhibition as a therapy for recurrent metastatic disease in neuroblastoma, a mouse model of minimal
residual disease was utilized in which residual disease was treated with anti-CCL2 monoclonal
antibody with etoposide. The effect of anti-CCL2 antibody on neuroblastoma cells was determined

in vitro with cell proliferation, transwell migration, and 2-dimensional chemotaxis migration assays.
The in vivo efficacy of anti-CCL2 antibody and etoposide against neuroblastoma was assessed
following resection of primary tumors formed by two cell lines or a patient-derived xenograft (PDX) in
immunodeficient NOD-scid gamma mice. In vitro, anti-CCL2 antibody did not affect cell proliferation
but significantly inhibited neuroblastoma cell and monocyte migration towards an increasing CCL2
concentration gradient. Treatment of mice with anti-CCL2 antibody combined with etoposide
significantly increased survival of mice after resection of primary tumors, compared to untreated mice.

Neuroblastoma is the most common extracranial solid tumor in children’?. Approximately 80% of children with
high-risk neuroblastoma will achieve remission following intensive, multimodal therapy, including surgery,
radiation, ablative chemotherapy with autologous stem cell transplantation, and immunotherapyz’s. However,
the 5-year event-free survival remains approximately 45%, with the majority of patients succumbing to refrac-
tory, recurrent disease”!?.

Despite improvements in survival of high-risk neuroblastoma patients after the introduction of anti-GD2
(disialoganglioside) immunotherapy, outcomes remain poor, and new therapies are needed to combat recurrent
metastatic disease’. C-C motif chemokine ligand 2 (CCL2) or monocyte chemoattractant protein-1 (MCP-1)
is known to attract monocytes to sites of metastasis and promote metastatic disease'. High levels of CCL2 are
associated with a number of aggressive metastatic cancers, including breast, prostate, colorectal, and pancreatic
cancers!!"', In vitro inhibition of CCL2 in these cancers has been found to inhibit a number of important meta-
static mechanisms, such as reducing angiogenesis, decreasing tumor cell proliferation, ameliorating immunosup-
pression, reducing tumor resistance to chemotherapy, and reversing polarization of immune cells that would
otherwise promote cancer progression!!~'4,

As the primary cause of death in children with high-risk neuroblastoma is the recurrence of widespread
metastatic disease’, CCL2 is an attractive and rational target to counter tumor spread. However, the efficacy
of anti-CCL2 antibody in preventing metastatic disease in neuroblastoma has not been studied. We utilized a
metastatic model of minimal residual disease in immunodeficient NOD-scid gamma (NSG) mice that simulates
the clinical setting in which metastatic disease follows surgical resection'. In this study, we demonstrate that
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anti-CCL2 antibody suppresses in vitro monocyte and neuroblastoma migration to CCL2, and when combined
with chemotherapy, improves survival in our tumor resection mouse model of neuroblastoma.

Results

Increased CCL2 expression in patients with neuroblastoma is associated with death and pro-
gression of disease

In order to assess the prognostic relevance of CCL2 gene expression in patients with neuroblastoma, RNA
expression profiles, tumor biological characteristics, and clinical outcomes were obtained from available datasets
previously analyzed by Cangelosi et al. and Asgharzadeh et al.'"*%, Analysis of the database previously analyzed
by Cangelosi et al. demonstrated elevated CCL2 RNA expression in patients that were deceased, compared to
those still alive (Fig. 1A), as well as in patients with progressive disease defined as progression, relapse, or cancer-
specific death (Fig. 1B). Analysis of the database previously used by Asgharzadeh et al.'”'8 showed that elevated
CCL2 RNA expression level correlated with advanced disease stage (i.e. stage III or IV) per the International
Neuroblastoma Staging System Committee (INSS) in MYCN non-amplified tumors (Fig. 1C). Interestingly, CCL2
RNA expression level was significantly lower in MYCN amplified tumors compared to their MYCN non-amplified
advanced disease stage counterparts (Fig. 1C). Survival analysis stratified by CCL2 RNA expression level showed
no significant difference in event-free survival and overall survival (Supplementary Fig. S1). Based on these
neuroblastoma patient datasets, increased CCL2 expression is observed in MYCN non-amplified tumors and is
associated with advanced disease, disease progression, and deceased status, but showed no difference in survival.

CCR2 is expressed on monocytes from neuroblastoma patients and neuroblastoma tumor
cells

Flow cytometry was performed to measure surface expression of CCR2 (CD192), the native receptor for CCL2,
on peripheral blood mononuclear cells obtained from 14 patients with neuroblastoma just prior to the initiation
of systemic treatment (clinical trial NANT 2011-04, NCT01711554, provided by Dr. Araz Marachelian). Classical
monocytes (CD45+CD14 + CD16-) from 14 of 14 patients expressed a detectable level of CCR2 (Fig. 2). CCR2
was also found to be expressed in all 4 neuroblastoma cell lines examined, as well as a patient-derived xenograft
tumor cells (Supplementary Fig. S2).

CCL2 is predominantly released from monocytes with a minor contribution from neuroblas-
toma cells

Supernatants derived from 1:1 co-culture of any of four neuroblastoma cell lines (SH-SY5Y, CHLA-255, NGP,
SMS-KCNR) with MACS-purified monocytes contained significantly higher levels of CCL2 protein than superna-
tant isolated from culture of either monocytes or neuroblastoma cells alone (Fig. 3A). To determine the primary
source of CCL2, monocytes were cultured in neuroblastoma cell line supernatant and found to have a higher
concentration of CCL2 protein compared to neuroblastoma cells cultured in monocyte supernatant (Fig. 3B).
Moreover, neuroblastoma cells cultured in monocyte supernatant produced more CCL2 protein than neuroblas-
toma cells cultured without monocyte supernatant, although concentration levels were approximately a log lower
than from monocytes. These results indicate that monocytes are the primary source of CCL2 protein produced
during co-culture with neuroblastoma cells, with a lesser contribution from neuroblastoma cells.

CCL2 has no effect on neuroblastoma cell proliferation in vitro

To determine the effect of CCL2 on neuroblastoma cell proliferation, four firefly-luciferase labeled neuroblastoma
cell lines (SH-SY5Y-Fluc, CHLA-255-Fluc, NGP-Fluc, SMS-KCNR-Fluc) were cultured in increasing concen-
trations of CCL2. Luciferase cytotoxicity assay demonstrated no difference in tumor cell survival at varying
concentrations of CCL2, after 24-h or 48-h incubation periods (Fig. 3C,D). Moreover, addition of antagonistic
anti-CCL2 antibody to these assays did not affect the results demonstrating that the anti-CCL2 antibody does
not have a cytotoxic effect on neuroblastoma tumor cells.

In vitro, neuroblastoma cells and monocytes migrate towards increasing concentrations of
CCL2, which is abrogated by anti-CCL2 antibody

Two-dimensional time-lapse microscopy was performed to measure neuroblastoma cell movement across vary-
ing concentration gradients of CCL2 protein. Trajectory paths of over 100 randomly selected cells were analyzed
to measure the mean kinetic effect. CHLA-255 neuroblastoma cells exhibited significant movement towards an
increasing concentration gradient of CCL2, compared to tumor cells with no CCL2 and CCL2 with no concen-
tration gradient. Moreover, the movement of the tumor cells in the increasing CCL2 concentration gradient is
abolished with the addition of anti-CCL2 antibody (Fig. 4A). A schematic demonstrating a representative cell
moving towards the CCL2 protein gradient is shown in Fig. 4B. Similar findings were demonstrated with a second
neuroblastoma cell line, SK-N-SH (Supplementary Fig. S3). A monocyte migration assay was performed using
Boyden transwell chambers with monocytes in the upper chamber and CCL2 in the lower chamber. A signifi-
cantly greater number of monocytes migrated towards the CCL2 protein chamber compared to the chamber with
no CCL2, and this effect was significantly inhibited by anti-CCL2 antibody (Fig. 4C). These results demonstrate
that neuroblastoma cells and monocytes, which both express CCR2, migrate towards CCL2 protein, and that
this effect is inhibited by anti-CCL2 antibody.
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Figure 1. Correlation of CCL2 mRNA expression from neuroblastoma patients with survival and progressive
disease. (A) Elevated mean CCL2 mRNA expression level is associated with increased mortality in
neuroblastoma patients (Cangelosi et al. dataset)'®. (B) Elevated CCL2 mRNA expression level is associated with
progressive disease in neuroblastoma patients (Cangelosi et al. dataset)!®. (C) Elevated CCL2 mRNA expression
is associated with a higher INSS stage III/IV in non-MYCN amplified neuroblastoma patients, but not in
MYCN amplified neuroblastoma patients'”'%. Student’s t-test and one-way ANOVA of log-transformed data was
performed; errors bars represent mean + SEM; *p <0.05, **p <0.0001.

The effect of carlumab on intra-tumoral tumor-associated macrophage (TAM) migration
in vivo

To demonstrate the in vivo effect of anti-CCL2 antibody on the presence of TAMs within xenograft tumors, mice
injected with CHLA-255-Fluc cells were treated with either anti-CCL2 antibody or control. CCL2 plasma protein
expression was measured as described earlier and xenograft tumors underwent flow cytometry. Murine TAMs
(mCD45 + Ly6G-mCD11b + F4/80 +) were quantified by flow cytometry (Supplementary Fig. S4B). The number
of TAMs as a percentage of cells in xenografts trended higher in untreated mice versus treated mice (p=0.07)
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Figure 2. Prior to treatment, flow cytometry was performed on peripheral blood mononuclear cells obtained
from 14 evaluable children with high-risk neuroblastoma. The presence of CCR2 was found on classical
monocytes (red curve; CD45+ CD14 + CD16-) (From Marachelian et al. NANT-202211-04).

(Supplementary Fig. S4C). When examining relative CCR2 expression level on TAMs, there was no difference
between untreated and treated mice (Supplementary Fig. S4D). Plasma concentration of CCL2 increased mark-
edly in all mice as tumor burden increased and was significantly greater in mice treated with anti-CCL2 antibody
compared to untreated mice (Supplementary Fig. S4E). With the inhibition of CCL2 by the antibody treatment,
this increased expression of CCL2 in the serum likely reflects a rebound positive feedback loop. Although the
variability of TAMs present in the untreated control group limited significance, the trend observed in this data
suggests that anti-CCL2 antibody may have the potential to decrease TAMs at sites of neuroblastoma.

Anti-CCL2 antibody combined with chemotherapy increases survival in a murine tumor resec-
tion model of neuroblastoma

To determine the efficacy of CCL2 inhibition in vivo, a metastatic tumor resection model of minimal residual
disease in mice was utilized. Following intrarenal injection of CHLA-255-Fluc or NGP-Fluc cells in mice and
subsequent resection of the primary tumor, mice were treated with control (PBS), anti-CCL2 antibody alone,
etoposide alone, or with the combination therapy of etoposide plus anti-CCL2 antibody.

In mice injected with CHLA-255-Fluc cells, mice treated with combination therapy had significantly increased
survival compared to PBS mice (p <0.01) and mice treated with anti-CCL2 antibody alone (p <0.01) and trended
towards increased survival compared to the etoposide alone group (p=0.07) (Fig. 5A). In mice injected with
NGP-Fluc cells, combination treatment with anti-CCL2 antibody and etoposide significantly increased survival
compared to all other treatment groups (PBS control, p <0.01; anti-CCL2 antibody alone, p <0.01; etoposide
alone, p=0.02) (Fig. 5B). Finally, in mice injected with the patient-derived xenograft cells COG-N-415x, the
mice treated with the combination of anti-CCL2 antibody and etoposide had significantly improved survival
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Figure 3. CCL2 expression from neuroblastoma cells and monocytes. (A) Utilizing four neuroblastoma

cell lines (SH-SY5Y, CHLA-255, NGP, SMS-KCNR), neuroblastoma cells were co-cultured with monocytes,
and CCL2 protein expression was measured by ELISA. Co-culture of neuroblastoma cells and monocytes

leads to higher CCL2 expression compared to either alone. (B) To determine the primary source of CCL2
protein expression, monocytes were co-cultured with neuroblastoma supernatant and neuroblastoma cells
were co-cultured with monocyte supernatant. Monocytes appear to contribute more CCL2 expression than
neuroblastoma cells. Experiments were performed in quadruplicate for each cell line. Student’s t-test of log

10 transformed data was performed; errors bars represent mean + SEM. The effect of CCL2 and anti-CCL2
antibody on neuroblastoma cells. (C) Cytotoxicity assays were performed on three neuroblastoma cell lines
(SH-SY5Y-Fluc, CHLA-255-Fluc, NGP-Fluc) and incubated for 24 h and 48 h (D) in varying concentrations of
recombinant CCL2, with and without anti-CCL2 antibody. The addition of CCL2, with and without anti-CCL2
antibody, did not affect neuroblastoma cell survival (p>0.5 for all). ANOVA was performed; bar graphs and
errors bars represent mean + SEM.
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«Figure 4. Neuroblastoma cell and human monocyte migration under varying concentration gradients of CCL2.
(A) Utilizing time-lapse live cell microscopy, measured displacement of CHLA-255 cells towards varying CCL2
gradients was analyzed over time. Under conditions of no CCL2 (i) and CCL2 without a gradient (ii), there is
no visualized neuroblastoma cell migration. Under the conditions of and increasing concentration gradient
of CCL2 (iii), there is significant migration of neuroblastoma cells, which is abrogated by anti-CCL2 antibody
(iv). (B) A representative image of measured neuroblastoma cell migration over time with the colored lines
demonstrating the trajectory of the cell towards the increasing gradient of CCL2. Live cell microscopy data was
performed in duplicate with over 100 cells measured per experiment. Linear regression analysis was performed
for the live cell microscopy assay. (C) A monocyte migration assay utilizing a Boyden transwell migration
assay with a CCL2 gradient was performed. Monocytes migrate toward increasing concentrations of CCL2,
which is abolished by anti-CCL2 antibody. Percent migration was standardized to the positive control (10%
FBS). Monocyte migration assay was performed in triplicate. Student’s t-test was used to analyze the monocyte
migration assay data. Bar graphs and error bars represent mean + SEM; *p <0.05, **p <0.01.

compared to all other treatment groups (PBS control, p <0.01; anti-CCL2 antibody alone, p <0.01; etoposide
alone, p<0.01) (Fig. 5C).

In addition to overall survival, we also examined the recurrence of metastatic tumor burden in mice. In
CHLA-255-Fluc mice, combination therapy with anti-CCL2 antibody and etoposide led to a significant decrease
in tumor burden compared to the PBS control group (p=0.02) and the anti-CCL2 antibody alone group (p=0.05),
but not compared to the etoposide alone group (Fig. 6A,B). In NGP-Fluc mice, at earlier time points of treatment
(up to days 16 and 23), the tumor burden (log-transformed tumor flux) of mice treated with anti-CCL2 antibody
combined with etoposide was significantly inhibited over time compared to mice treated with PBS (p <0.001),
anti-CCL2 antibody alone (p <0.001), or etoposide alone (p=0.015) (Supplementary Table 2). This suggests
that anti-CCL2 antibody and etoposide significantly suppresses recurrent metastatic disease during the early
treatment period. By day 37, in the NGP-Fluc mice, combination therapy demonstrated a significant decrease in
tumor burden compared to the PBS control group (p <0.01) and the anti-CCL2 antibody alone group (p<0.01),
but not compared to the etoposide alone group (Fig. 6C,D).

Discussion

After Yu and colleagues published their work demonstrating a marked improvement in outcomes in patients
with high-risk neuroblastoma'®, overall survival has increased with the addition of the immunotherapy dinu-
tuximab. However, despite modest improvements in survival, approximately half of all children with high-risk
neuroblastoma will eventually succumb to recurrent metastatic disease. Therefore, novel targets to inhibit and
suppress metastatic disease are urgently needed.

CCL2 is a chemokine that attracts monocytes to the tumor microenvironmen and facilitates the trans-
formation of monocytes to tumor-associated macrophages (TAMs), which contribute to tumor cell growth,
angiogenesis, and progression of metastatic disease in various cancers'***-22, Upon analysis of gene expression
profiles of neuroblastoma tumor samples, we found that increased CCL2 gene expression was associated with
advanced disease, disease progression, and increased mortality. Interestingly, on subgroup analysis of MYCN
non-amplified tumor samples, we found that CCL2 expression was higher in advanced stage tumors, while
it exhibited decreased expression in MYCN-amplified advanced stage tumors. This may be due to epigenetic
silencing in MYCN-amplified tumors which has been shown to decrease CCL2 expression in other MYCN-
amplified tumors®. The binding of MYCN to E-box or initiator-like elements in the CCL2 promoter region
interferes with transcription activation and subsequently represses CCL2 expression, independent of the STAT3
signaling pathway****. However, as MYCN amplification accounts for only 50% of all high-risk neuroblastoma
cases, CCL2 may be a potential factor associated with increased risk in tumors that are not MYCN-amplified.
Numerous studies have also demonstrated the role of CCL2 signaling in promoting advanced metastatic disease
in breast®, prostate?”*, lung®, and hepatocellular cancers®. Preclinical studies have shown that neutralization
of CCL2 decreases xenograft tumor progression®!, inhibits metastasis, and prolongs survival in mouse models of
breast cancer!! and prostate cancer®. Furthermore, CCL2 levels have been suggested to be a potential marker for
disease surveillance following treatment of non-small cell lung cancer with anlotinib, a tyrosine receptor kinase
inhibitor, which was found to suppress xenograft angiogenesis through CCL2 inhibition®.

Carlumab (CNTO 888, Janssen, Johnson & Johnson, CNTO888, Raritan, NJ) is a human monoclonal antibody
against CCL2 that is currently being studied in clinical trials for its role as salvage therapy in advanced refractory
solid tumors*~*. Early phase clinical trials by Sandhu et al. and Pienta et al. demonstrated the safety of carlumab
in patients with treatment-resistant solid tumors with no dose-limiting toxicities reported®*3¢. These studies
observed decreased circulating CCL2 levels with the combination of carlumab and other chemotherapeutic
regimens*~*, suggesting targeted anti-tumor effects, but no prior studies have elucidated the optimal timing
of carlumab initiation. Additionally, no studies have previously examined the role of CCL2 and carlumab in
high-risk neuroblastoma.

To characterize the relationship between CCL2 and neuroblastoma, CCR2 expression, the primary receptor
for CCL2, was confirmed in all neuroblastoma cell lines tested, as well as a PDX. Moreover, ubiquitous expres-
sion of CCR2 was identified on monocytes acquired from human patients with neuroblastoma. With regards
to the expression of CCL2 itself, when neuroblastoma cells and monocytes were co-cultured, the expression of
CCL2 was markedly higher than the expression of CCL2 from either cell population alone. Through subsequent
studies, the primary source of CCL2 expression was from monocytes, but neuroblastoma cells, interestingly, also
produce CCL2. This is also supported by an increased gene and protein expression of the CCL2 in recurrent/
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Figure 5. Combination therapy of anti-CCL2 antibody and etoposide improves survival in mice following
surgical resection of primary tumors created from CHLA-255-Fluc (A), NGP-Fluc (B), and PDX (COG-N-
415X) (C). Kaplan-Meier survival plots shown here; differences in survival between groups were analyzed with
linear regression.

metastatic tumors, compared to the primary tumors (Supplementary Fig. S5). This suggests a model by which
neuroblastoma cells that interact with monocytes produce increasing levels of CCL2, which in turn may attract
more monocytes and neuroblastoma cells to sites of metastasis (Supplementary Fig. S6). This model is further
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Figure 6. Combination treatment of etoposide with anti-CCL2 Ab decreases tumor burden in NOD-SCID
gamma mice (NSG) injected with neuroblastoma (CHLA-255-Fluc and NGP-Fluc) in a minimal residual disease
mouse model of neuroblastoma. (A) Following tumor resection of CHLA-255-Fluc orthotopic xenografts, mice
were divided into four treatment groups (control, anti-CCL2 antibody alone, etoposide alone, and combination
of etoposide and anti-CCL2 antibody) and underwent weekly bioluminescent imaging to measure tumor
burden over time. (B) Combination therapy of anti-CCL2 Ab and etoposide led to significantly decreased tumor
burden compared to untreated control. (C) Repeat experiment utilizing the NGP-Fluc neuroblastoma cell line.
(D) Combination therapy of anti-CCL2 Ab and etoposide demonstrated decreased tumor burden compared to
control. Interval regression was performed and line graphs with errors bars represent mean + SD.
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supported by findings from a novel cell migration assay using time-lapsed microscopy. Neuroblastoma cells
were found to have the greatest migration towards an increasing extracellular concentration gradient of CCL2,
compared to experimental conditions which had no CCL2 or CCL2 without a concentration gradient. Monocytes
were also found to migrate towards CCL2 in an in vitro transwell experiment. Thus, while CCL2 blockade may
not exert a cytotoxic effect on tumor cells, anti-CCL2 agents may abrogate tumor cell migration and block the
cycle of tumor cell recruitment to sites of metastasis—allowing for cytotoxic therapies to obtain control of the
tumor cell population.

Finally, the neuroblastoma tumor resection mouse model of minimal residual disease was utilized to study
the efficacy of anti-CCL2 antibody on survival. The most significant finding of this study was the increase in
survival in mice treated with both anti-CCL2 antibody and the chemotherapy, etoposide. The in vivo survival
benefit was reproducible using established neuroblastoma cell lines and a PDX model. The survival benefit was
not observed in mice treated with etoposide alone, demonstrating the benefit of combining anti-CCL2 anti-
body with standard cytotoxic therapy. As neuroblastoma is a complex heterogeneous tumor, monotherapy is
not recommended due to the elevated risk for treatment failure and drug resistance. The development of novel
therapies aim to capitalize on alternative mechanisms of tumor cell survival, proliferation, and migration. Thus,
preclinical evaluation of novel therapies for neuroblastoma often combines the use of a standard chemotherapy
agent for neuroblastoma, such as etoposide, with the novel therapy of interest in order to evaluate its ability to
augment/optimize existing cytotoxic agents® .

In this study, treatment with an anti-CCL2 antibody alone was not found to have a cytotoxic effect on neu-
roblastoma cells, which supports that the mechanism of action is via CCR2, the primary receptor for CCL2.
CCR2 has been detected on T-cells, fibrocytes, natural killer cells, monocytes, and neuroblastoma cells®-%3 but
is expressed significantly more by monocytes than other immune cells. When monocytes migrate to tumor sites,
they transform into TAMs, which promote angiogenesis, induce immunosuppression, and facilitate metastasis. As
such, increased concentrations of TAMs at tumor sites have correlated with worse prognosis and local progression
of disease, which may be due in part to a combination of promoting tumor growth and inhibiting anti-cancer
mechanisms of the immune system*#*°. Thus, targeting the CCR2-CCL2 pathway to inhibit metastatic disease
in neuroblastoma is an attractive therapeutic target.

CCL2 contributes significantly to the pathogenesis of a number of cancers, including neuroblastoma, and
other inflammatory conditions*®*. Inhibition of the CCR2-CCL2 pathway has been shown to reduce TAMs
in metastatic animal models of breast, bladder, and colorectal cancer'*->°, Qian and colleagues illustrated in
a breast cancer model that CCL2 synthesized by metastatic tumor cells recruits CCR2-expressing monocytes,
while inhibition of CCL2 markedly reduces the number of TAMs found in lung metastases''. Tu, et al. observed
that shRNA silencing of CCL2 in a murine colon adenocarcinoma cell line attenuated liver metastasis, which
correlated to decreased recruitment of TAMs to the site of metastasis**. Moreover, Chen, et al. demonstrated
that suppressing CCL2 protein expression by inhibiting the upstream gene LNMAT1 decreased the presence of
TAM:s at metastatic sites for bladder cancer.

In the current study, a delayed neuroblastoma tumor resection model in mice was utilized to study the effect
of carlumab on cancer cell recruitment to tumor sites. Given the in vitro findings and the prolonged survival in
mice treated with a combination of carlumab and etoposide, the inhibition of CCL2 by carlumab was hypoth-
esized to suppress the recruitment of monocytes and neuroblastoma cells to tumor sites while etoposide would
exert its cytotoxic effect on residual tumor cells. While curative therapy is the goal of novel cancer treatments, it
is equally important to identify potential mechanisms that may prolong life. The findings from this study suggest
that the early suppression of recurrent metastatic disease with the addition of carlumab may have contributed
to the improved survival.

While this study supports the addition of anti-CCL2 antibody to etoposide in the treatment of metastatic
neuroblastoma due to its survival benefit, the discrepancy between the clear survival benefit and the lack of
sustained suppression of metastatic disease burden warrants further investigation and highlights the limitations
of this experimental model. First, replication of in vitro results to an in vivo model can be subject to changes in
environmental conditions. The tight control of the chemical and physical environment are clear advantages of
in vitro research, but may fail to replicate in vivo environmental conditions. In vitro, the CCL2 concentration-
dependent migration of neuroblastoma cells and monocytes was observed, which was abrogated with the addition
of carlumab. However, in vivo, the effect of CCL2 inhibition on metastatic recruitment and TAM proliferation
did not reach significance. Further investigation into in vivo extracellular CCL2 concentration gradients may
add further clarity to the TME of neuroblastoma and its role in the progression of metastatic disease.

Another limitation of this model is the inherent immunodeficient nature in the NSG tumor model. Due
to the NSG genetic background, mice lack their own T, B, and natural killer (NK) cells, and contain defects in
dendritic cell development including monocytes. While NSG mice are commonly used in cancer models due
to higher tumor engraftment rates and rates of metastasis, the discrepancy between TAM proliferation and
survival benefit may be due to these defects in the monocyte and macrophage populations. The evaluation of
carlumab in alternative immunocompetent models, such as humanized, transgenic, or syngeneic mouse models,
could enhance the effect of CCL2 inhibition on monocyte migration and better elucidate the mechanism of cell
recruitment to sites of metastasis.

Another proposed explanation behind the discrepancy between the survival benefit and lack of sustained
disease suppression with combination therapy may be due to the acquisition of drug resistance. Although drug
resistance to targeted therapies has been reported, as the anti-CCL2 antibody did not exert a cytotoxic effect,
resistance to etoposide in this study may be more likely. Thus, the suppression of tumor growth at days 16 and 23
with combination therapy may have been due to etoposide-susceptible tumor cell death, followed by uncontrolled
growth of etoposide-resistant tumor cells. This potential for rapid expansion of resistant cell populations high-
lights the importance of targeting multiple mechanisms in tumor cell survival and proliferation in neuroblastoma.
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Conclusion

In conclusion, inhibition of CCL2 suppresses CCL2-dependent cell migration of neuroblastoma cells and mono-
cytes. In vivo, CCL2 inhibition combined with etoposide leads to increased survival in a surgical resection mouse
model of minimal residual disease of neuroblastoma. Future study of CCL2 targeting in immunocompetent
models of neuroblastoma may aid in elucidating the effect of CCL2 inhibition on tumor-associated macrophage
proliferation and metastatic tumor burden.

Materials and methods

Database analysis of prognostic significance of CCL2 expression

To assess the prognostic relevance of CCL2 gene expression in patients with neuroblastoma, an analysis of RNA
expression profiles of patients with neuroblastoma was performed. The objective was to evaluate for detectable
differences in CCL2 gene expression in patients with unfavorable clinical outcomes. Two separate databases
were analysed—one from a publicly available dataset previously reported by Cangelosi et al.'® and one from
an unpublished dataset previously used by Asgharzadeh et al.'”'8. Although Asgharzadeh et al. focused their
analysis on metastatic tumors without MYCN gene amplification, the complete dataset which was used in this
study also contained MYCN non-amplified and non-metastatic tumors'”!%. These two databases were chosen for
orthogonal validation as they represent the largest repositories of neuroblastoma tumor samples with reported
CCL2 gene expression data. The first database reported by Cangelosi et al. compiled four datasets (RNA-seq498,
Agilent709, Affymetrix413, Agilent262) and included the gene expression profiles for 786 untreated neuroblas-
toma primary tumor samples from patients across all risk groups after removing 834 unreliable or incomplete
samples'®. The second database used by Asgharzadeh et al. compiled single-institution gene expression data for
175 untreated neuroblastoma primary tumor samples with both MYCN amplified and MYCN non-amplified
status'”!®. Kaplan—Meier survival plots were used to estimate the survival function of CCL2 expression. Student’s
t-test was performed on log2-transformed mean CCL2 expression between survivors and deceased, no disease
progression and progressive disease, and International Neuroblastoma Staging System (INSS) stages 1-2 and
stages 3—4. One-way analysis of variance (ANOVA) was performed on log2-transformed mean CCL2 expression
between MYCN non-amplified early stage, MYCN non-amplified advanced stage, and MYCN-amplified tumors.

Neuroblastoma cell lines and patient-derived xenograft

Human neuroblastoma cell lines SMS-KCNR, NGP, SH-SY5Y, and CHLA-255, and patient-derived xenograft
(PDX) COG-N-415 x cells were derived from patients with progressive disease’. These cells were obtained from
the Children’s Oncology Group Cell Culture and Xenograft Repository (http://www.cccells.org/).

SH-SY5Y-Fluc, SMS-KCNR-Fluc, NGP-Fluc, and CHLA-255-Fluc cells were created as previously described
by stable transduction of the firefly luciferase (Fluc) gene using a lentivirus vector'”. SH-SY5Y-Fluc and NGP-
Fluc cells were gifted by Dr. Darrell Yamashiro (Columbia University, New York, NY, USA). CHLA-255-Fluc and
SMS-KCNR-Fluc cells were gifted by Dr. Robert Seeger (Children’s Hospital Los Angeles, Los Angeles, CA, USA).

CHLA-255 was maintained in Iscove’s Modified Dulbecco’s Medium (IMDM). SMS-KCNR, NGP, and SH-
SY5Y cells were maintained in RPMI-1640. Fetal bovine serum (FBS, 10%) was used to supplement both cell
culture media, and this was supplemented with 2 mmol/L glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 37 °C in 5% CO,. PDX cells were cryopreserved at low passage (less than five) and expanded
in vivo by subcutaneous injection into NSG mice.

Derived from a metastatic brain lesion from a patient, CHLA-255 cells overexpress c-MYC protein and lack
MYCN amplification'”**2, SH-SY5Ycells are non-MYCN-amplified and are a subclone of the SK-N-SH cell line,
derived from a bone marrow biopsy of a patient'>. SMS-KCNR cells were derived from a patient’s bone marrow
and has MYCN amplification®. NGP cells were derived from a metastatic lung lesion and are MYCN-amplified*.
COG-N-415 x patient derived xenograft have amplification of MYCN and mutation of ALK (F1174L).

SMS-KCNR, CHLA-255, SHSY-5Y, and COG-N-415X cells all express high levels of the disialoganglioside
GD2 on their cell surface®*. NGP has minimal GD2 expression on its cell surface®. Cell lines were routinely
screened for mycoplasma contamination monthly using MycoAlert (Lonza, Cat# LT07-318, Allendale, NJ, USA).
Neuroblastoma cell lines were authenticated by short tandem repeat multiplex assay using the AmpFLSTR Iden-
tifiler PCR Amplification Kit (Applied Biosystems, Cat# 4322288, Waltham, MA, USA).

Reagents/assay preparation

Recombinant human CCL2 protein was obtained from R&D Systems (Minneapolis, MN, USA, Cat # 279-MC-
050). Reagents used for in vivo experiments include etoposide (Toposar™, Teva Parenteral Medicine, Irvine,
CA) and carlumab, a human IgG1k monoclonal anti-CCL2 antibody donated by Janssen (Johnson & Johnson,
CNTO888, Raritan, NJ)**. This antibody is specific to humans, and no cross-reactivity has been observed in
other species®. To date, there are no preclinical or in-human studies that have evaluated the use of combina-
tion of anti-CCL antibody and chemotherapy agents in the treatment of neuroblastoma. Etoposide (VP-16) is a
topoisomerase II inhibitor that is used extensively as a cytotoxic agent in standard chemotherapy regimens for
neuroblastoma and has been previously established for concomitant therapy in the evaluation of novel therapies
for neuroblastoma both in xenograft preclinical experiments and in-human trials® ',

All cells used for in vitro assays were serum-starved for a minimum of 24 h or longer where indicated in
either 0% FBS when in co-culture assays with monocytes or 2% FBS in migration and proliferation assays with-
out monocytes. Serum starvation was used to synchronize the cell cycle of both monocytes and neuroblastoma
cell lines used in these experiments to ensure bovine proteins did not interfere with detection of human CCL2.
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Human monocyte isolation, co-culture assays, and processing of conditioned media from cul-
ture supernatant

Leukocytes were obtained from healthy human donors at the Blood Center of our institution after approval from
the Children’s Hospital Los Angeles (CHLA) Institutional Review Board. All experiments were performed in
accordance with the relevant named guidelines and regulations. Informed consent was obtained from all subjects
and/or their legal guardian(s). Leukocytes were collected as a by-product of the Trima Accel instrument (Teru-
moBCT, Lakewood, CO) used for platelet collection, from which peripheral blood mononuclear cells (PBMC)
were obtained using Histopaque-1077 density centrifugal separation (Sigma-Aldrich, Cat# 1077, St. Louis, MO,
USA). From these PBMCs, a negative selection EasySep Human Monocyte Isolation Kit (StemCell Technologies,
Cat# 19359, Seattle, WA, USA) was used to enrich monocytes for subsequent assays as previously described®>™.
The purity of monocytes was consistently greater than > 90% as determined by flow cytometry.

Immediately after enrichment, 1 x 10° monocytes were co-cultured with neuroblastoma cells in a 1:1 ratio
for 24 h, as per previously reported protocols®**. This was repeated in quadruplicate for each cell line. Equal
numbers of neuroblastoma cells and monocytes were also cultured separately in the same conditions and at the
same concentration in serum-deprived media with no FBS. Supernatant was obtained from cultures as previously
described!*%2. This collected supernatant underwent centrifugation at 600 Relative Centrifugal Force (RCF) and
subsequent sterile filtration using 0.45 um polyethersulfone syringe filters to remove cellular debris and possible
viral contaminants (VWR, Cat# 28145-505, Radnor, PA, USA).

Additional studies were performed to determine the primary source of CCL2 protein production. Four paral-
lel culture conditions were established: (1) monocytes cultured in supernatant acquired from isolated neuroblas-
toma cell culture, (2) neuroblastoma cells cultured in supernatant acquired from isolated monocyte culture, (3)
monocytes cultured alone, (4) neuroblastoma cells cultured alone. Supernatant from all four conditions were
collected after 72 h and analyzed for CCL2 expression using enzyme-linked immunosorbent assay (ELISA).

Cytotoxicity assay

1.5 10* neuroblastoma cells (SH-SY5Y-Fluc, SMS-KCNR-Fluc, CHLA-255-Fluc, NGP-Fluc) were seeded per
well in a 96-well plate for each treatment group. Neuroblastoma cells were either untreated or treated with
recombinant CCL2 protein and incubated at 37 °C in 5% CO, for 24 and 48 h. Neuroblastoma cell survival was
assessed by luminescence 10 min after the addition of 50 ng of luciferin (Promega Corp., Cat# E160, Madison,
WI). Cell survival for all groups was normalized to untreated cell survival which was maintained in 2% FBS
alone. The cytotoxicity assays were performed in triplicate.

Two-dimensional chemotaxis migration assay

To measure cell migration of neuroblastoma cells, a 2D chemotaxis assay was performed with neuroblastoma
cells cultured on an Ibidi Collagen IV-coated p-Slide (Ibidi, Cat# 80326, Grifelfing, Germany). Serum-deprived
neuroblastoma cells (18,000 cells in 6 pL of media) were seeded and allowed to adhere overnight. After confirm-
ing attachment, a protein gradient of CCL2 was generated by first filling 65 uL of serum-free media in the right
and left reservoirs adjacent to the middle channel. 30 uL of CCL2 protein (4000 ng/mL) was applied to the bot-
tom port of the left chamber and then the same volume was aspirated from the corresponding upper left port to
diffuse the chemokine and create a chemotactic gradient. The comparison groups were CCL2 gradient (2000 ng/
mL), CCL2 (2000 ng/mL) without gradient, CCL2 gradient (2000 ng/mL) with neutralizing anti-CCL2 antibody,
and negative control with media only. Time-lapse imaging of the chemotactic movement of cells was conducted
using an inverted Nikon Eclipse Ti2-E/B microscope housing a stage-top incubator to maintain appropriate
temperature and CO, levels (37 °C and 5% CO,) for the duration of the experiment. A 10 x objective was used in
brightfield mode over six hours with a 30-min capture frequency. Over 100 cells were counted per condition in
duplicate. After the time-lapse, the coordinates of individual cells were tracked using customized MATLAB codes.

Monocyte migration assay

Monocyte migration/chemotaxis was measured utilizing a 96-well transwell migration assay utilizing a 5 pum pore
size with migration into the lower chamber measured by fluorescence (Sigma-Aldrich, Cat# ECM512, St. Louis,
MO, USA). Monocytes were used immediately after isolation and incubated in the upper chamber of a Boyden
transwell migration with cells in the top compartment in serum-deprived media and the bottom compartment
containing one of the following conditions: varying concentrations of CCL2 protein (10 mg/mL, 100 mg/mL)
with no FBS, a positive control (10% of FBS), or a negative control (neither serum nor CCL2) separated by a
semi-permeable membrane. 100,000 monocytes were added to each well into quadruplicate wells using RPMI
1640 media supplemented with 2 mmol/L glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin with-
out phenol red (Thermo Fisher Scientific, Cat# 11835030, Waltham, MA USA). Cells were incubated at 37 °C
and 5% CO, and after 12 h, cells were detached, lysed, and stained with CyQuant GR dye per manufacturer
protocol. Fluorescence in the lower well was measured using a microplate reader with a 480/520 nM filter set
per standard protocol.

CCL2 protein expression studies

Serum CCL2 protein levels were measured in conditioned media from cultured supernatant or murine plasma
using a human CCL2/MCP-1 Quantikine ELISA kit (R&D Systems, Cat# DCP00, Minneapolis, MN, USA).
Briefly, for in vitro experiments, supernatant was collected from co-culture assays as previously described and
was diluted with assay diluent media as per manufacture’s protocol and probed for CCL2 protein via ELISA. For
the in vivo experiments, murine blood was collected and processed for plasma analysis both before (i.e. baseline)
and after xenograft tumor implantation on a weekly basis. Plasma was collected in treated and untreated mice

Scientific Reports |

(2023) 13:19915 | https://doi.org/10.1038/s41598-023-46968-2 nature portfolio



www.nature.com/scientificreports/

and cryopreserved at — 80 °C until batched analyzed at 12 weeks post-tumor implantation. Samples were thawed,
diluted per manufacturer’s protocol, and probed for CCL2 protein via ELISA using a murine anti-CCL2 assay
(Mouse CCL2/JE/MCP-1 DuoSet ELISA, Catalog #: DY479, R&D).

In vivo murine experiments and bioluminescent imaging

NSG mice were bred in-house under pathogen-free conditions per institutional protocols. All animal experi-
ments were performed in accordance with the relevant guidelines and regulations—and were approved by the
Institutional Animal Care and Use Committee of CHLA (IACUC #363-20). This study is reported in accordance
with the ARRIVE guidelines. Male and female, 6-8-week-old NSG mice were used for all in vivo experiments.
CHLA-255-Fluc, NGP-Fluc, and COG-N-415X neuroblastoma cells were cultured, harvested, counted, and
suspended at a concentration of 1 x 107 neuroblastoma cells per mL in sterile PBS.

Xenograft experiments were performed using a previously described murine model of minimal residual
disease'>**. Two separate xenograft experiments were performed. The first xenograft experiment evaluated the
in vivo effect of anti-CCL2 antibody on the presence of tumor-associated macrophages (TAMs) at metastatic
sites. This experiment deviated from the published protocol as follows. Briefly, under anesthesia (isoflurane
aerosolized anesthesia and bupivacaine local anesthetic), the left kidney of the anesthetized mouse was exteri-
orized, and 1 x 10° neuroblastoma cells were injected beneath the renal capsule'>**%4. The kidney was returned
to the retroperitoneal space, the muscle closed with a single 4-0 Vicryl suture (Ethicon, Cincinnati, OH), and
the skin closed with a skin clip. Neuroblastoma xenografts were allowed to grow, and starting on post-tumor
cell injection day 24, mice were treated daily for 7 days with either anti-CCL2 antibody (2 mg/kg/dose/mouse)
or control (PBS) via intraperitoneal injection. After 34 days, mice were sacrificed and xenograft tumors were
processed (Supplementary Fig. S4A).

The second xenograft experiment evaluated the efficacy of anti-CCL2 antibody. This experiment followed
the described murine model of minimal residual disease as published'>®. In this experiment, bioluminescent
imaging of all mice was performed 12 days following the initial injection to facilitate matched treatment groups
with 10 mice per group. The treatment groups included the following: (1) untreated control (PBS), (2) anti-CCL2
antibody (2 mg/kg/dose/mouse), (3) etoposide (8 mg/kg/dose/mouse), or (4) anti-CCL2 antibody (2 mg/kg/dose/
mouse) + etoposide (8 mg/kg/does/mouse). All treatments began three days after tumor resection (post-tumor
cell injection day 17) and continued twice weekly for five weeks via intraperitoneal injection. Total burden of
local recurrent and metastatic disease for each mouse was monitored weekly for five weeks using biolumines-
cent imaging (Xenogen IVIS Lumina XR System, Caliper Life Sciences, Waltham, MA, USA) and quantified by
calculating total flux (photons/second) for each mouse using Living Image software (Living Image 4.3.1, Caliper
Life Sciences, Waltham, MA)®. Mice were monitored daily for survival and euthanized (CO2 euthanasia fol-
lowed by cervical dislocation) when IACUC criteria were met, including lethargy, poor grooming, weight loss,
and/or hind-limb paralysis. Treatment with etoposide, anti-CCL2 antibody (carlumab), or combination therapy
(etoposide + carlumab) was well tolerated in all mice without any observed adverse effects.

This established model of minimal residual disease has been shown to consistently excise all of the primary
tumor, followed by tumor growth in the liver and femur (bone marrow), which are common sites of neuroblas-
toma metastasis'®. The primary investigator (E.S.K.) who performed all of the tumor resections is an attending
pediatric surgeon with 23 years of experience with this mouse model. In this model, the entirety of the primary
tumor is confined to the kidney which is completely resected (i.e. nephrectomy) at the time of primary tumor
resection. Thus, all tumors that develop post-resection comprise recurrent or metastatic disease. This is indicated
by the lack of bioluminescent signal post-resection, followed by the delayed presence of bioluminescent signal.

Flow cytometry

At the time of sacrifice (CO2 euthanasia followed by cervical dislocation), the primary tumor with the injected
kidney (if not previously removed), the contralateral kidney (as a control), and all organs containing gross meta-
static disease were collected for histopathologic analysis. These organs included the liver and the bone marrow
from the bilateral femurs. Upon pathologic confirmation of neuroblastoma cell infiltration, all tumor tissues
were processed into single-cell suspensions. Bone marrow, primary tumors, and control kidneys were isolated
into single-cell suspension using tumor cell isolation kits (Miltenyi Biotec Inc., Cat # 130-095-929, North Rhine-
Westphalia, Germany). Livers were processed using 150 pL of collagenase I (100 CDU/mL; Sigma-Aldrich Cat#
0130, St. Louis, MO, USA), 150 pL of dispase II (32 mg/mL; Roche, Cat# 04942078001, Basel, Switzerland), and 2
uL of DNase I (2 mU/mg; Calbiochem, Cat # 260913, Darmstadt, Germany) on ice while undergoing mincing and
remained in this mixture during mechanical dissociation for 60 min at 37 °C with further mechanical mincing
using a gentleMACS Tissue Dissociator (Miltenyi Biotec Inc., North Rhine-Westphalia, Germany). Single-cell
suspensions were counted by trypan blue exclusion.

To confirm neuroblastoma cells, single-cell suspensions of liver and bone marrow were diluted in freezing
medium (20% FBS, 72% RPMI 1640, 8% DMSO), frozen slowly in a dedicated container at — 80 °C for one
day, and transferred to a liquid nitrogen freezer for longer-term storage. Cells were then gently thawed and
cellular debris removed by washing in FACS buffer (PBS +0.5% bovine serum albumin or BSA + 1 mM ethyl-
enediaminetetraacetic acid or EDTA) three times. Samples were resuspended and stained with 4',6-diamidino-
2-phenylindole (DAPI) nucleic acid viability dye to enable dead cell exclusion (Sigma-Aldrich, Cat # D9542).
Neuroblastoma cells were identified by double positivity after staining with anti-GD2-BV605 antibody (clone
14.G2 a, BD Biosciences, Cat # 74071, Franklin Lakes, NJ, USA) and anti-CD56-BUV395 (clone NCAM16.2, BD
Biosciences, Cat # 563554, Franklin Lakes, NJ, USA). Cell suspensions were filtered through a 35-micron nylon
strainer before analysis by flow cytometry using a BD LSRII (BD Biosciences, San Jose, CA) and BD FACSDiva
Software (Version 6.1.3, BD Biosciences, San Jose, CA).
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To identify and quantify TAMs present in primary tumors, samples were analyzed by flow cytometry, without
freezing. Single-cell suspensions were blocked with human TruStain FcX, an Fc-receptor blocker for 10 min
(Biolegend, Cat # 422302, San Diego, CA, USA), stained with antibodies for 30 min, and washed three times in
FACS buffer (PBS+0.5% BSA+1 mM EDTA). Antibodies used to identify TAMs (mCD11b, mCD45, F4/80,
Ly6C, and Ly6G) and neuroblastoma cells are listed in Supplementary Table 1. After the final wash, samples
were filtered through a 35-micron nylon strainer, resuspended, and stained with DAPI for dead cell exclusion
(Sigma-Aldrich, Cat # D9542).

Statistical analysis

Data from in vitro assays were compared using Student’s t-tests. Area under the curve (AUC) for the tumor group
was calculated from tumor flux measurements adjusted to baseline observations. AUC was log10 transformed
to normalize data. AUC was calculated using the last flux measurements obtained before euthanasia. AUC was
censored if/when flux measurements were missing, in cases when mice were euthanized before reaching the time
point for bioluminescent reading. Survival time was defined as the length of time between the day of tumor cell
injection and the day when mice were sacrificed due to disease burden. Interval regression was used to analyze
the tumor growth model. Linear regression examined treatment group differences on log10-transformed AUC
and survival time. Analysis of survival time was repeated on logl0-transformed survival time. To describe the
rate of change in tumor growth in the earlier intervals (up to day 23), a linear mixed-effects model was fitted for
log-transformed tumor flux data in mice injected with NGP-Fluc cells which adjusted for treatment group, days
from tumor cell injection, and interaction between treatment group and time. Analyses presented here were
performed using Stata 17 (StataCorp LLC, College Station, TX) or R version 4.2.2 (R Core Team, Vienna, Aus-
tria), and unless otherwise noted, p-values refer to two-sided tests. A p-value <0.05 was considered significant.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request.

Received: 20 June 2023; Accepted: 7 November 2023
Published online: 14 November 2023

References

1. Handgretinger, R. et al. A phase I study of human/mouse chimeric antiganglioside GD2 antibody ch14.18 in patients with neu-
roblastoma. Eur. J. Cancer 31a, 261-267. https://doi.org/10.1016/0959-8049(94)00413-y (1995).

2. Yalgin, B., Kremer, L. C. & van Dalen, E. C. High-dose chemotherapy and autologous haematopoietic stem cell rescue for children
with high-risk neuroblastoma. Cochrane Database Syst. Rev. 2015, Cd006301. https://doi.org/10.1002/14651858.CD006301.pub4
(2015).

3. Franks, L. M., Bollen, A., Seeger, R. C.,, Stram, D. O. & Matthay, K. K. Neuroblastoma in adults and adolescents: An indolent course
with poor survival. Cancer 79, 2028-2035. https://doi.org/10.1002/(sici)1097-0142(19970515)79:10%3c2028::aid-cncr26%3e3.0.
c0;2-v (1997).

4. Matthay, K. K. et al. Long-term results for children with high-risk neuroblastoma treated on a randomized trial of myeloablative
therapy followed by 13-cis-retinoic acid: A children’s oncology group study. J. Clin. Oncol. 27, 1007-1013. https://doi.org/10.1200/
JCO.2007.13.8925 (2009).

5. Matthay, K. K. et al. Treatment of high-risk neuroblastoma with intensive chemotherapy, radiotherapy, autologous bone marrow
transplantation, and 13-cis-retinoic acid. Children’s Cancer Group. N. Engl. J. Med. 341, 1165-1173. https://doi.org/10.1056/nejm1
99910143411601 (1999).

6. Cheung, N. K., Kushner, B. H. & Kramer, K. Monoclonal antibody-based therapy of neuroblastoma. Hematol. Oncol. Clin. N. Am.
15, 853-866. https://doi.org/10.1016/s0889-8588(05)70255-0 (2001).

7. Berthold, E. et al. Myeloablative megatherapy with autologous stem-cell rescue versus oral maintenance chemotherapy as consoli-
dation treatment in patients with high-risk neuroblastoma: A randomised controlled trial. Lancet Oncol. 6, 649-658. https://doi.
0rg/10.1016/s1470-2045(05)70291-6 (2005).

8. Kreissman, S. G. et al. Purged versus non-purged peripheral blood stem-cell transplantation for high-risk neuroblastoma (COG
A3973): A randomised phase 3 trial. Lancet Oncol. 14, 999-1008. https://doi.org/10.1016/s1470-2045(13)70309-7 (2013).

9. Castel, V., Segura, V. & Canete, A. Treatment of high-risk neuroblastoma with anti-GD2 antibodies. Clin. Transl. Oncol. 12, 788-793.
https://doi.org/10.1007/s12094-010-0600-y (2010).

10. Xu, M., Wang, Y., Xia, R., Wei, Y. & Wei, X. Role of the CCL2-CCR2 signalling axis in cancer: Mechanisms and therapeutic target-
ing. Cell Prolif. 54, 13115. https://doi.org/10.1111/cpr.13115 (2021).

11. Qian, B. Z. et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis. Nature 475, 222-225. https://doi.
org/10.1038/nature10138 (2011).

12. Chun, E. et al. CCL2 promotes colorectal carcinogenesis by enhancing polymorphonuclear myeloid-derived suppressor cell popula-
tion and function. Cell Rep. 12, 244-257. https://doi.org/10.1016/j.celrep.2015.06.024 (2015).

13. Roca, H., Varsos, Z. & Pienta, K. J. CCL2 protects prostate cancer PC3 cells from autophagic death via phosphatidylinositol
3-kinase/ AKT-dependent survivin up-regulation. J. Biol. Chem. 283, 25057-25073. https://doi.org/10.1074/jbc.M801073200 (2008).

14. Kalbasi, A. et al. Tumor-derived CCL2 mediates resistance to radiotherapy in pancreatic ductal adenocarcinoma. Clin. Cancer Res.
23, 137-148. https://doi.org/10.1158/1078-0432.CCR-16-0870 (2017).

15. Jackson, J. R., Kim, Y., Seeger, R. C. & Kim, E. S. A novel minimal residual disease model of neuroblastoma in mice. . Pediatr. Surg.
51, 991-994. https://doi.org/10.1016/j.jpedsurg.2016.02.066 (2016).

16. Cangelosi, D. et al. Hypoxia predicts poor prognosis in neuroblastoma patients and associates with biological mechanisms involved
in telomerase activation and tumor microenvironment reprogramming. Cancers 12, 2343. https://doi.org/10.3390/cancers120
92343 (2020).

17. Asgharzadeh, S. et al. Prognostic significance of gene expression profiles of metastatic neuroblastomas lacking MYCN gene ampli-
fication. J. Natl. Cancer Inst. 98, 1193-1203. https://doi.org/10.1093/jnci/djj330 (2006).

18. Asgharzadeh, S. RNA sequencing profile of all patient neuroblastoma tumor samples from Children’s Hospital Los Angeles. (2005)
(unpublished database).

19. Yu, A. L. et al. Anti-GD2 antibody with GM-CSE, interleukin-2, and isotretinoin for neuroblastoma. N. Engl. J. Med. 363, 1324~
1334. https://doi.org/10.1056/NEJMo0a0911123 (2010).

Scientific Reports |

(2023) 13:19915 | https://doi.org/10.1038/s41598-023-46968-2 nature portfolio


https://doi.org/10.1016/0959-8049(94)00413-y
https://doi.org/10.1002/14651858.CD006301.pub4
https://doi.org/10.1002/(sici)1097-0142(19970515)79:10%3c2028::aid-cncr26%3e3.0.co;2-v
https://doi.org/10.1002/(sici)1097-0142(19970515)79:10%3c2028::aid-cncr26%3e3.0.co;2-v
https://doi.org/10.1200/JCO.2007.13.8925
https://doi.org/10.1200/JCO.2007.13.8925
https://doi.org/10.1056/nejm199910143411601
https://doi.org/10.1056/nejm199910143411601
https://doi.org/10.1016/s0889-8588(05)70255-0
https://doi.org/10.1016/s1470-2045(05)70291-6
https://doi.org/10.1016/s1470-2045(05)70291-6
https://doi.org/10.1016/s1470-2045(13)70309-7
https://doi.org/10.1007/s12094-010-0600-y
https://doi.org/10.1111/cpr.13115
https://doi.org/10.1038/nature10138
https://doi.org/10.1038/nature10138
https://doi.org/10.1016/j.celrep.2015.06.024
https://doi.org/10.1074/jbc.M801073200
https://doi.org/10.1158/1078-0432.CCR-16-0870
https://doi.org/10.1016/j.jpedsurg.2016.02.066
https://doi.org/10.3390/cancers12092343
https://doi.org/10.3390/cancers12092343
https://doi.org/10.1093/jnci/djj330
https://doi.org/10.1056/NEJMoa0911123

www.nature.com/scientificreports/

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Conti, I. & Rollins, B. J. CCL2 (monocyte chemoattractant protein-1) and cancer. Semin. Cancer Biol. 14, 149-154. https://doi.
0rg/10.1016/j.semcancer.2003.10.009 (2004).

Lim, S. Y., Yuzhalin, A. E., Gordon-Weeks, A. N. & Muschel, R. ]. Targeting the CCL2-CCR?2 signaling axis in cancer metastasis.
Oncotarget 7, 28697-28710. https://doi.org/10.18632/oncotarget.7376 (2016).

Yoshimura, T. The chemokine MCP-1 (CCL2) in the host interaction with cancer: A foe or ally?. Cell Mol. Immunol. 15, 335-345.
https://doi.org/10.1038/cmi.2017.135 (2018).

Zheng, Y., Wang, Z., Wei, S., Liu, Z. & Chen, G. Epigenetic silencing of chemokine CCL2 represses macrophage infiltration to
potentiate tumor development in small cell lung cancer. Cancer Lett. 499, 148-163. https://doi.org/10.1016/j.canlet.2020.11.034
(2021).

Song, L. et al. Oncogene MYCN regulates localization of NKT cells to the site of disease in neuroblastoma. J. Clin. Investig. 117,
2702-2712. https://doi.org/10.1172/jci30751 (2007).

Wanzel, M., Herold, S. & Eilers, M. Transcriptional repression by Myc. Trends Cell Biol. 13, 146-150. https://doi.org/10.1016/
$0962-8924(03)00003-5 (2003).

Liu, H. ef al. Chemokines and chemokine receptors: A new strategy for breast cancer therapy. Cancer Med. 9, 3786-3799. https://
doi.org/10.1002/cam4.3014 (2020).

Zhang, J., Patel, L. & Pienta, K. J. CC chemokine ligand 2 (CCL2) promotes prostate cancer tumorigenesis and metastasis. Cytokine
Growth Factor Rev. 21, 41-48. https://doi.org/10.1016/j.cytogfr.2009.11.009 (2010).

Lu, Y. et al. Activation of MCP-1/CCR2 axis promotes prostate cancer growth in bone. Clin. Exp. Metastasis 26, 161-169. https://
doi.org/10.1007/s10585-008-9226-7 (2009).

Ding, M., He, S. J. & Yang, ]. MCP-1/CCL2 mediated by autocrine loop of PDGF-BB promotes invasion of lung cancer cell by
recruitment of macrophages via CCL2-CCR?2 axis. J. Interferon Cytokine Res. 39, 224-232. https://doi.org/10.1089/jir.2018.0113
(2019).

Zhuang, H., Cao, G., Kou, C. & Liu, T. CCL2/CCR2 axis induces hepatocellular carcinoma invasion and epithelial-mesenchymal
transition in vitro through activation of the Hedgehog pathway. Oncol. Rep. 39, 21-30. https://doi.org/10.3892/0r.2017.6069 (2018).
Fujimoto, H. et al. Stromal MCP-1 in mammary tumors induces tumor-associated macrophage infiltration and contributes to
tumor progression. Int. J. Cancer 125, 1276-1284. https://doi.org/10.1002/ijc.24378 (2009).

Loberg, R. D. et al. Targeting CCL2 with systemic delivery of neutralizing antibodies induces prostate cancer tumor regression
in vivo. Cancer Res. 67, 9417-9424. https://doi.org/10.1158/0008-5472.CAN-07-1286 (2007).

Lu, J. et al. Role of anlotinib-induced CCL2 decrease in anti-angiogenesis and response prediction for nonsmall cell lung cancer
therapy. Eur. Respir. ]. https://doi.org/10.1183/13993003.01562-2018 (2019).

Brana, I. et al. Carlumab, an anti-C-C chemokine ligand 2 monoclonal antibody, in combination with four chemotherapy regimens
for the treatment of patients with solid tumors: An open-label, multicenter phase 1b study. Target Oncol. 10, 111-123. https://doi.
0rg/10.1007/s11523-014-0320-2 (2015).

Pienta, K. J. et al. Phase 2 study of carlumab (CNTO 888), a human monoclonal antibody against CC-chemokine ligand 2 (CCL2),
in metastatic castration-resistant prostate cancer. Investig. New Drugs 31, 760-768. https://doi.org/10.1007/s10637-012-9869-8
(2013).

Sandhu, S. K. et al. A first-in-human, first-in-class, phase I study of carlumab (CNTO 888), a human monoclonal antibody against
CC-chemokine ligand 2 in patients with solid tumors. Cancer Chemother. Pharmacol. 71, 1041-1050. https://doi.org/10.1007/
$00280-013-2099-8 (2013).

Marengo, B. et al. p38MAPK inhibition: A new combined approach to reduce neuroblastoma resistance under etoposide treatment.
Cell Death Dis. 4, €589. https://doi.org/10.1038/cddis.2013.118 (2013).

Marengo, B. et al. Etoposide-resistance in a neuroblastoma model cell line is associated with 13q14.3 mono-allelic deletion and
miRNA-15a/16-1 down-regulation. Sci. Rep. 8, 13762. https://doi.org/10.1038/s41598-018-32195-7 (2018).

Jacob, M. et al. Increased MCL1 dependency leads to new applications of BH3-mimetics in drug-resistant neuroblastoma. Br. J.
Cancer https://doi.org/10.1038/s41416-023-02430-8 (2023).

Allavena, P. et al. Migratory response of human NK cells to monocyte-chemotactic proteins. Methods 10, 145-149. https://doi.
org/10.1006/meth.1996.0088 (1996).

Carr, M. W,, Roth, S. ], Luther, E., Rose, S. S. & Springer, T. A. Monocyte chemoattractant protein 1 acts as a T-lymphocyte che-
moattractant. Proc. Natl. Acad. Sci. USA 91, 3652-3656. https://doi.org/10.1073/pnas.91.9.3652 (1994).

Moore, B. B. et al. CCR2-mediated recruitment of fibrocytes to the alveolar space after fibrotic injury. Am. J. Pathol. 166, 675-684.
https://doi.org/10.1016/S0002-9440(10)62289-4 (2005).

Metelitsa, L. S. et al. Natural killer T cells infiltrate neuroblastomas expressing the chemokine CCL2. J. Exp. Med. 199, 1213-1221.
https://doi.org/10.1084/jem.20031462 (2004).

Asgharzadeh, S. et al. Clinical significance of tumor-associated inflammatory cells in metastatic neuroblastoma. J. Clin. Oncol. 30,
3525-3532. https://doi.org/10.1200/JCO.2011.40.9169 (2012).

Hadjidaniel, M. D. et al. Tumor-associated macrophages promote neuroblastoma via STAT3 phosphorylation and up-regulation
of c-MYC. Oncotarget 8, 91516-91529. https://doi.org/10.18632/oncotarget.21066 (2017).

Hao, Q., Vadgama, J. V. & Wang, P. CCL2/CCR2 signaling in cancer pathogenesis. Cell Commun. Signal 18, 82. https://doi.org/10.
1186/512964-020-00589-8 (2020).

McClellan, J. L. et al. Linking tumor-associated macrophages, inflammation, and intestinal tumorigenesis: Role of MCP-1. Am. J.
Physiol. Gastrointest. Liver Physiol. 303, G1087-1095. https://doi.org/10.1152/ajpgi.00252.2012 (2012).

Rogic, A. et al. High endogenous CCL2 expression promotes the aggressive phenotype of human inflammatory breast cancer. Nat.
Commun. 12, 6889. https://doi.org/10.1038/s41467-021-27108-8 (2021).

Tu, W, Gong, J., Zhou, Z., Tian, D. & Wang, Z. TCF4 enhances hepatic metastasis of colorectal cancer by regulating tumor-
associated macrophage via CCL2/CCR?2 signaling. Cell Death Dis. 12, 882. https://doi.org/10.1038/s41419-021-04166-w (2021).
Chen, C. et al. LNMAT1 promotes lymphatic metastasis of bladder cancer via CCL2 dependent macrophage recruitment. Nat.
Commun. 9, 3826. https://doi.org/10.1038/s41467-018-06152-x (2018).

Wang, L. L. et al. Augmented expression of MYC and/or MYCN protein defines highly aggressive MYC-driven neuroblastoma: A
children’s oncology group study. Br. J. Cancer 113, 57-63. https://doi.org/10.1038/bjc.2015.188 (2015).

Webb, M. W. et al. Colony stimulating factor 1 receptor blockade improves the efficacy of chemotherapy against human neuro-
blastoma in the absence of T lymphocytes. Int. J. Cancer 143, 1483-1493. https://doi.org/10.1002/ijc.31532 (2018).

Reynolds, C. P. et al. Characterization of human neuroblastoma cell lines established before and after therapy. J. Natl. Cancer Inst.
76, 375-387 (1986).

Zaghloul, N. et al. Vascular endothelial growth factor blockade rapidly elicits alternative proangiogenic pathways in neuroblastoma.
Int. . Oncol. 34, 401-407 (2009).

Wu, H. W. et al. Anti-CD105 antibody eliminates tumor microenvironment cells and enhances anti-GD2 antibody immunotherapy
of neuroblastoma with activated natural killer cells. Clin. Cancer Res. 25, 4761-4774. https://doi.org/10.1158/1078-0432.CCR-18-
3358 (2019).

Mise, N. et al. Antibody-dependent cellular cytotoxicity toward neuroblastoma enhanced by activated invariant natural killer T
cells. Cancer Sci. 107, 233-241. https://doi.org/10.1111/cas.12882 (2016).

Scientific Reports |

(2023) 13:19915 | https://doi.org/10.1038/541598-023-46968-2 nature portfolio


https://doi.org/10.1016/j.semcancer.2003.10.009
https://doi.org/10.1016/j.semcancer.2003.10.009
https://doi.org/10.18632/oncotarget.7376
https://doi.org/10.1038/cmi.2017.135
https://doi.org/10.1016/j.canlet.2020.11.034
https://doi.org/10.1172/jci30751
https://doi.org/10.1016/s0962-8924(03)00003-5
https://doi.org/10.1016/s0962-8924(03)00003-5
https://doi.org/10.1002/cam4.3014
https://doi.org/10.1002/cam4.3014
https://doi.org/10.1016/j.cytogfr.2009.11.009
https://doi.org/10.1007/s10585-008-9226-7
https://doi.org/10.1007/s10585-008-9226-7
https://doi.org/10.1089/jir.2018.0113
https://doi.org/10.3892/or.2017.6069
https://doi.org/10.1002/ijc.24378
https://doi.org/10.1158/0008-5472.CAN-07-1286
https://doi.org/10.1183/13993003.01562-2018
https://doi.org/10.1007/s11523-014-0320-2
https://doi.org/10.1007/s11523-014-0320-2
https://doi.org/10.1007/s10637-012-9869-8
https://doi.org/10.1007/s00280-013-2099-8
https://doi.org/10.1007/s00280-013-2099-8
https://doi.org/10.1038/cddis.2013.118
https://doi.org/10.1038/s41598-018-32195-7
https://doi.org/10.1038/s41416-023-02430-8
https://doi.org/10.1006/meth.1996.0088
https://doi.org/10.1006/meth.1996.0088
https://doi.org/10.1073/pnas.91.9.3652
https://doi.org/10.1016/S0002-9440(10)62289-4
https://doi.org/10.1084/jem.20031462
https://doi.org/10.1200/JCO.2011.40.9169
https://doi.org/10.18632/oncotarget.21066
https://doi.org/10.1186/s12964-020-00589-8
https://doi.org/10.1186/s12964-020-00589-8
https://doi.org/10.1152/ajpgi.00252.2012
https://doi.org/10.1038/s41467-021-27108-8
https://doi.org/10.1038/s41419-021-04166-w
https://doi.org/10.1038/s41467-018-06152-x
https://doi.org/10.1038/bjc.2015.188
https://doi.org/10.1002/ijc.31532
https://doi.org/10.1158/1078-0432.CCR-18-3358
https://doi.org/10.1158/1078-0432.CCR-18-3358
https://doi.org/10.1111/cas.12882

www.nature.com/scientificreports/

57. Philip, T. et al. A phase II study of high-dose cisplatin and VP-16 in neuroblastoma: A report from the Société Frangaise dOncologie
Pédiatrique. J. Clin. Oncol. 5, 941-950. https://doi.org/10.1200/jco.1987.5.6.941 (1987).

58. Kushner, B. H. et al. Ifosfamide, carboplatin, and etoposide for neuroblastoma: A high-dose salvage regimen and review of the
literature. Cancer 119, 665-671. https://doi.org/10.1002/cncr.27783 (2013).

59. Agarwal, S. et al. G-CSF promotes neuroblastoma tumorigenicity and metastasis via STAT3-dependent cancer stem cell activation.
Cancer Res. 75, 2566-2579. https://doi.org/10.1158/0008-5472.Can-14-2946 (2015).

60. Dubois, S. Testing the Addition of 131I-MIBG or Lorlatinib to Intensive Therapy in People With High-Risk Neuroblastoma (NBL).
ClinicalTrials.gov identifier: NCT03126916. Updated September 16, 2022. Accessed 22 Dec 2022. https://clinicaltrials.gov/ct2/show/
NCT03126916.

61. Meany, H. Response and Biology-Based Risk Factor-Guided Therapy in Treating Younger Patients With Non-high Risk Neuroblastoma.
ClinicalTrials.gov identifier: NCT02176967. Updated September 16, 2022. Accessed 22 Dec 2022. https://clinicaltrials.gov/ct2/show/
NCT02176967.

62. Harada, K. et al. Soluble factors derived from neuroblastoma cell lines suppress dendritic cell differentiation and activation. Cancer
Sci. 110, 888-902. https://doi.org/10.1111/cas.13933 (2019).

63. Patterson, D. M., Shohet, J. M. & Kim, E. S. Preclinical models of pediatric solid tumors (neuroblastoma) and their use in drug
discovery. Curr. Protoc. Pharmacol. 52, 14-17. https://doi.org/10.1002/0471141755.ph1417s52 (2011).

64. Barry, W. E. et al. Activated natural killer cells in combination with anti-GD2 antibody dinutuximab improve survival of mice
after surgical resection of primary neuroblastoma. Clin. Cancer Res. 25, 325-333. https://doi.org/10.1158/1078-0432.CCR-18-1317
(2019).

Acknowledgements
This paper is dedicated to our longtime mentor and collaborator, Dr. Robert Seeger. This work was supported
by the Hyundai Hope On Wheels Hope Scholar Grant (to E.S. Kim).

Author contributions

All authors have evaluated and approved this version of the manuscript. Study conception and design: D.L.,
M.J.Z,S.A., A M., ].S., M.A.S., E.S.K,; Data acquisition, analysis, or interpretation: D.L., M.].Z., S.Y.C., W.G.L,,
A.Z., G.E.A; Drafting of the manuscript: D.L., M.].Z., S.Y.C., W.G.L., E.S.K.; Critical revision of the manuscript
for important intellectual content: D.L., M.J.Z,, S.Y.C., WG.L,, A.Z, GE.A, S.C, A.C,S.A,, AM,, J.S., M.A.S,,
E.S.K,; Final approval of this manuscript version to be published: D.L., M.J.Z., S.Y.C., W.G.L., A.Z., G.E.A., S.C,,
A.C,S.A, AM,]JS., M.AS,, E.S.K;; Statistical analysis: D.L., M.J.Z., W.G.L., S.C,, E.S.K.; Administrative, techni-
cal, or material support: S.Y.C., W.G.L., A.Z., G.E.A ; Supervision: S.A., A.M., ].S., M.A.S., E.S.K.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-46968-2.

Correspondence and requests for materials should be addressed to E.S.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:19915 | https://doi.org/10.1038/s41598-023-46968-2 nature portfolio


https://doi.org/10.1200/jco.1987.5.6.941
https://doi.org/10.1002/cncr.27783
https://doi.org/10.1158/0008-5472.Can-14-2946
https://clinicaltrials.gov/ct2/show/NCT03126916
https://clinicaltrials.gov/ct2/show/NCT03126916
https://clinicaltrials.gov/ct2/show/NCT02176967
https://clinicaltrials.gov/ct2/show/NCT02176967
https://doi.org/10.1111/cas.13933
https://doi.org/10.1002/0471141755.ph1417s52
https://doi.org/10.1158/1078-0432.CCR-18-1317
https://doi.org/10.1038/s41598-023-46968-2
https://doi.org/10.1038/s41598-023-46968-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anti-CCL2 antibody combined with etoposide prolongs survival in a minimal residual disease mouse model of neuroblastoma
	Results
	Increased CCL2 expression in patients with neuroblastoma is associated with death and progression of disease
	CCR2 is expressed on monocytes from neuroblastoma patients and neuroblastoma tumor cells
	CCL2 is predominantly released from monocytes with a minor contribution from neuroblastoma cells
	CCL2 has no effect on neuroblastoma cell proliferation in vitro
	In vitro, neuroblastoma cells and monocytes migrate towards increasing concentrations of CCL2, which is abrogated by anti-CCL2 antibody
	The effect of carlumab on intra-tumoral tumor-associated macrophage (TAM) migration in vivo
	Anti-CCL2 antibody combined with chemotherapy increases survival in a murine tumor resection model of neuroblastoma

	Discussion
	Conclusion
	Materials and methods
	Database analysis of prognostic significance of CCL2 expression
	Neuroblastoma cell lines and patient-derived xenograft
	Reagentsassay preparation
	Human monocyte isolation, co-culture assays, and processing of conditioned media from culture supernatant
	Cytotoxicity assay
	Two-dimensional chemotaxis migration assay
	Monocyte migration assay
	CCL2 protein expression studies
	In vivo murine experiments and bioluminescent imaging
	Flow cytometry
	Statistical analysis

	References
	Acknowledgements


