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SI-CLP inhibits the growth of mouse mammary adenocarcinoma
by preventing recruitment of tumor-associated macrophages
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Chitinase-like proteins (CLP) are chitin-binding proteins that lack chitin hydrolyzing activity, but possess cytokine-like and growth
factor-like properties, and play crucial role in intercellular crosstalk. Both human and mice express two members of CLP family:
YKL-40 and stabilin-1 interacting chitinase-like protein (SI-CLP). Despite numerous reports indicating the role of YKL-40 in the
support of angiogenesis, tumor cell proliferation, invasion and metastasis, the role of its structurally related protein SI-CLP in cancer
was not reported. Using gain-of-function approach, we demonstrate in the current study that the expression of recombinant SI-CLP in
mouse TS/A mammary adenocarcinoma cells results in significant and persistent inhibition of in vivo tumor growth. Using
quantitative immunohistochemistry, we show that on the cellular level this phenomenon is associated with reduced infiltration

of tumor-associated macrophages (TAMs), CD4+ and FoxP3+ cells in SI-CLP expressing tumors. Gene expression analysis in

TAM isolated from SI-CLP-expressing and control tumors demonstrated that SI-CLP does not affect macrophage phenotype.
However, SI-CLP significantly inhibited migration of murine bone-marrow derived macrophages and human primary monocytes
toward monocyte-recruiting chemokine CCL2 produced in the tumor microenvironment (TME). Mechanistically, SI-CLP did not affect
CCL2/CCR2 interaction, but suppressed cytoskeletal rearrangements in response to CCL2. Altogether, our data indicate that SI-CLP
functions as a tumor growth inhibitor in mouse breast cancer by altering cellular composition of TME and blocking cytokine-induced
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Additional Supporting Information may be found in the online version of this article.
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TAM recruitment. Taking into consideration weak to absent expression of SI-CLP in human breast cancer, it can be considered as a
therapeutic protein to block TAM-mediated support of breast tumor growth.

What’s new?

Chitinase-like proteins possess cytokine-like properties and can manipulate cancer progression. Here the authors show that
stabilin-1 interacting chitinase-like protein (SI-CLP) inhibits the growth of murine mammary adenocarcinoma by altering the
tumor microenvironment and reducing intratumoral macrophage infiltration. SI-CLP is weakly expressed in human breast
cancers and may function as a possible therapeutic agent to suppress breast cancer growth.

Introduction
Tumor microenvironment (TME) that consists of multiple
immune and nonimmune cells, blood vessels, signaling mole-
cules and extracellular matrix is an important factor that influ-
ences the growth, migration, invasion and metastatic spread of
cancer cells." Among components of TME, immune cells largely
contribute to the processes of tumor cell recognition and elimi-
nation. However, under persistent influence of molecular sig-
nals derived from cancer cells and other components of TME,
immune cells are reprogrammed to foster tumor progression by
producing immunosuppressive, prosurvival and proangiogenic
factors.>® Tumor-associated macrophages (TAMs) are one of
the major immune cell types in the TME of solid cancers. In
advanced breast cancer, TAMs are the most abundant infiltrat-
ing leukocytes in the tumor tissue that produce wide range of
soluble mediators including anti-inflammatory/immunosup-
pressive cytokines (IL-10, TGF-), angiogenic molecules
(e.g., VEGF-A, C, D, MMP-9) and growth factors (e.g., EGF,
PDGF) responsible for induction of tumor cell proliferation,
vascularization, acquisition of resistance to chemotherapy and
deactivation of adaptive immune response.* Thus, several
TAM-targeting approaches were developed in order to reduce
their recruitment and accumulation in the tumor tissue.’
These approaches utilized blocking antibodies or small mole-
cule inhibitors toward cytokines/cytokine receptor axes such
as CSF-1/CSF-1R and CCL2/CCR?2 that are critical for macro-
phage accumulation and survival in the tumors.” For example,
CCL2 neutralization using monoclonal antibodies carlumab
transiently suppressed free serum CCL2 in prostate and breast
cancer patients.®” However, complete inhibition of CCR2/
CCL2 axis was not achieved.® In addition, discontinuation of
anti-CCL2 treatment in mouse breast cancer model was asso-
ciated with mobilization of monocytes from bone marrow,
their influx in the tumor and lungs resulting in metastatic
relapse.® Therefore, exploration of novel molecular factors that
may prevent accumulation of TAM in breast and other types
of solid cancers is of relevance. Among these factors, chitinase-
like proteins (CLP) were reported to influence TAM
recruitment.’

CLP are chitin-binding proteins that lack chitin-hydrolyzing
activity, but possess cytokine-like and growth factor-like

properties.” In human, proteins of CLP family are represented by
YKL-40, YKL-39 and stabilin-1 interacting chitinase-like protein
(SI-CLP). In mice, CLP members include YKL-40, SI-CLP and
Ym1/Ym2. CLP are expressed in multiple cell types including cho-
ndrocytes, neutrophils, macrophages and tumor cells. In the
TME, CLP protein YKL-40 is involved in the regulation of
tumor cell proliferation, migration, invasion and angiogenesis.”
YKL-40 is the most characterized member of CLP family and
its plasma and intratumoral levels are associated with poor
prognosis in many types of tumors including breast and colon
cancers, glioblastoma, melanoma etc.” Besides its proinvasive
properties for tumor cells, YKL-40 was shown to stimulate the
release of macrophage chemoattractants CCL2 and IL-8 from
tumor cells resulting in macrophage recruitment in vivo."’
Another member of CLP family YKL-39 was found to induce
monocyte migration and angiogenesis in vitro; its intratumoral
expression levels in breast cancer were predictive for increased risk
of metastasis after neoadjuvant chemotherapy.'' Despite the
involvement of YKL-40 and YKL-39 in the tumor progression
and monocyte/macrophage recruitment, the role of structurally
related CLP protein SI-CLP in the regulation of macrophage
migration and tumor growth is unknown. SI-CLP is expressed in
human alternatively activated macrophages stimulated by the
combination of IL-4 and dexamethasone and its expression was
found to be elevated in peripheral blood mononuclear cells of
rheumatoid arthritis patients.'>"> In mice, SI-CLP expression in
bone marrow macrophages was stimulated by IL-12 and IL-13."
Currently, established function of SI-CLP is restricted to aggrava-
tion of inflammatory response in a mouse model of rheumatoid
arthritis."

Using mouse model of TS/A mammary adenocarcinoma
engineered to express mouse SI-CLP protein, we report an inhibi-
tory effect of SI-CLP on tumor growth which was associated with
significant reduction in intratumoral TAM infiltration. However,
SI-CLP expression in the tumor did not influence the phenotype
of TAM. Using in vitro migration assays in human and mouse
macrophages, we show that purified SI-CLP protein as well as
SI-CLP containing supernatants prevent macrophage migration
toward TAM-recruiting chemokine CCL2, indicating that anti-
tumor effect of SI-CLP is mediated by blockade of intratumoral
macrophage recruitment.
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Materials and Methods

Human breast cancer specimens

Tumor samples of 28 female patients with breast cancer
T1-4N0-3MO-1 seen at the University Medical Center
Mannheim, Germany and 52 female patients with nonspecific
invasive breast cancer T1-4N0-3MO0 seen at General Oncology
Department of Tomsk Cancer Research Institute (Tomsk,
Russia) were used in the study. All studies were approved
by the ethics and review committee of Medical Faculty
Mannheim, University of Heidelberg (approval number:
2015-807R-MA) and the Local Committee for Medical Ethics
of Tomsk Cancer Research Institute (protocol No. 13 from
September 27, 2014), and informed consents were obtained
from all patients prior to analysis. Patients did not receive
preoperative treatment. The mean age of women with breast
cancer in German cohort was 64.3 4+ 11.8 years and in
Russian cohort was 61.3 & 10.4 years. The histological type of
breast cancer was defined according to the WHO recommen-
dations (Geneva, 2012) and corresponded to nonspecific inva-
sive carcinoma in all cases. Clinical data of patients are
presented in Supporting Information Tables S2 and S3.

Generation of SI-CLP expressing TS/A cells

Full-length murine SI-CLP (mChid1l) fused to the N-terminal
FLAG-tag was generated using pcDNA3.1 expression vector
(Invitrogen, Carlsbad, CA) containing FLAG sequence. TS/A
murine mammary adenocarcinoma cell line (RRID:CVCL_
F736) was kindly provided by Dr. Patrizia Nanni (Istituto di
Cancerologia, Universita di Bologna, Bologna, Italy) and propa-
gated as described previously."* TS/A cells were transfected with
pcDNA3.1-SI-CLP-FLAG or pcDNA3.1-FLAG (empty vector
control) constructs using FuGeneHD transfection reagent
(Roche, Basel, Switzerland) and single clones were selected using
700 pg/ml of G418 (Sigma-Aldrich, St. Louis, MO). SI-CLP
expression in TS/A clones was visualized using anti-SI-CLP
monoclonal antibodies, clone 1B8 (rat IgG2a/k; generated and
validated in collaboration with Dr. Elisabeth Kremmer; Helm-
holtz Zentrum, Munich) by immunofluorescent microscopy.
Five SI-CLP clones and five vector clones were selected for
further experiments. All experiments were performed with
mycoplasma-free cells.

Animal tumor model

Balb/c wild-type (WT) female mice of 8-10 weeks old were pur-
chased from Janvier Labs. All mice were housed under specific
pathogen-free conditions at the animal facility in Mannheim. All
animal experiments were approved by the Medical Ethics Com-
mittee II of the Medical Faculty Mannheim of the University of
Heidelberg and filed with local authorities (Regierungsprésidium
Karlsruhe). Three TS/A-EV tumor clones (TS/A-P320-A1, TS/A-
P320-A2 and TS/A-P320-CL1) and three TS/A-SI-CLP tumor
clones (TS/A-P776-P1D5, TS/A-P776-P2B7 and TS/A-P776-
P1F10) were used in the tumor growth experiments. Mice were

SI-CLP inhibits breast tumor growth

injected subcutaneously in the right flank with 2.5 X 10° of TS/A-
EV or TS/A-SI-CLP cells in PBS. Tumor size was measured by
caliper on Days 7, 10, 14, 18 and 21 postinjection, and tumor
volume (in mm®) was calculated using following formula: tumor
volume = 0.52 X length X width X thickness. Tumor weight was
measured on Day 21 postinjection.

Immunohistochemistry

Acetone-fixed frozen sections of TS/A tumors (5 pm thickness)
were analyzed using following primary antimouse antibodies: rat
CD68 (Acris, Herford, Germany), rat CD31, rat CD206 (both
from AbD Serotec, Hercules, CA), rabbit stabilin-1 (clone RS1,
self-produced), rat Siglec-F, rat CD8a, rat FoxP3-biotin (all from
eBioscience, San Diego, CA), rat-anti mouse Ly6G antibodies
(Abcam, Cambridge, MA; ab25377) and rat CD4-biotin
(BioLegend, San Diego, CA). HRP conjugated goat antirat IgG
(Santa Cruz Biotechnology, Dallas, TX), HRP conjugated goat
antirabbit IgG (Acris), and HRP conjugated streptavidin (Jackson
ImmunoResearch, West Grove, PA) were used as secondary
reagents. Sections were developed using AEC Chromogen Sub-
strate (Dako Cytomation, Glostrup, Denmark) and counter-
stained with Mayer’s Haemalaun solution (Merck, Kenilworth,
NJ). Entire sections were scanned as described previously'* and
staining intensity (positivity) was analyzed using Aperio
ImageScope software (free from Aperio.com).

Paraffin embedded, formalin fixed, human breast cancer tis-
sue sections (1 pm thickness) were incubated in HIER T-EDTA
Buffer pH 9.0 (Zytomed, Berlin, Germany) for 15 min in water
bath at 80°C and stained using rat antihuman SI-CLP antibodies,
clone 1C11,"* followed by antirat-HRP labeled antibodies (Santa
Cruz Biotechnology) or Super Sensitive Polymer-HRP detection
system was used (BioGenex, Fremont, CA). Sections were devel-
oped using AEC Chromogen Substrate (Dako Cytomation) and
counterstained with Mayer’s Haemalaun solution (Merck).
Images were acquired using Carl Zeiss Axio Lab.A1 light micro-
scope (Jenamed, Carl Zeiss, Germany) and Leica DC500 digital
camera. To analyze the association between SI-CLP expression
and patients clinical parameters, all patients in Russian cohort
were distributed into SI-CLP positive and SI-CLP negative groups
upon microscopic assessment of stained sections.

Immunofluorescence/confocal microscopy

Primary monocytes isolated from healthy donors were incubated
with purified recombinant SI-CLP (Cusabio, Wuhan, China) at
the concentration 100 ng/ml for 16 hr followed by stimulation
with CCL2 for 30 min. Cells were fixed at RT in 2% PFA for
10 min, permeabilized in 0.5% Triton X-100 for 15 min followed
by additional fixation in 4% PFA for 10 min and stained using
antitubulin antibodies (Sigma, T9026, 1:1000) for 1 hr, RT. Sec-
ondary FITC-labeled antimouse antibodies (Sigma, F2883, 1:100)
were added to the cells for 2 hr, RT together with rhodamine-
phalloidin (100 nM, PHDRI, Cytoskeleton). Images were
acquired using Leica SP8 confocal microscope.
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Isolation of mouse bone-marrow derived macrophages

and TAM

Bone-marrow derived macrophages (BMDM) derived from
Balb/c female WT mice were differentiated from bone marrow
precursor cells in DMEM + GlutaMAX medium supplemented
with 10% FBS and 30 ng/ml of M-CSF for 4 days. TAMs were
isolated from TS/A tumors as described previously."* TAM purity
was greater than 95% as assessed by immunofluorescence
staining using rat antimouse CD68 antibodies (Acris). For gene
expression analysis, TAMs were lysed immediately after isolation.
For assessment of cytokine production in supernatants, TAMs
were cultured for 16 hr in DMEM + GlutaMAX medium
supplemented with 10% FBS.

Isolation of mouse splenic T cells

Spleens of WT Balb/c female mice were mechanically
disintegrated to obtain single cell suspension followed by red
blood cell lysis and positive selection using CD3 MACS beads
(Miltenyi Biotec, Bergisch Gladbach, Germany). Cell purity
was assessed using flow cytometry and anti-CD3 antibodies
(BioLegend). T cells were maintained in RPMI medium for
4 hr, 37°C, 7.5% CO, prior to migration assay.

Isolation of human CD14+ monocytes

Monocytes were isolated from buffy coats of healthy donors
using positive magnetic selection with CD14 MACS beads
(Miltenyi Biotec) as described previously.'”

Gene expression analysis (RT-qPCR)

RNA was isolated from TAM using RNeasy midi kit (Qiagen,
Hilden, Germany). Synthesis of cDNA was performed using
Superscript II reverse transcriptase (Invitrogen). The expression
of TNFa, IL-1f, IL-6, IL-10, TGEf, CD206, stabilin-1, CD163
and VEGFA was measured using Tagman RT-qPCR and nor-
malized to the expression of B-actin. Primer sequences are pres-
ented in Supporting Information Table S1. Ready-to-use Tagman
master mixes for mouse Arginase 1 (MmO00475988_m1), mouse
CCR2 (Mm00438270_m1), mouse IL10 (MmO00439614_m1) and
mouse TGF-f1 (MmO01178820_m1) were purchased from Ther-
moPFisher Scientific (Waltham, MA).

Production of SI-CLP containing supernatants

SI-CLP-containing and Luc control supernatants were
obtained from BHK-21 cell line infected with pSFVEnh/mSI-
CLP or pSFVEnh/Luc virus particles. The pSFVEnh/Luc vec-
tor was previously described.'® The new pSFVEnh/mSI-CLP
construct was generated by replacing Luc gene in pSFVEnh/
Luc vector with full-length mouse SI-CLP gene containing
FLAG sequence at C-terminus. The resulting plasmids
pSFVEnh/Luc and pSFVEnh/mSI-CLP were used to produce
recombinant virus particles in BHK-21 cells as previously
described.'” The cell growth medium containing the infectious
recSFV particles was then harvested, filtered through 22 pm
filters and rapidly frozen in liquid nitrogen, and subsequently
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used as a source of recSFV particles for cell infection and
SI-CLP containing supernatant production. Infection of BHK-
21 cells was done as previously described.'® Briefly, 5-6 x 10°
BHK-21 cells were cultured in 75 cm?® flasks and used for
infection with pSFVEnh/Luc and pSFVEnh/mSI-CLP virus
particles. For infection, the cells were washed twice with PBS
containing Mg®* and Ca** (Invitrogen, UK). Next, 5 ml of the
virus stock diluted in PBS containing Mg>" and Ca** was
added at multiplicity of infection (MOI) 5, ensuring the maxi-
mal cell infection with 5 IFU per one cell. The cells were incu-
bated for 1 hr in a humidified 5% CO, incubator at 37°C. The
control cells (uninfected) were incubated with PBS (con-
taining Mg>* and Ca®"). Cells were washed twice with PBS
(Mg** and Ca®*) and incubated for 48 hr in 12 ml of cultiva-
tion medium supplemented with 1% FBS. After incubation,
cell supernatants were harvested, centrifuged at 1,000g for
10 min, filtered through 0.22 pm filters, aliquoted and stored
frozen at —70°C.

Immunoprecipitation

For the detection of secreted SI-CLP, cell culture supernatants
from TS/A-EV and TS/A-SI-CLP-FLAG stable clones were
incubated with Protein G sepharose beads bound to rabbit
anti-FLAG antibodies (Sigma) followed by Western blotting
using rat anti-SI-CLP antibodies (clone 1B8). For depletion of
SI-CLP protein from recSFVEnh/SI-CLP supernatants, rat
anti-SI-CLP (1B8) antibodies were immobilized on protein
G beads. recSFVEnh/SI-CLP and recSFVEnh/Luc control
supernatants (20 pl each) were diluted with 800 pl DMEM
medium and incubated with protein G/1B8 beads for 3 hr,
4°C. Depleted supernatants were collected and analyzed for
SI-CLP content using Western blotting and 1B8 antibodies.

Migration assay

Purified SI-CLP protein derived from HEK293 cells was
purchased from Cusabio (Wuhan, China). Before migration
assay BMDM, monocytes and T cells were preincubated
with recSFVEnh/SI-CLP containing supernatants or purified
SI-CLP protein for 30 min or 16 hr as specified in the text. In
some of the experiments, SI-CLP was depleted from superna-
tants using immunoprecipitation with Protein G Sepharose
beads conjugated with rat anti-SI-CLP antibody (1B8)
followed by control of SI-CLP depletion using Western Blot-
ting and 1B8 antibodies. For migration assay, 6.5 mm
Transwell containing polycarbonate membrane inserts
(Corning) with 5.0 pm pores were used. Culture medium
(600 pl) containing chemoattractants was added in the lower
chamber of transwell. The following chemoattractants were
used: 100 ng/ml of purified murine SI-CLP (Cusabio),
100 ng/ml of murine CCL2 for BMDM, 100 ng/ml of human
CCL2, 10 ng/ml of CCL5 or 100 ng/ml of CCL7 for mono-
cytes and 100 ng/ml of murine CCL19 for T cells (all from
Peprotech). Migration time was 3 hr for all tested immune
cells. To count migrated cells on the membrane, nonmigrated
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cells were removed from upper side of the membrane using
cotton swab. Inserts were fixed in ice-cold methanol (5 min at
—30°C) and migrated cells on the lower side of membrane
were stained using DAPI. Membranes were transferred on
microscopic slides and 10 random images were taken using
fluorescent microscope equipped with a 32X objective.
Average number of migrated cells was calculated for each
condition and chemotactic index was calculated according
to the following formula: number of migrated cells in exper-
imental group (SI-CLP)/number of migrated cells in control
group.'’

CCR2 internalization and recycling assay

Monocytes were cultured for 16 hr in nonsupplemented macro-
phage SFM medium (Life Technologies, Carlsbad, CA) with or
without 100 ng/ml of purified SI-CLP followed by stimulation
with 100 ng/ml CCL2 for 5 min, 37°C. In recycling experiments,
cells were stimulated with 100 ng/ml CCL2 for 5 min followed by
removal of CCL2-containing medium and additional 30 min
incubation in chemokine-free SFM medium. Monocytes were
replaced on ice for 45 min and detached by scraping. Cells were
incubated with Fc-blocking reagent (Miltenyi Biotec) for 5 min at
+4°C and stained using FITC-conjugated anti-CCR2 antibodies
(Biolegend, clone K036C2) for 30 min at +4°C. Cells were
washed, incubated with 2.5 pl of 7-AAD (Beckman Coulter, Brea,
CA) for 10 min at +4°C and immediately analyzed using BD
FACS Canto II flow cytometer.

Tumor cell proliferation and migration assays

TS/A-EV and TS/A-SI-CLP cells were maintained in RPMI
complete medium until the cell confluence reached approxi-
mately 80%. Next, 10 pM/ml EdU (5-ethynyl-2’-deoxyuridine)
was added to the medium and incubated with cells at 37°C
for 1 hr. Cell proliferation was measured by flow cytometry
using Click-iT® EdU Alexa Fluor® 488 Flow Cytometry Assay
Kit (ThermoFisher Scientific) according to manufacturer
instructions. Cell proliferation was analyzed by flow cytometry
using BD FACS Canto II flow cytometer. TS/A cell migration
from 2% toward 20% FBS was performed for 16 hr using
Transwell inserts with 8.0 pm pores (Corning, Corning, NY).
The calculation of the number of migrated cells was done as
described above.

Statistical analysis

The data were statistically analyzed using GraphPad Prism
6 software (GraphPad Soft Inc., La Jolla, CA). Unpaired and
paired ¢ tests as well as Mann-Whitney U test and
Wilcoxon signed-ranked test were used to assess the differ-
ence between experimental groups as specified in the figure
legends. Differences were considered significant at p < 0.05
level. For the analysis of the association between SI-CLP
expression with clinical parameters, statistical analysis was
performed using STATISTICA 8.0 for Windows (StatSoft
Inc., Tulsa, OK). The ANOVA, Fisher’s exact test, Chi-square

SI-CLP inhibits breast tumor growth

test and Nonparametrics Mann-Whitney U test were
implemented. Statistical significance was set at p value <0.05,
with a two-tail approach.

Data availability
The data that support the findings of our study are available
from the corresponding author upon reasonable request.

Results

SI-CLP expression in TS/A adenocarcinoma cells inhibits
tumor growth in vivo

To study the involvement of SI-CLP in the regulation of tumor
growth, we have utilized subcutaneous mouse model of TS/A
mammary adenocarcinoma in Balb/c female mice. Murine TS/A
tumor cells and TS/A tumor tissues were found to be negative for
endogenous SI-CLP expression. Similarly, human breast cancer
tissues were either negative for SI-CLP expression (15/28 patients
for German cohort vs. 26/52 patients for Russian cohort) or con-
tained single SI-CLP positive cells in the tumor stroma, but not
inside tumor cell islands (13/28 patients for German cohort vs.
26/52 patients for Russian cohort; Supporting Information
Fig. S1). We did not find significant associations between clinical
parameters of the patients and SI-CLP positive/negative status,
which probably reflected scarce expression of SI-CLP in breast
cancer tissue (Supporting Information Table S3). Thus, murine
TS/A model of mammary adenocarcinoma was a suitable system
to study the effect of SI-CLP delivery in the tumor mass using
gain-of-function approach. TS/A cells were transfected either
with empty vector (EV) or SI-CLP expression plasmid containing
full-length murine SI-CLP fused to FLAG-tag (pcDNA3.1-SI-
CLP-FLAG). Recombinant FLAG-tagged SI-CLP was efficiently
expressed in TS/A cells transfected with SI-CLP expression plas-
mid, while no endogenous SI-CLP was detected in EV transfected
TS/A cells (Fig. 1a). SI-CLP expression was also detectable in
TS/A-SI-CLP tumor mass, but not in parental TS/A tumors
or TS/A-EV tumors on day 21 after s.c. injection (Fig. 1b). Impor-
tantly, TS/A-SI-CLP tumor cells were able to secrete SI-CLP in
the extracellular space (Fig. 1¢). To study whether the presence of
SI-CLP protein in TS/A tumor tissue influences tumor growth,
TS/A-EV and TSA-SI-CLP cells were injected in Balb/c female
mice and subcutaneous tumor growth was monitored for 21 day.
The growth of SI-CLP expressing tumors was reduced 1.9 times
on Day 7 (p < 0.0001), 2.3 times on Day 10 (p < 0.0001), 1.96
times on Day 14 (p < 0.0001), 1.62 times on Day 18 (p = 0.0008)
and 1.61 times on Day 21 postinjection (p = 0.0153; Figs. 1d-1h).
Tumor weight was significantly lower in TS/A-SI-CLP group on
Day 21 postinjection (p = 0.0363; Fig. 1i). In order to assess
whether SI-CLP suppressed tumor growth by direct effect on
tumor cells, proliferation rates and migration capacities of
TS/A-EV and TS/A-SI-CLP cells were compared, and no statisti-
cal differences were identified (Supporting Information Fig. S2).
Thus, these intrinsic properties of TS/A cells were not affected by
SI-CLP overexpression and did not contribute to the delayed
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Figure 1. The dynamics of TS/A-EV and TS/A-SI-CLP tumor growth in Balb/c mice. (@) Immunofluorescent analysis of empty vector transfected
(EV) and SI-CLP-FLAG transfected TS/A clones used for the injection in animal tumor model. FLAG tag was detected with rabbit anti-FLAG and
Cy2-conjugated antirabbit secondary antibody (shown in green). SI-CLP was detected with rat-anti-SI-CLP antibody (clone 1B8) and
Cy3-conjugated goat antirat secondary antibody (shown in red). Nuclei were visualized by DRAQ5 staining, scale bar: 47.62 pm. (b)
Immunohistochemical analysis of SI-CLP expression in TS/A-SI-CLP and TS/A-EV tumor tissues at Day 21 postinjection in Balb/c female mice
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postinjection. Tumor weight (/) was measured at day 21 postinjection. Medians are indicated; Mann—Whitney U test was used for statistical
analysis. The data are combined from five individual experiments using three TS/A-EV and three TS/A-SI-CLP clones. [Color figure can be

viewed at wileyonlinelibrary.com]

tumor growth in vivo. Therefore, next question was whether
SI-CLP has an effect on the TME.

Cellular composition of TME is altered in SI-CLP expressing
tumors

We have examined whether reduced tumor size in TS/A-SI-CLP
group is associated with the changes in the composition of TME
by assessing vascularization and immune cell infiltration. TS/A-
EV and TS/A-SI-CLP tumors were excised on Day 21 post-
injection and analyzed using quantitative immunohistochemistry
for the expression of cell-lineage and cell-activation markers
including CD31 (vascular endothelium), CD68 (macrophages),
CD206 and stabilin-1 (alternatively activated macrophages),
Ly6G (neutrophils), Siglec-F (eosinophils), CD8 (cytotoxic T
cells), CD4 (helper T cells) and FoxP3 (regulatory T cells). In con-
trast to the multiple reports indicating proangiogenic role of
structurally related CLP protein YKL-40 in tumors, the

expression of SI-CLP in TS/A tumor tissue did not influence vas-
cular density as assessed by CD31 expression (Fig. 2 and
Supporting Information Fig. S3). In addition, the expression of
neutrophil marker Ly6G and eosinophil marker Siglec-F was
unchanged in EV and SI-CLP expressing tumors (Fig. 2 and
Supporting Information Fig. S3). However, the expression of
pan-macrophage marker CD68 as well as M2-associated markers
CD206 and stabilin-1 was markedly decreased in SI-CLP
expressing tumors suggesting inhibition of macrophage infiltra-
tion in the tumor tissue and/or changes in macrophages polariza-
tion status (Fig. 2 and Supporting Information Fig. S4). In
parallel, the decrease was observed in the expression of T cell
markers. Although tendency for the reduced amount of CD8+
cells in SI-CLP expressing tumors did not reach significance
(p = 0.0907), the reduction in CD4+ cells was statistically signifi-
cant (p = 0.0185) (Fig. 2 and Supporting Information Fig. S5). Of
note, in TS/A-SI-CLP tumors, significant reduction was also
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observed in the expression of FoxP3 (p = 0.008; Fig. 2 and
Supporting Information Fig. S5) that is known to mark popula-
tion of regulatory T cells involved in the suppression of antitumor
immune response.

Macrophage activation is not affected in SI-CLP expressing
tumors

Reduced expression of M2-associated markers CD206 and
stabilin-1 in SI-CLP expressing tumor tissues suggested that
tumor-inhibiting effect of SI-CLP can be at least partially medi-
ated by macrophage repolarization toward proinflammatory
antitumor phenotype. To examine this, TAM were isolated from
TS/A-EV and TS/A-SI-CLP tumors on Day 21 postinjection and
subjected to RT-qPCR analysis of arginase I, macrophage scaven-
ger receptors (CD163, stabilin-1, CD206), proinflammatory cyto-
kines TNF-a, IL-1p and IL-6, and tumor supporting cytokines/
growth factors IL-10, TGFp and VEGF-A. No statistically signifi-
cant difference in the expression of all analyzed genes was

detected between EV and SI-CLP expressing tumors (Fig. 3). A
tendency for the increased expression of CD163 and cytokines
was observed in TAM isolated from SI-CLP expressing tumors.
However, this effect did not reach statistical significance. This
data indicated that reduced positivity for CD206 and stabilin-1 in
SI-CLP expressing tumors is primarily caused by impaired accu-
mulation of M2-like polarized TAM in the tumor tissue rather
than changes in TAM phenotype.

SI-CLP impairs CCL2-induced monocyte and macrophage
migration

To clarify the mechanism of reduced TAM infiltration in SI-CLP
expressing tumors, we have tested whether SI-CLP directly
influences monocyte and macrophage migration in vitro in
the transwell system. Effect of SI-CLP was assessed by two
approaches: direct application in the bottom chamber or pre-
incubation with BMDM. Migration was induced by addition in
the lower chamber of 100 ng/ml of murine CCL2, major
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Figure 4. The effect of SI-CLP on the migration of monocytes and macrophages. (a) BMDM were generated in Balb/c mice (n = 5) and
incubated for 30 min with 100 ng/ml of purified murine SI-CLP. BMDM (5 x 10°) were allowed to migrate toward 100 ng/ml of murine CCL2 in
RPMI medium for 3 hr. The chemotactic index was calculated by dividing the number of migrated cells in SI-CLP group by the number of
migrated cells in control group (without SI-CLP). The experiment was performed in triplicates and data are presented as mean + SD; unpaired
t-test was used for statistical analysis. (b) SI-CLP containing supernatants obtained from BHK-21 producer cells infected with SI-CLP-encoding
recSFV were subjected to SI-CLP depletion using rat anti SI-CLP antibodies (clone 1B8) bound to protein G beads. Empty protein G beads or
beads bound to rat IgG were used as a control. Depleted supernatants were analyzed by Western blotting using anti SI-CLP (1B8) antibodies.
(c) BMDM were preincubated for 16 hr either with intact supernatants or SI-CLP depleted supernatants derived from BHK-21 cells infected
with recSFVEnh/SI-CLP or recSFVEnh/Luc (control) followed by migration for 3 hr toward 100 ng/ml CCL2. Data are presented as mean + SD;
unpaired t-test was used for statistical analysis; ns, not significant. (d) Monocytes were isolated from six healthy donors and preincubated
with purified human SI-CLP for 16 hr in macrophage SFM medium. Monocytes (1 x 10°) were allowed to migrate toward 100 ng/ml of human
CCL2 for 3 hr. Migrated cells were analyzed on the lower side of the membrane. Paired t-test was used for the data analysis.

chemotactic factor for monocytes and macrophages in the TME.
Addition of SI-CLP in the bottom chamber did not change migra-
tion of BMDM toward CCL2 (p = 0.177, Supporting Information
Fig. S6). However, preincubation of BMDM with SI-CLP prior to
the migration assays had a statistically significant inhibitory effect
(1.55 times, p = 0.0031) on their recruitment by CCL2 (Fig. 4a).
This inhibitory effect was confirmed by another source of SI-CLP,
the conditioned supernatant of BHK-21 cells infected with SI-CLP
encoding alphavirus (recSFVEnh/SI-CLP) and controlled by the
supernatant of recSFVEnh/Luc control virus infected cells. Statis-
tically significant inhibitory effect of virus-derived SI-CLP on the
migration of BMDM was identified (3.2 times, p = 0.0126; Fig. 4c).
Furthermore, to demonstrate specific effect of SI-CLP on BMDM
migration, SI-CLP protein was depleted from recSFVEnh/SI-CLP
supernatants by immunoprecipitation using rat anti-SI-CLP

antibody immobilized on protein G beads (Fig. 4b). Incubation of
BMDM with SI-CLP depleted supernatants resulted in complete
restoration of migration capacity of BMDM (Fig. 4c).

We have also assessed the effect of purified human SI-CLP on
the migration of human CD14+ monocytes derived from six
healthy donors. SI-CLP significantly inhibited human monocyte
migration toward CCL2 (Fig. 4d). Moreover, SI-CLP also
inhibited monocyte migration in response to another CCR2
ligand CCL7, which is expressed in breast cancer.”* However, this
effect did not reach statistical significance (Supporting Informa-
tion Fig. S7). Similarly, the effect of SI-CLP on monocyte migra-
tion toward CCR1/CCR3/CCR5-interacting chemokine CCL5
was not statistically significant, although decreased migration was
observed in four out of six analyzed donors (Supporting Informa-
tion Fig. S7).
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Since SI-CLP significantly impaired monocyte migration
toward CCR2 ligand CCL2, we next assessed whether SI-CLP
influenced CCR2 expression in human and mouse monocytes/
macrophages. CCR2 gene expression levels were modestly
decreased in mouse TAM isolated from SI-CLP expressing
tumors, although the difference did not reach statistical signifi-
cance (Supporting Information Fig. S8A). In human monocytes
incubated with 100 ng/ml SI-CLP for 16 hr, the expression of
CCR2 was not changed both at the mRNA and protein level
(Supporting Information Figs. S8B and S8C).

Furthermore, we have hypothesized that the ability of SI-CLP
to bind multiple sugar moieties could enable SI-CLP interaction
with glycosylated regions in extracellular loops of CCR2,*"*
resulting in blockade of CCR2 ligand-binding sites. To test
whether SI-CLP prevents CCR2/CCL2 interaction, we examined
CCR2 internalization—an event that quickly follows the binding
of CCL2 to CCR2.>>** Preincubation of monocytes with SI-CLP
for 16 hr did not significantly alter surface expression of CCR2
(Supporting Information Fig. S9A and S9B). Furthermore,
SI-CLP neither affected CCL2-induced CCR2 internalization nor
subsequent CCR2 recycling on the cell surface (Supporting Infor-
mation Fig. S9C), indicating that CCL2/CCR2 interaction and

Tubulin

No stimuli

CCL2

CCL2 + SI-CLP
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monocyte responsiveness to CCL2 were not compromised in the
presence of SI-CLP.

To address whether inhibited migration of monocytes in the
presence of SI-CLP was associated with changes in cytoskeleton,
we incubated monocytes in the presence of SI-CLP for 16 hr
followed by 30 min stimulation with CCL2 and assessment of
actin and tubulin distribution using fluorescent microscopy. Stim-
ulation of monocytes with CCL2 in the absence of SI-CLP induced
the recruitment of tubulin into actin-rich lamellipodia-like protru-
sions (Fig. 5, indicated by arrows). In the presence of SI-CLP,
CCL2-induced protrusions were less abundant and characterized
by decreased recruitment of tubulin (Fig. 5). Overall, SI-CLP-
mediated inhibition of monocyte migration was associated with
suppression of CCL2-induced cytoskeletal rearrangements.

SI-CLP has no direct effect on the migration of T-cells

Reduced numbers of CD4+ and CD8+ positive cells in SI-CLP
expressing TS/A tumors prompted us to examine whether
SI-CLP can directly influence T cells migration toward che-
motactic stimuli. Splenic T cells were isolated from WT Balb/c
mice and preincubated with purified murine SI-CLP for 16 hr

Actin Merge

Figure 5. The effect of SI-CLP on cytoskeleton. Primary monocytes isolated from healthy donors were incubated with SI-CLP for 16 hr followed
by stimulation with CCL2 for 30 min. Cells were fixed, stained using phalloidin and antitubulin antibodies and examined by fluorescent/
confocal microscopy. Representative images are shown. Scale bars: 10 pm. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. The effect of SI-CLP on the migration of murine T cells.
Naive T cells were isolated from spleens of Balb/c mice and
incubated with murine SI-CLP for 16 hr followed by migration toward
murine CCL19 for 3 hr. Migrated cells were counted in the lower
chamber. The data are combined for three experiments (three mice
in each) and presented as mean =+ SD; unpaired t-test was used for
statistical analysis; ns, not significant.

followed by assessment of T cell migration in steady state con-
ditions or toward 100 ng/ml of CCL19 (Fig. 6). In contrast to
murine macrophages, SI-CLP did not affect T cell migration
in the absence or presence of chemotactic stimuli (Fig. 6).
These data indicated that decreased amount of T-cells in the
TME is indirect effect of SI-CLP expression in the tumor.

Discussion

In the current study, we identify for the first time antitumor effect
of SI-CLP related to the suppression of TAM recruitment in a
mouse model of breast cancer. Subcutaneous growth of TS/A
tumors expressing SI-CLP was significantly delayed compared to
EV-transfected tumors despite similar proliferation and migration
rates in TS/A-SI-CLP and TS/A-EV tumor cells. Since intrinsic
properties of tumor cells were not altered by SI-CLP expression,
changes in the composition of TME in SI-CLP expressing tumors
were likely to cause inhibition of tumor growth. Indeed, IHC anal-
ysis revealed significant decrease in TAM infiltration into SI-CLP
expressing tumors. In breast cancer, multiple studies indicated the
association of TAM infiltration with poor prognosis and their
direct involvement in the support of tumor growth and tumor cell
invasion.®*” Moreover, the accumulation of CD206+ and
stabilin-1+ TAM subsets was associated with tumor growth pro-
motion in animal breast cancer models and/or breast cancer
patients.'****° In our study, the expression of protumor macro-
phage markers CD206 and stabilin-1 was significantly lower in
SI-CLP expressing tumors suggesting reduced accumulation of
tumor-supportive TAM subsets in the tumor tissue. Therefore,
based on multiple reports, reduction in TAM density was inter-
preted as the main factor underlying antitumor effect of SI-CLP.
Additional in vitro studies showed that SI-CLP protein strongly

SI-CLP inhibits breast tumor growth

impaired migration of human monocytes and mouse macro-
phages toward major macrophage chemoattractant CCL2. The
expression of CCL2 was previously shown to be elevated in TAM
and tumor cells in breast cancer and other types of cancer, and
resulted in enhanced monocyte recruitment in the tumor site.** >
Disrupting CCL2/CCR2 axis in cancer using CCL2 neutralizing
antibodies reduced tumor growth and potentiated the effects of
tumor vaccines and chemotherapy.”>** Moreover, SI-CLP
inhibited the migration of monocytes toward other chemokines
expressed in breast cancer tissue, CCL7 and CCL5,% although
these effects were donor-dependent and did not reach statistical
significance. Thus, SI-CLP may have potential advantages in inhi-
bition of TAM recruitment to the tumor mass compared to CCL2
neutralizing antibodies due to its ability to inhibit monocyte
migration toward multiple chemokines produced in breast cancer
tissue.

The results of the present study suggested that the inhibition
of CCL2-induced monocyte migration by SI-CLP was not due to
the suppression of CCR2/CCL2 interaction or activation of
downstream effectors. In addition, we have observed SI-CLP-
mediated inhibition of monocyte migration in response to CCR2
ligands CCL2 and CCL7 as well as CCR1/CCR3/CCR5 ligand
CCL5. Therefore, low specificity of observed effects suggests that
SI-CLP may interfere with other common components of cell
migration machinery resulting in suppression of ligand-induced
cytoskeletal rearrangements. Indeed, another member of CLP
family YKL-40 was found to influence motility of endothelial cells
through activation of integrin signaling and regulated glioma cell
migration via modulation of cell adhesion to certain ECM com-
ponents.>>*® The interaction of SI-CLP with these pathways
needs to be addressed in the future studies.

Altogether, our data indicate that SI-CLP interferes with
chemokine-induced accumulation of TAM in the TME. There-
fore, the use of SI-CLP as an inhibitor of TAM recruitment can
be considered for therapeutic application in the treatment of
breast cancer.

Although expression of T cell markers CD4 and FoxP3 was
significantly lower in SI-CLP expressing tumors, purified SI-CLP
did not directly affect migration of splenic T cells in the steady
state or in the presence of chemotactic factor CCL19. Since TAM
were shown to produce wide range of chemotactic factors that
recruit Tregs, naive T cells and Th2 cells into tumors,””8
decreased infiltration of T cell subsets in SI-CLP expressing
tumors could be explained by reduced TAM infiltration in the
tumor tissue that leads to deficiency in T cell recruiting factors.

Interestingly, the results of the present study suggest that
SI-CLP have opposite function in the regulation of tumor growth
when compared to YKL-40 and YKL-39 proteins. Although all of
these proteins belong to Glyco_18 domain-containing protein
family and share certain structural organization, SI-CLP has the
lowest degree of similarity with other CLP proteins and contains
unique sequence between signal peptide and Glyco_18 domain."
Functionally, overexpression of YKL-40 in breast cancer and
colorectal cancer cell lines was shown to stimulate proliferation of
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cancer cells in vitro and aggravate subcutaneous tumor growth
in vivo.'®® YKL-40 expression facilitated angiogenesis in trans-
plant mouse models of colorectal cancer and glioblastoma.*’ In
addition, YKL-40 expression in HCT116 xenografted colorectal
tumors was associated with increased macrophage accumulation
in the tumor tissue.'® Similarly, YKL-39 protein stimulated angio-
genesis and monocyte migration, and was associated with
increased risk of distant metastasis after NAC in breast cancer
paltients.1 " In our current study, overexpression of SI-CLP protein
in breast cancer TS/A cell line did not significantly affect tumor
cell proliferation, but resulted in markedly impaired tumor
growth in vivo. Microvessel density was not affected by SI-CLP
expression in the tumor tissue. However, strong reduction in
macrophage migration and TAM accumulation in the tumor was
observed. Differential effects of YKL-40, YKL-39 and SI-CLP on
cell migration are presumably mediated by the way of interaction
of these proteins with cell surface. Several cell surface receptors
were identified for YKL-40 including syndecan-1 on endothelial
and glioblastoma cells, receptor for advanced glycosylation end
products on mouse intestinal epithelial cells and IL13R2 on mac-
rophages and airway epithelial cells.*' ~** The interaction of YKL-
40 with these receptors resulted in stimulation of endothelial cell
tube formation, proliferative and antiapoptotic effects in epithe-
lial cells, VEGF production by tumor cells and increased

1407

angiogenesis.” Despite certain structural similarity between SI-
CLP and YKL-40, the potential interaction of SI-CLP with above-
mentioned receptors was not characterized and remains to be
identified.

Opverall, the results of our study propose SI-CLP as a novel sol-
uble tumor growth suppressing factor that mediates its antitumor
effects through prevention of chemokine-induced TAM infiltra-
tion in the tumor tissue. The results of our study warrant further
investigation of SI-CLP protein as a novel molecular agent that
interferes with TAM recruitment in the tumor tissue, which is of
clinical relevance in human breast cancer.
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