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ORIGINAL ARTICLE

Fibroblasts drive an immunosuppressive and
growth-promoting microenvironment in breast cancer
via secretion of Chitinase 3-like 1

N Cohen’, O Shani', Y Raz'?, Y Sharon', D Hoffman', L Abramovitz' and N Erez’

Cancer-Associated Fibroblasts (CAFs) are the most prominent stromal cell type in breast tumors. CAFs promote tumor growth and
metastasis by multiple mechanisms, including by mediating tumor-promoting inflammation. Inmune modulation in the tumor
microenvironment plays a central role in determining disease outcome. However, the functional interactions of CAFs with immune
cells are largely unknown. Here we report a novel signaling axis between fibroblasts, cancer cells and immune cells in breast tumors
that drives an immunosuppressive microenvironment, mediated by CAF-derived Chi3L1. We demonstrate that Chi3L1 is highly
upregulated in CAFs isolated from mammary tumors and pulmonary metastases of transgenic mice, and in the stroma of human
breast carcinomas. Genetic ablation of Chi3L1 in fibroblasts in vivo attenuated tumor growth, macrophage recruitment and
reprogramming to an M2-like phenotype, enhanced tumor infiltration by CD8" and CD4" T cells and promoted a Th1 phenotype.
These results indicate that CAF-derived Chi3L1 promotes tumor growth and shifts the balance of the immune milieu towards type 2
immunity. Taken together, our findings implicate fibroblast-derived Chi3L1 as a novel key player in the complex reciprocal
interactions of stromal cells that facilitate tumor progression and metastasis, and suggest that targeting Chi3L1 may be clinically

beneficial in breast cancer.
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INTRODUCTION

Breast cancer continues to be one of the leading causes of cancer
related mortality in women in the western world, and inflamma-
tion is correlated with bad prognosis in breast cancer.! Cancer-
promoting inflammation is now recognized as a hallmark and an
enabling characteristic of cancer.>®> Complex reciprocal interac-
tions between tumor cells and immune cells of both the adaptive
and the innate immune systems were shown to play a central role
in all stages of tumor growth, metastasis and response to
therapy.” Breast tumors exhibit tumor-associated inflammation
characterized by infiltration of leukocytes into developing
tumors,”” most abundantly macrophages. Tumor-associated
macrophages (TAMs) were shown to facilitate breast carcinogen-
esis at all stages,®'° and their abundance in human breast tumors
is correlated with worse clinical outcome and with resistance to
chemotherapy.'"'? The tumor-promoting activities of TAMs
include promotion of angiogenesis, tumor invasion and
metastasis,'>'* and modulating the activity of T cells.'>'>'®
Macrophages are reprogrammed by signals from cancer cells
and from the microenvironment to become tumor-promoting, but
the complex interactions between macrophages and fibroblasts in
the tumor microenvironment remain largely unresolved.
Cancer-associated fibroblasts (CAFs) are the most prominent
stromal cell type in breast carcinomas.'”” CAFs are a vastly
heterogeneous multifunctional population of fibroblastic cells
shown to promote tumor growth by directly stimulating tumor
cell proliferation, by enhancing angiogenesis and by modifying
the extracellular matrix (ECM), thus supporting tumor cell
invasion.'’®'® We and others have demonstrated that CAFs also

mediate tumor-promoting inflammation in various murine and
human carcinomas, including breast cancer, by secreting cyto-
kines and chemokines that recruit and modulate the function of
immune cells in tumors.2®~>°

Although both CAFs and macrophages are prominent compo-
nents of the tumor microenvironment that facilitate tumor
growth, the functional relationship between these two central
cell populations and its correlation with tumor progression in
breast cancer is largely unknown. Moreover, many of the factors
that mediate the pro-inflammatory and tumor-promoting func-
tions of fibroblasts are still undetermined. Here we show that the
glycoprotein Chitinase-3-like-1 (Chi3L1) is secreted by CAFs in
breast carcinomas and is a central player in the ability of CAFs to
drive a tumor promoting, pro-inflammatory and immunosup-
pressed microenvironment.

Chi3L1, also known as YKL-40 in humans, is a highly
evolutionary conserved secreted protein.?® It contains the
conserved chitinase-like enzyme domain but lacks chitinolytic
enzymatic activity and is expressed by various cells.?® Chi3L1 was
previously implicated in inflammatory disorders, macrophage
activation and tumor growth,®*” and shown to be involved in
promoting inflammation via regulation of Th2-like immune
reactions.”® Chi3L1 is upregulated in a variety of diseases
including chronic inflammatory conditions, fibrotic disorders and
various types of cancer.?®?” Moreover, Chi3L1 was recently shown
to have a pro-fibrotic role in idiopathic pulmonary fibrosis.*® We
therefore hypothesized that Chi3L1 may play a role in the tumor-
promoting activities of CAFs.
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In this study we characterized for the first time the function of
CAF-derived Chi3L1. We show that CAF-derived Chi3L1 mediated
a novel signaling axis between fibroblasts and immune cells in
breast tumors that drives an immunosuppressive, growth-
promoting microenvironment. We found that Chi3L1 is highly
upregulated in CAFs isolated from mammary tumors and
pulmonary metastases in mice, and in the stromal compartment
of human breast carcinomas. Chi3L1 enhanced macrophage
migration and the expression of an M2-like gene signature.
Silencing of Chi3L1 in fibroblasts attenuated tumor growth and
macrophage recruitment, augmented infiltration of tumors by
CD8" and CD4* T cells and affected the functional differentiation
of infiltrating T cells towards a Th1 phenotype.

RESULTS

Chi3L1 is upregulated in CAFs isolated from mammary tumors and
lung metastases

Chi3L1 secretion by cancer cells in various solid tumors was shown
to be tumor growth-promoting by augmenting the inflammatory
response and enhancing angiogenesis.?’ Other studies have
demonstrated the contribution of Chi3L1 to fibrotic disorders.?®
We therefore hypothesized that Chi3L1 may be a mediator of pro-
inflammatory and tumor-promoting activities in cancer-associated
fibroblasts. To test the expression of Chi3L1 specifically in CAFs
during mammary carcinogenesis we isolated fibroblasts directly
from fresh tumor tissues of MMTV-PyMT transgenic mice, using
our previously described method for isolating fibroblasts by
FACS.2° Fibroblasts were isolated from mammary glands of MMTV-
PyMT mice at defined tumorigenic stages: early carcinoma-9
weeks, and advanced carcinoma-12 weeks,>' or from mammary
glands of control non-transgenic littermates. Sorted fibroblasts
were analyzed by gRT-PCR for the expression of Chi3L1
(Figure 1a). We found that Chi3L1 was significantly upregulated
in CAFs isolated from early or late mammary tumors, as compared
with normal mammary fibroblasts (NMFs; Figure 1b). The elevated
expression of Chi3L1 in CAFs was also evident at the protein level,
analyzed by ELISA of CAF-secreted factors, compared with
secreted factors from NMFs (Figure 1c). Since elevated levels of
Chi3L1 in the sera of breast cancer patients were correlated with
poor prognosis,>> we next analyzed its levels in the peripheral
blood of tumor bearing mice (MMTV-PyMT) as compared with
normal control mice, and found a striking upregulation of 7-fold in
Chi3L1 levels in the serum of mice with mammary tumors
(Figure 1d).

To validate our results in human breast cancer, we analyzed
Chi3L1 expression in the stromal compartment of human breast
tumors compared with normal breast samples, available via the
GEO database.®® Bioinformatics analysis revealed that Chi3L1 is
significantly upregulated in the stroma of human breast tumors,
indicating that stromal upregulation of Chi3L1 is operative also in
human breast cancer (Figure 1e).

Mortality from breast cancer is almost exclusively a result of
metastasis to distant organs. However, very little is known about
the role of fibroblasts in facilitating metastatic growth of
disseminated tumor cells. To test whether Chi3L1 is upregulated
at the metastatic microenvironment, we isolated normal lung
fibroblasts (NLFs) or fibroblasts from lungs of end- stage MMTV-
PyMT mice bearing spontaneous lung metastases (L-CAFs), and
analyzed the expression and secretion of Chi3L1 by qRT-PCR and
ELISA, respectively. The presence of metastases was confirmed by
gross inspection as well as by qPCR for the PyMT transgene (not
shown). Analysis of the results revealed that Chi3L1 was highly
upregulated in metastases-associated lung fibroblasts (Figures 1f
and g), suggesting that it may play a role in the formation of a
permissive metastatic niche in lungs.
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Tumor-derived paracrine signaling induces the expression of
Chi3L1 in fibroblasts

We previously showed that paracrine signaling by breast
cancer cells reprograms fibroblasts to become tumor-promoting
and pro-inflammatory.** In order to test whether the expression of
Chi3L1 in mammary fibroblasts is upregulated in response to
signaling from tumor cells, we next analyzed the expression of
Chi3L1 in fibroblasts following incubation with tumor cell-derived
secreted factors. Primary fibroblasts, isolated from normal
mammary glands, were incubated with conditioned medium
(CM) prepared from the MMTV-PyMT-derived breast carcinoma
cell line Met-1.>* Control cells were incubated with serum free
medium (SFM). Following incubation, we assessed the expression
and secretion of Chi3L1 and found that tumor-derived factors
significantly upregulated Chi3L1T in mammary fibroblasts
(Figures 1h and i). Notably, Chi3L1 was also induced in NLFs
that were incubated with tumor cell CM (Figures 1j and k),
suggesting that tumor cells also reprogram stromal cells at the
metastatic site.

Chi3L1 enhances motility and pro-inflammatory signaling in
breast tumor cells

To assess the functional role of Chi3L1 in breast carcinogenesis,
we tested the effect of Chi3L1 on tumor cell proliferation and
migration, using recombinant Chi3L1 (rChi3L1). Importantly,
rChi3L1 concentrations used for these experiments were physio-
logically relevant, as reflected in Chi3L1 concentrations in
fibroblast CM and in mouse serum (Figures 1c and d, respectively).
While rChi3L1 did not affect tumor cell proliferation (Supplemen-
tary Figure 1), Met-1 mammary carcinoma cells incubated with
Chi3L1 exhibited enhanced motility in a scratch closure assay:
tumor cells supplemented with Chi3L1 repaired the scratch faster
than control cells incubated with SFM (Figures 2a and b).
Moreover, incubation of tumor cells with rChi3L1 also enhanced
tumor cell migration analyzed by transwell assays. Mammary
carcinoma cells incubated with Chi3L1 migrated significantly
better than control cells (Figures 2c and d). To specifically assess
the role of fibroblast-derived Chi3L1, we knocked down the
expression of Chi3L1 in primary mammary fibroblasts by viral
transduction, utilizing two different shRNAs (shChi3L1 1, 2,
Supplementary Figures 2A and B). Control fibroblasts were
transduced with scrambled shRNA (shCtrl). Primary mammary
fibroblasts were activated with tumor cell-secreted factors to
create tumor-activated fibroblasts (aFib), representing CAFs.
Importantly, knockdown of Chi3L1 did not affect the viability,
migration and activation of fibroblasts (Supplementary Figures
2C-F). We next incubated tumor cells with conditioned media
from shChi3L1 activated fibroblasts and analyzed its effect on
tumor cell motility. Analysis of the results revealed that knock-
down of Chi3L1 in fibroblasts significantly attenuated tumor cell
motility, compared with tumor cells incubated with control CM or
with SFM (Figures 2e and f), indicating that CAF-derived Chi3L1
functionally affects tumor cells. To obtain mechanistic insight we
examined which signaling pathways were activated in tumor cells
following incubation with Chi3L1. Ectopic expression of Chi3L1 in
tumor cells was previously shown to activate the MAPK and PI3K
pathways in a cell autonomous manner.?%3> We found that Chi3L1
activated these signaling pathways in a paracrine manner:
Western blot analysis at different time points following incubation
with Chi3L1 indicated that the enhanced motility induced in
tumor cells was accompanied by activation of the MAPK and PI3K
signaling pathways, quantified by analysis of pERK and pAKT
levels (Figures 2g and h). Moreover, since Chi3L1 was reported to
promote inflammation,*® we tested its effect on the expression of
pro-inflammatory factors by tumor cells. Incubation of breast
tumor cells with Chi3L1 resulted in significant upregulation in the
expression of pro-inflammatory and pro-invasive factors, including



Osteopontin, MMP9, CXCL1, CXCL2, IL-6 and CCL2 (Figures 2i-n).
enhances pro-inflammatory gene
expression and motility in tumor cells.

Thus, signaling by Chi3L1
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Chi3L1 induces angiogenesis and macrophage recruitment in vivo

We next analyzed the functional role of Chi3L1 in vivo. To that end,
we injected female mice subcutaneously with tumor cells in a
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matrigel plug with or without rChi3L1. Analysis of tissue sections
from injected plugs revealed a significant increase in angiogenesis
when tumor cells were supplemented with Chi3L1 (Figures 3a and
b). Moreover, since we demonstrated in vitro that Chi3L1 activated
pro-inflammatory signaling in tumor cells, including cytokines that
are known to recruit immune cells (for example, CCL2*7), we
analyzed the tumor plugs for recruitment of macrophages.
Analysis of tissue sections from injected plugs revealed that
tumor cells injected with Chi3L1 were highly infiltrated by
macrophages as compared with control plugs, injected only with
tumor cells (Figures 3c and d).

CAF-derived Chi3L1 enhances tumor growth and affects
macrophage polarization in vivo

Intrigued by these results, we next set out to analyze the
functional role of CAF-derived Chi3L1 for tumor growth in vivo. To
that end, mammary carcinoma cells were admixed with fibroblasts
in which the expression of Chi3L1 was knocked down (shChi3L1)
and injected orthotopically to mammary glands of FVB/n female
mice. Remarkably, silencing of Chi3L1 in fibroblasts significantly
inhibited tumor growth and improved the survival of injected
mice, although tumor cells also secrete Chi3L1 (Supplementary
Figure 3), suggesting that CAF-derived Chi3L1 has a distinct
functional role (Figures 3e and f). Moreover, analysis of Chi3L1 in
injected tumors revealed significantly lower Chi3L1 expression in
tumors injected with shChi3L1-CAFs, suggesting that the absence
of Chi3L1 in CAFs may have affected regulatory pathways that
reduced the expression of Chi3L1 in tumor cells, and in other cells
in the microenvironment. Seeking to elucidate the mechanism by
which CAF-derived Chi3L1 facilitates tumor growth, we analyzed
tumor tissue sections by immunostaining and FACS. Analysis of
fibroblast activation (aSMA staining) indicated that knockdown of
Chi3L1 in fibroblasts was associated with significant reduction in
activated aSMA* CAFs in the tumor microenvironment, while
collagen deposition (Sirius red staining) was not altered
(Figures 3h and i). Interestingly, while rChi3L1 was capable of
inducing angiogenesis in the plug assay, angiogenesis was not
significantly changed following knockdown of Chi3L1 in CAFs
(Figure 3j), suggesting that other CAF-derived factors are operative
in the tumor microenvironment. However, in agreement with the
plug assay results, tumors in which the expression of Chi3L1 was
knocked down in CAFs were significantly less infiltrated with
macrophages (Figure 3k). Furthermore, FACS analysis of
CD11b*F4/80" cells in tumors confirmed that tumors injected
with shChi3L1-CAFs contained less macrophages compared with
control tumors (Figure 3l), suggesting that CAF-derived signaling
is functionally important for macrophage recruitment.
Tumor-associated macrophages (TAMs) are known to be
heterogeneous and plastic, and their functional reprogramming
is affected by molecular interactions with tumor cells.'* It is now
accepted that the activation status of macrophages is more

<

complex than the dichotomous polarization of M1 and M2, and is
better described as a continuum.*® Nevertheless, the activation
status of TAMs usually resembles ‘M2-like’ properties, character-
ized by promoting tissue repair and remodeling, immune
regulation, and tumor promotion.*® In order to test whether
CAF-derived Chi3L1 could affect functional reprogramming of
macrophages in addition to their recruitment, we analyzed by
FACS the ratio of CD206 (an M2 marker) and CD86 (an M1 marker)
in TAMs that infiltrated into tumors, and found that tumors
injected with shChi3L1-CAFs exhibited a reduction in the M2-like
phenotype (Figure 3m). This reduction was evident also in the
decreased ratio between the expression of Arginasel (an M2
marker) and iNOS (associated with M1 macrophages) in tumors in
which Chi3L1 was ablated in CAFs (Figure 3n). Thus, CAF-derived
Chi3L1 is functionally important for facilitating tumor growth,
macrophage recruitment, and affecting macrophage functional
activation status.

Chi3L1 recruits macrophages and induces an M2-like phenotype

Based on these in vivo observations, we next set out to get
mechanistic insight on the effect of Chi3L1 on macrophages
activation and function. To that end, we analyzed whether Chi3L1
was sufficient to induce macrophage recruitment and M2-like
polarization. Cultured macrophages (RAW 264.7) were incubated
in SFM or in medium supplemented with rChi3L1 and their
migration was analyzed in a transwell assay. Quantification of
migrated cells indicated that Chi3L1T markedly enhanced the
migration of macrophages (Figures 4a and b). Thus, the pro-
inflammatory action of Chi3L1 in tumors likely results from its
combined effect on tumor cells, as well as direct recruitment of
macrophages. Moreover, Chi3L1 strongly activated the MAPK and
PI3K signaling pathways in macrophages, analyzed by western
blot of macrophages (Figures 4c and d).

To further decipher the effect of Chi3L1 on functional activation
of primary macrophages, bone marrow (BM)-derived macro-
phages were incubated with Chi3L1 and analyzed by qRT-PCR
for the expression of genes associated with a pro-tumorigenic
‘M2-like’ phenotype: Arginasel, CCL17 and YM1, as compared
with ‘M1-like’ associated genes: iNOS, IL-6 and TNFa.*® Results
indicated that Chi3L1 reprograms primary macrophages to
express M2-related genes, and to down regulate M1-like factors
(Figures 4e—j), inducing a significant increase in the ratio of
Arginase1/iNOS, typical to the shift from M1 to M2-like macro-
phage phenotype (Figure 4k). Furthermore, in agreement with the
in vivo results, incubation of macrophages with Chi3L1 resulted in
more than a two-fold increase in the CD206/CD86 ratio, indicating
M2-like reprogramming (Figure 4l).

We next verified that mammary CAFs are capable of macro-
phage reprogramming. To that end, we analyzed the effect of
secreted factors from NMFs or from tumor-activated fibroblasts
(aFib) on the phenotype of primary macrophages. We found that

Figure 1.

Chi3L1 is upregulated in CAFs in breast tumors and lung metastases. (a) Isolation scheme of CD45~ EpCAM” PDGFRa" fibroblasts out

of fresh mammary glands by FACS sorting. (b) qRT-PCR analysis of Chi3L1 expression in mammary fibroblasts isolated from mammary tissue of
age-matched MMTV-PyMT mouse cohorts at distinct stages of tumor progression (normal, early carcinoma, advanced carcinoma). Results are
normalized to the housekeeping gene Gapdh and to control fibroblasts, isolated from normal mammary glands. Error bars represent s.d. of
technical repeats. **P < 0.01, n=6, 5, 3 mice in each group, respectively. (c) ELISA assay of Chi3L1 secretion from cohorts of NMFs vs CAFs.
Error bars represent s.d. of technical repeats. **P < 0.01. (d) ELISA assay of Chi3L1 in serum of normal mice or end stage MMTV-PyMT mice.
Error bars represent s.d. of individual mice. **P < 0.01. n=4 mice in each group. (e) Chi3L1 expression is upregulated in human breast tumor
stroma: expression of Chi3L1 in different tumor grades. Data obtained from the GEO database (GSE9014). Values are presented as relative
expression compared to normal breast tissue. *P < 0.05, **P < 0.01. (f) gRT-PCR analysis of Chi3L1 expression in lung fibroblasts isolated from
cohorts of age-matched normal mice (n=10) or end stage MMTV-PyMT mice (n = 6). Results are normalized to the housekeeping gene Gapdh
and to control fibroblasts. Error bars represent s.d. of technical repeats. *P < 0.05. (g) ELISA assay of Chi3L1 secreted from NLFs vs L-CAFs
isolated as in (f). Error bars represent s.d. of technical repeats. **P < 0.01. (h-k) Tumor-derived paracrine signaling upregulates Chi3L1 in fibroblasts.
(h, j) qRT-PCR analysis of Chi3L1 expression in pools of NMFs (n= 10 mice), or NLFs (n =10 mice) incubated with serum free medium (Control)
or with Met-1 CM for 24 h. Results are normalized to the housekeeping gene Gapdh. Data presented as fold change from control. *P < 0.05.
(i,k) ELISA assay of Chi3L1 secreted from NMFs or NLFs treated as in (h, j). Error bars represent s.d. of technical repeats. **P < 0.01.
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CAF-derived secreted factors could induce an M2-like phenotype
in macrophages, reflected by an increase in the expression of
CD206, resulting in a 50% increase in the CD206/CD86 ratio
(Supplementary Figure 4). Importantly, knockdown of Chi3L1
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CAF-induced M2 reprogramming of macrophages both in vitro
and in vivo (Figures 3l and 4m), indicating that Chi3L1 is a central
mediator of CAF-mediated reprogramming of macrophages. Thus,
fibroblasts-derived Chi3L1 promotes macrophage recruitment and

expression in  mammary fibroblasts by shRNA inhibited reprogramming to an M2-like phenotype.
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CAF-derived Chi3L1 inhibits T cell infiltration into tumors and
drives type 2 inflammation in the tumor microenvironment

TAMs were previously shown to be immunosuppressive and to
inhibit T cell-mediated killing of tumor cells by various
mechanisms.'* Importantly, the abundance of CD8" T cells in
tumors is associated with better clinical outcome in breast
cancer.*' We therefore analyzed tumors from mice injected with
fibroblasts in which Chi3L1 was knocked down (shChi3L1-CAFs)
for the presence of T cells. Analysis of tumor tissue by
immunostaining and by FACS revealed that tumors in which
Chi3L1 was knocked down in CAFs were more infiltrated with
T cells as compared with control tumors (Figures 5a, d and e).
Specifically, knockdown of Chi3L1 in CAFs resulted in an increase
in the abundance of CD8" T cells, indicating that CAF-derived
Chi3L1 contributes to the formation of an immunosuppressed
microenvironment (Figures 5b, d and e). Interestingly, tumors
injected with shChi3L1 CAFs were also more infiltrated with CD4*
T cells (Figures 5c—e). To further assess the functional differentia-
tion of the tumor-infiltrating immune milieu, we analyzed the
expression of factors known to be associated with Th1 or Th2
subsets in the injected tumors. Analysis of the results revealed that
ablation of Chi3L1 in CAFs shifted the balance of type 1 and type
2-related cytokines in the tumor microenvironment towards a Th1
phenotype: while the expression of type 2 inflammation related
factors (IL-10, IL-4, Gata3, IL-13) was downregulated or unchanged
(Figure 5f and Supplementary Figure 5), the expression of Th1
related factors (IFNy, TNF-a and Tbet) was upregulated in tumors
injected with shChi3L1-CAFs as compared with controls (Figures
5g-i). These results indicate that CAF-derived Chi3L1 enhances
type 2 immunity, either directly, or via its effect on macrophages.

Taken together, our findings establish a novel functional role for
CAFs, affecting tumor cells, macrophages and T cells that drives an
inflammatory, tumor-promoting, immunosuppressive microenvir-
onment in breast cancer (Figure 5j).

DISCUSSION

The diverse reprogramming of macrophages and T cells was
previously shown to affect clinical outcome in breast cancer.®'? In
this study, we characterized novel functional interactions between
CAFs, cancer cells and immune cells in the microenvironment of
breast tumors, mediated by Chi3L1. We show that CAFs mediate
immune modulation and functional differentiation of macro-
phages and T cells in breast cancer and provide mechanistic
evidence that this modulation is mediated by their secretion of
Chi3L1.

Previous studies have implicated Chi3L1 in multiple malignan-
cies, via its expression in tumor cells and macrophages.>>>%42
Elevated levels of Chi3L1 are associated with shorter recurrence-
free intervals and with poor prognosis in breast cancer
patients3>**** Here we show that Chi3L1 is upregulated in
mammary CAFs in mice and in the stroma of human breast
tumors. CAF-derived Chi3L1 facilitated recruitment of macro-
phages and affected T cell recruitment and differentiation in vivo.
Moreover, Chi3L1 could reprogram an M2-like phenotype in

<

macrophages and promote immunosuppression in the tumor
microenvironment, as its specific knockdown in fibroblasts
resulted in inhibition of tumor growth, prolonged survival,
decreased macrophage recruitment and a shift in the infiltrating
immune cell milieu towards a less immunosuppressed phenotype.

Ectopic expression of Chi3L1 in tumor cells was previously
shown to promote angiogenesis and macrophage recruitment in
colon cancer, mediated by autocrine activation of MAPK and JNK
signaling.”? Here we show that exogenous Chi3L1 activated the
MAPK and PI3K signaling pathways in tumor cells and upregulated
their motility and expression of pro-inflammatory factors, suggest-
ing that stromal-derived Chi3L1 may affect cancer cells in a
paracrine manner within the tumor microenvironment.

The role of fibroblast-derived Chi3L1 was not previously
investigated. In this study we demonstrate that Chi3L1 is
specifically upregulated in fibroblasts during breast carcinogenesis
and lung metastasis. Furthermore, we show that CAF-derived
Chi3L1 has a central role in supporting tumor growth in vivo:
genetic knockdown of Chi3L1 in fibroblasts was sufficient to
inhibit tumor growth, despite its continued expression in tumor
cells, suggesting that CAF-derived Chi3L1 may have a distinct
functional role. These tumor growth-promoting functions could be
mediated by the direct effect of CAF-derived Chi3L1 on tumor
cells, as we have demonstrated in vitro. However, our findings
suggest that in addition, CAF-derived Chi3L1 reprograms tumor-
associated macrophages to an M2-like phenotype, which is
associated with tumor progression.*

Fibroblasts and macrophages are key players in mediating
tumor-promoting inflammation, but the functional relationship
between these two cell populations, and its significance to tumor
progression are poorly characterized.*> We show that knockdown
of Chi3L1 in fibroblasts attenuated M2-like differentiation of bone
marrow-derived primary macrophages. Moreover, mammary
tumors in which Chi3L1 was specifically knocked down in
fibroblasts exhibited less M2-like macrophages, increased num-
bers of CD8" T cells, and a shift of the CD4™ T cells towards a Th1
phenotype, suggesting that CAF-derived Chi3L1 is functionally
important for driving an immunosuppressed tumor microenviron-
ment. These results suggest that the previously demonstrated
ability of CAFs to modulate an immunosuppressive microenviron-
ment in tumors®?*®*” is mediated, at least partially, by their
secretion of Chi3L1.

Notably, these pro-inflammatory and immunosuppressive
effects of CAF-derived Chi3L1 were functionally important
in vivo, as the effect of ablating Chi3L1 in fibroblasts had a
profound effect on tumor growth and the immune cell milieu
despite the continued secretion of Chi3L1 by cancer cells and
macrophages, suggesting that stromal-derived factors, including
Chi3L1, are required for immune modulation of the tumor
microenvironment.

M2-like differentiation of macrophages and adaptive Th2 effector
responses were shown to be aberrant in Chi3L1™/~ mice.®® These
findings are compatible with the demonstrated role of Chi3L1 in
promoting lung fibrosis,*® known to be associated with chronic Th2
inflammatory responses. Thus, it is conceivable that fibroblasts-

Figure 2.

Chi3L1 enhances motility and pro-inflammatory signaling in breast tumor cells. (a) Scratch closure assay of Met-1 cells incubated

with rChi3L1 or with SFM. (b) Quantification of (a). Scratch area was quantified by the ImageJ software. Error bars represent s.d. of 3 fields
analyzed from 3 wells each. **P < 0.01. Representative of three separate experiments. (c) Migration transwell assay of Met-1 mammary tumor
cells incubated with serum free medium (Control) or with 100 ng/ml rChi3L1 for 24 h. Representative images of 10 fields analyzed from
duplicate wells in three independent experiments. Scale bar= 100 pm. Magnification X20. (d) Quantification of (c). Error bars represent SD.
**P < 0.01. (e) Scratch closure assay of Met-1 cells incubated with CM from shChi3L1 aFib, shCtrl aFib. or SFM. (f) Quantification of (e). Scratch
area was quantified by the ImagelJ software. Error bars represent s.d. of 4 fields analyzed from 2 wells each. **P < 0.01. (g) Western blot of Met-
1 cells incubated with rChi3L1 as indicated. (h) Quantification of results shown in (g). Phospho proteins are normalized to total proteins. Data
presented as fold change from control. (i-n) qRT-PCR analysis of pro-inflammatory genes in Met-1 cells incubated with SFM or with rChi3L1 for
24 h. Results are normalized to the housekeeping gene Gapdh. Data presented as fold change from control. Error bars represent s.d. of
technical repeats. *P < 0.05, **P < 0.01. Representative of three separate experiments.
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derived Chi3L1 contributes to these pathologic phenotypes, but its fostering of an immunosuppressive microenvironment, by affecting
distinct role was not previously determined. Our study suggests that both TAMs and T cells.

in the tumor microenvironment, fibroblasts-derived Chi3L1 con- Interestingly, we found that Chi3L1 was upregulated and
tributes to alternative differentiation of macrophages and to secreted by lung fibroblasts isolated from MMTV-PyMT mice with
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pulmonary metastases, suggesting that CAF-derived Chi3L1 may
have a functional role in the metastatic microenvironment. In
agreement with this hypothesis, functional inhibition of Chi3L1
activity was shown to result in decreased lung metastases in a
breast cancer model.*® This inhibition of metastases formation
was suggested to result from attenuating the activity of
macrophage-derived Chi3L1, as expression of Chi3L1 in macro-
phages was linked with increased metastases.3®>° However, our
findings imply that the effect of Chi3L1 inhibition on pulmonary
metastasis of breast cancer may also result from targeting its
secretion by metastases-associated fibroblasts. Future studies are
required to better decipher the molecular mechanism by which
stromal-derived Chi3L1 facilitates tumor metastasis.

In summary, this study deepens our understanding of the
multifaceted interactions in the tumor microenvironment and
demonstrates that CAF-derived Chi3L1 promotes tumor progres-
sion by complex interactions with tumor cells, macrophages and
T cells that collectively enhance inflammation and tumor growth.
Elucidating the molecular mechanisms by which CAFs and
immune cells interact to mediate cancer-related inflammation in
breast cancer will allow therapeutic manipulation of stromal
molecular targets and provide a novel combinatorial approach to
combat breast cancer progression, and to improve individualized
therapeutic options.

MATERIALS AND METHODS

Mice

MMTV-PyMT mice were bred and maintained at the Tel Aviv University SPF
facility. Normal FVB/n mice were obtained from negative littermates or
purchased from Harlan, Israel. All experiments involving animals were
approved by the TAU Institutional Animal Care and Use Committee. No
statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

Primary cells
NMFs and NLFs were isolated from mammary glands or lungs of
8-12 weeks old female FVB/n mice and cultured as previously
described.** All experiments were performed with low passage (p2—4)
fibroblasts. Multiple batches of fibroblasts were used.

Bone Marrow Macrophages (BMM) were prepared as previously
described.>’ BMM purity was confirmed by FACS analysis. All experiments
were performed with passage 1 BMM. Multiple batches of BMM were used.

Cell lines

Met-1 mouse breast carcinoma cells were a kind gift from Dr Jeffrey
Pollard. RAW 264.7 macrophages were a kind gift from Dr Tsaffrir Zor. All
cells were routinely tested for mycoplasma using the EZ-PCR mycoplasma
test kit (Beit Haememk, Israel).

«

Conditioned media
Conditioned media was prepared as previously described.**

Enzyme-Linked Immunosorbent Assay

Enzyme-Linked Immunosorbent Assay (ELISA) for Chi3L1 was performed
using a commercial kit, according to manufacturer’s protocol (R&D
Systems; MC3L10). Fibroblasts were cultured with Met-1 CM for 24 h,
washed and incubated with fresh SFM for additional 24 h. Media were
collected, filtered with 0.45 pm filters and used for ELISA assays. Mouse
sera were collected from normal FVB/n mice or MMTV-PyMT mice with
advanced carcinoma.

Scratch assay

The assay was performed as previously described, with minor
modifications.2*

Migration assay

Met-1 (5% 10 or RAW 264.7 (1 x 10°) cells were placed in the upper side of
24 Transwell inserts, with pore sizes of 8 um, and incubated for 24 h in SFM
or SFM supplemented with 100 ng/ml rChi3L1. Following incubation, the
upper side of the apical chamber was fixed with methanol and stained
with DAPI. Migrated cells were documented with a fluorescence
microscope, and quantified with ImageJ software.

Western blotting

Lysates were prepared from cell pellets in RIPA lysis buffer. Protein
determination was performed with Pierce BCA Protein Assay Kit. Cell
extracts were resolved by SDS—-PAGE and electroblotted onto nitrocellulose
membranes (BioRad, Hercules, CA, USA). Membranes were probed with
antibodies specific for ERK, AKT, p-ERK and p-Akt (Cell Signaling
Technology, Danvers, MA, USA). Bands were visualized using ECL and
quantified with ImageJ.

Quantitative real-time PCR

RNA isolation and qRT-PCR was performed as previously described.>?
Expression results were normalized to GAPDH. Error bars represent s.d. of
three technical repeats.

Methylene blue viability assay
The assay was performed as previously described.>

XTT cell proliferation assay
The assay performed as previously described.?*

Orthotopic tumors

2x10° Met-1 cells and 6 x 10° shCtrl NMF or shChi3L1 NMF were injected
into the right inguinal mammary gland of 8 weeks old FVB/n female mice
and measured twice weekly with calipers until tumor growth reached a
size of 15mm in any diameter. Mice were killed and tumors were
embedded in OCT or digested into single cell suspension for FACS analysis.

Figure 3.

Chi3L1 induces angiogenesis and macrophage recruitment in vivo. (@) Immunofluorescence of Meca-32 in Met-1 matrigel plugs

injected with (n =4 mice) or without (n =3 mice) Chi3L1. Representative images out of 45 or 67 fields analyzed in Met-1 only or Met-1+ Chi3L1
injected mice, respectively. Scale bar= 100 pm. Magnification x 20. (b) Quantification of (a). **P < 0.01. (c) Immunofluorescence of F4/80 in
matrigel plugs as in (a). Representative images out of 11 fields analyzed in 3 mice. Scale bar =100 um. Magnification X 20. (d) Quantification of
(). *P < 0.05. (e) Met-1 cells admixed with shChi3L1 fibroblasts or with control fibroblasts (shCtrl) were injected to the right inguinal mammary
gland of FVB/n female mice. Error bars represent s.e.m. *P < 0.05, **P < 0.01. Representative out of three separate experiments performed.
(f) Survival curve of mice described in (e). P=0.0615. (g) gRT-PCR analysis of Chi3L1 expression in mammary tumors injected with shChi3L1
fibroblasts vs shCtrl fibroblasts. Results are normalized to the housekeeping gene Gapdh. Error bars represent s.e.m., **P < 0.01. n=3 mice per
group. (h-k) Representative images of aSMA (h), Colla (i), Meca32 (j) and F4/80 (k) staining in tumor sections from mice injected with Met-1
and fibroblasts as indicated. At least 30 fields were analyzed from each group. n=6 (shChi3L1 fibroblasts), n=3 (shCtrl). Scale bar= 100 pm.
Magnification x 20. Quantifications of staining are presented as % from control. **P < 0.01. (I) FACS analysis of the percentage of F4/80" cells
out of CD45"CD11b" cells in tumors injected with shChi3L1 fibroblasts vs control. (m) CD206/CD86 ratio of AMFI values in macrophages
isolated from tumors as above. Error bars represent s.e.m. n=3. (n) Arginase1/iNOS expression ratio in mammary tumors injected with
shChi3L1 fibroblasts vs control. qRT-PCR results were normalized to the housekeeping gene Gapdh. Error bars represent s.e.m. n=3 mice

per group.
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Figure 4. Chi3L1 activates macrophages and induces an M2-like phenotype. (a) Migration assay of RAW 264.7 macrophages incubated with
SFM or with 100 ng/ml rChi3L1 for 24 h. Representative images out of 13 fields analyzed in duplicate wells. Scale bar =200 pm. Magnification
% 10. (b) Quantification of migration assay in (a). Error bars represent s.d. **P < 0.01. Representative of four separate experiments. (c) Western
blot of RAW 264.7 macrophages incubated with 100 ng/ml rChi3L1 as indicated. (d) Quantification of results shown in (c). Phospho-proteins
were normalized to total proteins. Data presented as fold change from control. (e-j) qRT-PCR expression analysis of M2-related genes (e-g) and
M1-related genes (h-j) in primary BMM incubated with SFM or with Chi3L1 for 24 h. Results are normalized to the housekeeping gene Gapdh.
Data presented as fold change from control. Error bars represent s.d. of technical repeats. *P < 0.05, **P < 0.01. Representative of three
separate experiments. (k) Arginase1/iNOS expression ratio in primary BMM incubated with SFM or with Chi3L1 for 24 h. qRT-PCR analysis
results were normalized to the housekeeping gene Gapdh. Data presented as fold change from control. Error bars represent s.d. of technical
repeats. *P < 0.05. Representative of three separate experiments. (I) CD206/CD86 ratio in primary BMM incubated with SFM or with Chi3L1 for
24 h, analyzed by FACS. Results were normalized to control. (m) CD206/CD86 ratio of BMM incubated with CM from shChi3L1-aFib or from
control fibroblasts (shCtrl-aFib), or with SFM. Representative of three separate experiments.
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bars represent s.e.m., n=3 mice per group. (g-i) qRT-PCR analysis of Th1-related genes expression in mammary tumors injected with shChi3L1
fibroblasts vs control. Results are normalized to the housekeeping gene Gapdh. Error bars represent s.e.m. n =3 mice per group. (j) Fibroblasts drive
an immunosuppressive and growth-promoting microenvironment in breast cancer via secretion of Chi3L1: Tumor-derived factors induce secretion of
Chi3L1 from CAFs (1). CAF-derived Chi3L1 (2) supports tumor growth by direct effect on tumor cells, as well as by macrophages and T cells
recruitment and reprogramming (3), resulting in enhancement of tumor promoting inflammation and immunosuppression (4).
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Kaplan—Meier survival curve was calculated for mice that reached the
endpoint of tumor growth.

FACS analysis

Mammary glands were isolated from mice. Single cell suspensions were
prepared as we previously described.>® Cells were stained using the
following antibodies: F4/80-BV510, F4/80-APC, CD206-FITC, CD86-PE, CD4-
APC/Cy7 (Biolegend, San Diego, CA, USA), CD11b-PerCP/Cy5.5, CD45-PE/
Cy7, CD3-FITC, CD8a-APC (eBioscience, San Diego, CA, USA). DAPI was used
to exclude dead cells (Molecular probes, Eugene, OR, USA; D3571). Analysis
was performed with Gallios Flow Cytometer (Beckman Coulter, Nyon,
Switzerland).

In vivo matrigel plug assay

2x10° Met-1 cells in 100 pl PBS or PBS supplemented with 100 ng/ml
rChi3L1 were mixed with 300 pl Growth Factor Reduced Matrigel (Corning;
356231) and injected sub-cutaneous into 8-weeks-old FVB/n female mice.
Two weeks after injection the plugs were dissected out and embedded in
O.C.T (Tissue-Tek, Torrance, CA, USA) for histological analysis.

Immunostaining
Tissue preparation. Serial sections of 5-7 um were cut from fresh-frozen
tissues that were embedded in OCT.

PicroSirius Red staining was performed as previously described.*

Immunofluorescence. Tissue sections were incubated overnight at 4 °C
with the following anti-mouse antibodies: CD3 (BioRad), a-SMA (Sigma-
Aldrich, Rehovot, Israel), CD4 (Biolegend), CD8 (Novus, Littleton, CO, USA),
F4/80 (AbD Serotec, Hercules, CA, USA) and Meca-32 (BD, San Jose, CA,
USA). Secondary antibodies were purchased from Jackson Immunore-
search Laboratories and applied for 1 h at room temperature. Sections
were mounted with DAPI Fluoromount-G (Southern Biotech, Birmingham,
AL, USA; 0100-20).

Microscopy, image capture and analysis

Images were taken with Leica DM4000B microscope and digital camera
(Leica DFC 360FX), using the Leica Application Suite software. Brightness
and contrast were adjusted equally in all images presented.

GEO data set analysis

Microarray data from Finak et al.** were analyzed for Chi3L1. Expression
level is presented as the median expression in multiple breast cancer
tissues from human invasive carcinomas in different grades or in normal
breast tissue (Normal).

Statistical analysis

Data were analyzed using the Student t test, and considered significant
when P value was <0.05. All statistical tests were two-sided. Bar graphs
represent the mean and s.d. across multiple independent experimental
repeats. All experiments were performed at least twice, unless otherwise
stated.
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