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Abstract

Breast cancer is the most commonly diagnosed cancer type and the leading cause of cancer-related deaths
among women worldwide. Previous studies have reported contradictory performance of chemokine CXC motif
ligand 13 (CXCL13) in breast cancer. In this study, The Cancer Genome Atlas database analysis revealed that
CXCL13 was overexpressed in various human cancers including breast carcinoma, and associated with good
clinical prognosis in breast cancer. Flow cytometry detection also found upregulated intracellular CXCL13
expression in human breast cancer cell lines. To explore the possible role of CXCL13 in the breast cancer
microenvironment, mouse triple negative breast cancer (TNBC) was lentivirally transfected to stably overex-
press mouse CXCL13 (4T1-CXCL13). Both parental 4T1 and 4T1-CXCL13 strains showed no in vitro or in vivo
endogenous cell surface CXCR5 expression. In immune-competent BALB/c mice, the in vivo tumor growth of
4T1-CXCL13 was significantly inhibited and even completely eradicated, accompanied with increased infil-
trations of CD4*, CD8" T lymphocytes and CD11b*CD11c* DCs. Further investigations showed that CXCL13
expression in the 4T1 tumor microenvironment elicited long-term antitumor immune memory, and rejec-
tion of distal parental tumor. The antitumor activity of CXCL13 was remarkedly impaired in BALB/cA-nu nude
mice, or in BALB/c mice with CD8" T lymphocyte or NK cell depletion. Our investigation indicated that CXCL13
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expression in TNBC triggered effective antitumor immunity by chemoattracting immune cell infiltrations and
could be considered as a novel prognostic marker for TNBC.
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Introduction

As the leading cause of cancer-related death in women,
breast cancer has ranked the first in incidence rate
of all female cancer patients worldwide,! and triple-
negative breast cancer (TNBC) is the most aggressive
and metastatic pathological type. Lacking expression
of estrogen receptor, progesterone receptor, and type II
human epidermal growth factor receptor, TNBC accounts
for ~10%-20% of all pathological types of breast cancer.?
Compared with other breast cancer types, TNBC patients
have significantly higher 5-year recurrence rate, are more
prone to tumor metastasis, and have a shorter survival
time after metastasis and higher mortality.> Currently,
there is no specific treatment for TNBC; chemotherapy is
still the only choice for adjuvant therapy or tumor metas-
tasis, and only 30% of patients respond to chemother-
apy.*

Chemokine CXC motif ligand 13 (CXCL13), also called
B lymphocyte chemokine or B cell-attracting chemokine
1, belongs to the CXC chemokine family. Under nor-
mal physiological conditions, by acting on its receptor
CXCR5, CXCL13 plays a pivotal role in germinal center
formation, B cell attraction, as well as chemotaxis and
differentiation of plasma cells and memory B lympho-
cytes.® In addition, CXCL13 has also been reported to
exert important functions in the pathogenesis of autoim-
mune and lymphoproliferative diseases.®® For instance,
CXCL13 has been reported to attract and maintain B and
T cells in the inflamed central nervous system lesions in
multiple sclerosis patients.’

In recent years, several studies have reported the
involvement of CXCL13 in the progression, metastasis,
and prognosis of solid tumors,’® including breast can-
cer,'* colon cancer,? prostate cancer,'® renal cell car-
cinoma,** penile cancer,'® gastric cancer,'® etc. Com-
pared with breast cancer tissues, CXCL13 is expressed
at a low level in normal breast or adjacent noncancer-
ous tissues. '8 Notably, conflicting opinions have been
raised regarding the role of CXCL13 in breast cancer.
On one hand, in a large cohort study (1010 cases) of
early breast cancer patients conducted by Schmidt et al.,
total RNA was extracted from formalin-fixed paraffin-
embedded (FFPE) tumor sections, and CXCL13 expres-
sion was evaluated using quantitative polymerase chain
reaction (qQRT-PCR). Breast cancer CXCL13 expression
exhibited an independent influence on patients and
was associated with favorable distant disease-free sur-
vival, especially in TNBC.'® Furthermore, Criscitiello et
al. found that in TNBC, a four-gene signature includ-
ing CXCL13 predicted high levels of tumor infiltrat-
ing lymphocytes (TILs) after neoadjuvant therapy and
was associated with good clinical outcome.?® Likewise,
Christina et al. reported that a novel 14-gene panel

containing CXCL13 predicted longer metastasis-free sur-
vival in early stage hormone receptor-negative breast
cancer and TNBC.?! On the other hand, CXCL13-CXCR5
coexpression on breast cancer has been found to be cor-
related with tumor lymph node metastasis (LNM). Biswas
et al. found that in 98 breast cancer patients diagnosed
with infiltrating duct carcinoma, coexpression of CXCL13
and CXCR5 was significantly associated with LNMs, and
after CXCL13 stimulation, various mesenchymal markers
as well as epithelial-mesenchymal transition (EMT) reg-
ulators were markedly increased in CXCRS5-transfected
human breast cancer cell lines including MDA-MB-231.22
Despite this, Pimenta et al. found that after transfec-
tion with interferon regulatory factor 5, the transcription
factor of CXCL13, human breast cancer cell MDA-MB-
231 showed enhanced chemoattraction of healthy donor
CXCRS5 + T and B cells.?®

In the current study, to investigate the potential
function of CXCL13 in the TNBC microenvironment, a
CXCR5-negative mouse 4T1 cell was lentivirally trans-
fected to overexpress CXCL13 (4T1-CXCL13). In immune-
competent BALB/c mice, the in vivo tumor growth of 4T1-
CXCL13 was significantly inhibited and even completely
eradicated, accompanied with increased infiltrations of
CD4*, CD8" T lymphocytes, and CD11b*CD11ct DCs.
Further investigations showed that CXCL13 mediated
long-term antitumor immune memory and rejection of
distal parental tumor. Our results suggested that CXCL13
expression in the TNBC environment mediated antitu-
mor immunity, and provided new insight into the role of
CXCL13 in TNBC progression.

Materials and methods
Expression of CXCL13 in tumors from TCGA
Database

The expression of CXCL13 in 9498 tumors (including 31
subtypes) and 5540 normal samples from the The Can-
cer Genome Atlast (TCGA) database and the Genotype-
Tissue Expression (GTEx) project were analyzed using
the online Gene Expression Profiling Interactive Analysis
(GEPIA) web server (http://gepia.cancer-pku.cn). The cor-
relation between CXCL13 expression and cancer progno-
sis was investigated. The disease-free survival (DFS) was
analysis by GEPIA. Data were downloaded, filtered for pri-
mary tumors, log2-transformed, and analyzed using R.

Cell culture

Human breast cancer cell lines (MDA-MB-231, MDA-MB-
468, and BT474), mouse breast cancer cell 4T1, and
human embryonic kidney (HEK) 293T cells were obtained
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from the American Type Culture Collection. MDA-MB-
231, MDA-MB468, BT474, and HEK 293T were cultured
in DMEM (Gibco), and 4T1 was cultured in RPMI-1640
(Gibco). All the above media were supplemented with
10% fetal bovine serum (Invitrogen Life Technologies),
100 U/ml penicillin, and 100 pg/ml streptomycin (San-
gong Biotech). The cells were maintained in a humidified
chamber at 37°C in 5% CO, atmosphere.

Lentivirus production

The cDNA sequence of murine CXCL13 (pORF-CXCL13)
was purchased from the InvivoGen Company. CXCL13
gene was amplified by PCR using primers (forward: 5'-TG
CTCTAGAATGGAGACAGACACACTCCTG-3/, reverse: 5'-
GAGTAAGAGAAGAGCTGCCTGAGAATTCCGG-3'), includ-
ing 5" Xbal I and 3’ EcoR I sites, and then cloned into
a lentiviral vector pCDH-CMV-MCS-Puro (pCDH-CXCL13).
HEK-293T cells were transfected with the lentivirus plas-
mid pCDH-CXCL13, and two packaging plasmids pMD2.G
and psPAX2 (kindly provided by Dr. Yan Luo, Sichuan Uni-
versity) at a ratio of 2:1:2 by TransIT 2020 transfection
reagent (Mirus). The empty vector (pCDH) was also pack-
aged as a negative control. Culture supernatants were
collected at 48 and 72 h after transfection and filtered by
0.45 um filters.

Generation of CXCL13-expressing 4T1 cells

CXCL13-expressing 4T1 stable cell strains were gener-
ated via lentivirus transduction, followed by 2 weeks
selection of 3 pg/ml puromycin (Sigma-Aldrich). Selected
cell clones were seeded onto six-well plates at a den-
sity of 2 x 10° cells/well and in 2 ml of RPMI-1640
complete medium. Forty-eight hours later, cell culture
supernatant was harvested, and CXCL13 secretion was
detected by Quantikine Mouse CXCL13 Immunoassay
(MCX130, R&D), following the manufacturer’s recom-
mendations.

EdU assay

In vitro cell proliferation was measured using the EAU (5-
ethynyl-2’-deoxyuridine) assay (RIBOBIO). EdU is incor-
porated as thymidine analog into DNA during cell prolif-
eration, and can be detected by a copper-catalyzed reac-
tion with Apollo 643 dye (red fluorescence). Briefly, cells
(5 x 10° per well) were seeded in 96-well plates in RPMI-
1640 with 10% fetal bovine serum and allowed to adhere
overnight. EQU labeling was done by incubating with 50 M
EdU for 2 h and then fixing in 4% paraformaldehyde. After
washing with 2% glycine solution, cells were incubated
with Apollo for 30 min, washed by 0.5% Triton X-100,
and counterstained with Hoechst 33342. The percentage
of EdU-positive cells was calculated at 100x magnifica-
tion with nine randomly chosen fields, and graphed by a
Thermo Cellomics Array scan VTI HCS Reader.
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In vivo tumor growth

BALB/c and BALB/cA-nu mice (female, 6-8 weeks old)
were purchased from the Beijing HFK Bioscience Co. Ltd.
All procedures were approved by the Institutional Animal
Care and Use Committee of Sichuan University. Tumor
cells were harvested at the logarithmic growth phase,
and mice were subcutaneous (s.c.) inoculated in the right
dorsal flank with 2 x 10° parental 4T1, 4T1-pCDH, 4T1-
CXCL13-1, or 4T1-CXCL13-2 cells in 0.1 ml phosphate-
buffered saline (PBS). Each group contained 10 mice.
Tumor volume was measured every 3 days, and calcu-
lated as length x width? x 0.5. For ethical reasons, exper-
iments were terminated when tumor volume reached
2000 mm?.

Tumor rechallenge and bilateral inoculation
tumor model

Six months after complete tumor regression, mice from
4T1-CXCL13-1 (n = 3) and 4T1-CXCL13-2 (n = 9) groups
were rechallenged with s.c. injection of 2 x 10° parental
4T1 cells. For the control group, naive BALB/c mice (n = 6)
were inoculated s.c. with 2 x 10° parental 4T1 cells.
Tumor volume was monitored and calculated every 3
days. For bilateral inoculation experiment, the first group
of mice (n = 8) were inoculated s.c. in the left dorsal
flank with 2 x 10> 4T1-CXCL13-2 cells, and in the right
dorsal flank with 2 x 10° parental 4T1 cell. The second
group of mice (n = 8) were inoculated s.c. in the left dor-
sal flank with 2 x 10° 4T1-pCDH cells, and in the right
dorsal flank with 2 x 10° parental 4T1 cell. Parental 4T1
tumor volume was measured and recorded every 3 days,
and calculated as length x width? x 0.5. For ethical rea-
sons, experiments were terminated when tumor volume
reached 2000 mm?. Parental 4T1 tumor volume was mea-
sured and recorded every 3 days.

Depletion of immune cell subsets in vivo

Immune cell depletions were performed as previously
reported.?* Briefly, BALB/c mice were injected intraperi-
toneally (i.p.) at 100 ng per dose with one of the fol-
lowing antibodies: anti-mouse CD4 ( 100442, BioLegend),
anti-mouse CD8a ( 100746, BioLegend), or anti-mouse
NK ( 146002, BioLegend). Mice were s.c. inoculated with
2 x 10° 4T1, 4T1-pCDH, or 4T1-CXCL13-2 cells at day 0.
Depleting antibodies were given on days -1, 1, 7, and 14.
Tumor volume was measured and recorded every 3 days.

Flow cytometry

For in vitro cell surface CXCRS staining, 4T1 cells were
harvested and incubated with PerCP-conjugated anti-
mouse CXCR5 antibody (FAB6198C, R&D systems) or iso-
type PerCP Rat IgG2a (400 529, BioLegend). For in vivo
4T1 cell surface CXCRS staining, samples were prepared
as previously reported.? Briefly, 5 x 10° 4T1 cells were
inoculated in the right dorsal flank of BALB/c mice, and
tumors were obtained at 1 week after injection. Tissues
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were cut into small pieces, and digested into single-
cell suspension by incubating in RPMI-1640 containing
1 mg/ml collagenase (Gibco). Then cell surface CXCR5
staining was performed as mentioned above.

For intracellular human CXCL13 staining, 4 ul Gol-
giStop (containing monesin) was added in every 6-ml cell
culture, and incubated at 37°C for 4 h. Then cells were
harvested, intracellular staining was performed using
fixation/permeabilization buffer (eBioscience), and incu-
bated with goat antihuman CXCL13 antibody (AF801,
R&D systems) or normal goat IgG control (AB-108-C,
R&D systems), followed by Alexa Fluor 488-labled rab-
bit antigoat IgG secondary antibody (A11078, invitrogen)
according to the manufacturer’s instructions.

For 4T1 tumor-specific antibody detection, the blood
of each group of BALB/c mice was collected from the
orbital venous plexus at 4 weeks after tumor cell inoc-
ulation. Parental 4T1 cells were incubated with mouse
serum (1:100 dilution) or PBS at 4°C for 30 min, and
then stained with FITC-labeled goat antimouse antibody
IgG.

For detection of intratumoral immune cell infiltration,
tumor tissues were harvested at 14 and 21 days after
inoculation, cut into small pieces, and then digested into
single-cell suspension by incubating in RPMI-1640 con-
taining 1 mg/ml collagenase (Gibco) at 37°C for 1-2 h. The
following BD Pharmingen antibodies were used: CD4-PE,
CD8a-FITC, CD11b-FITC, and CD11c-PE. Flow cytometry
was performed on FACScan flow cytometer (BD FACSCal-
ibur), and data were analyzed using Flowjo7.6.1.

Immunohistochemistry and immunofluorescence
staining

Tumor tissues were harvested at necropsy. For Ki-67
staining, FFPE tumor sections were dewaxed, and incu-
bated overnight at 4°C with anti-Ki67 (ab16667, Millipore)
primary antibodies after heat-induced epitope retrieval.
For CXCL13, CD31, and IgG staining, tumor frozen sec-
tions were incubated overnight at 4°C with goat anti-
mouse CXCL13 (AF470, R&D systems), rabbit antimouse
CD31 (ab182981, abcam) primary antibodies or HRP-
labeled goat antimouse IgG antibody (ab6728, abcam).
Rabbit antigoat and goat antirabbit SABC-HRP and DAB
reagent kits were purchased from the Beijing Zhongshan
Jingiao Biotechnology Co., Ltd. For immunofluorescence
staining, tumor tissues were snap-frozen and cut into 8-
um sections, and stained with antimouse CD4-FITC anti-
body (GTX44531, GeneTex) or antimouse CD8-FITC anti-
body (GTX74773, GeneTex).

Hematoxylin and eosin staining

To evaluate pathological changes, mouse major organs
were obtained at necropsy and fixed in 4% paraformalde-
hyde. Hematoxylin and eosin (H&E) staining was per-
formed in FFPE tissue sections.

Statistical analysis

All data were expressed as mean + SD or mean + SEM,
and statistically analyzed by GraphPad Prism 8.0. Stu-
dent’s t test and analysis of variance were conducted
to determine the statistical significance of experimen-
tal results. The findings were considered as significant
if P < 0.05.

Results

CXCL13 expression is upregulated in various
human cancers including breast carcinoma

To confirm the expression of CXCL13 in human tumors,
normalized mRNA levels of CXCL13 in human tumors
and normal tissues were analyzed using the GEPIA web
server. The RNA sequencing (RNA-Seq) expression data
for 9498 tumors and 5540 normal samples from the TCGA
and GTEx projects were included. As shown in Fig. 1A,
compared with the normal tissues, CXCL13 expression
was significantly upregulated in 18 of 31 tumor types,
including breast invasive carcinoma. Furthermore, the
intracellular CXCL13 were detected in human breast can-
cer cell lines MDA-MB-231, MDA-MB-468, and BT474 by
flow cytometry, and all tumor cells had high expression
levels of CXCL13 (Fig. 1B). In addition, the correlation
between tumor tissue expressed CXCL13 and clinical sur-
vival was analyzed using the TCGA database. As a result,
breast cancer patients with higher CXCL13 expression
showed a significantly longer DFS (Fig. 1C).

Generation of mouse TNBC 4T1 cells that stably
express CXCL13

Mouse TNBC 4T1 that expressed mouse chemokine
CXCL13 was constructed based on a lentiviral vector
pCDH-CXCL13, and the stably expressed cell stains were
screened by 3 pg/ml puromycin. To confirm the success-
ful construction, CXCL13 secretion in cell culture super-
natant was detected by enzyme-linked immunosorbent
assay. As a result, parental 4T1 showed no significant
CXCL13 secretion, compared with the culture medium
and empty vector-transfected 4T1 (4T1-pCDH). Two cell
strains, 4T1-CXCL13-1 and 4T1-CXCL13-2, which had
high expression levels of CXCL13, were selected for sub-
sequent experiments (Fig. 2A).

In vitro proliferations of 4T1-CXCL13 stably cell
strains

To assess the impact of CXCL13 expression on 4T1 cell
proliferation in vitro, EAU assay was performed. As shown
in Fig. 2B, EAU was incorporated into newly synthesized
cell DNA and stained with Apollo 643 dye (red). DNA
was staining with Hoechest 33342 (blue), and purple cells
showed EdU/Hoechest double-positive cells. The quan-
tification of cell proliferation was conducted by statisti-
cal analysis of EdU-positive cells, and no significant dif-
ference was observed between each group (Fig. 2C). The
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Figure 1. The expression of CXCL13 was upregulated in various human tumors including breast cancer. (A) The mRNA expression level of
CXCL13 in the human cancers and normal tissues was analyzed using the online web server GEPIA. CXCL13 was significantly upregulated in
rectum adenocarcinoma (READ), uterine carcinosarcoma (UCS), uterine corpus endometrial carcinoma (UCEC), thymoma (THYM), testicular
germ cell tumors (TGCTs), stomach adenocarcinoma (STAD), skin cutaneous melanoma (SKCM), pancreatic adenocarcinoma (PAAD), ovarian
serous cystadenocarcinoma (OV), lung squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD), kidney renal clear cell carcinoma (KIRC),
head and neck squamous cell carcinoma (HNSC), esophageal carcinoma (ESCA), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC),
colon adenocarcinoma (COAD), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), breast invasive carcinoma (BRCA);
(T = tumor number, N = normal number, *P < 0.05). (B) The expression of CXCL13 in human breast cancer cell lines was detected by flow
cytometry. (C) Correlational analysis between disease-free survival and CXCL13 expression level in BRCA through Kaplan-Meier analysis by
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Figure 2. In vitro and in vivo proliferations and CXCRS expression of mouse TNBC 4T1 that was transfected to stably overexpress CXCL13. (A)
Mouse 4T1 cell was transfected with mouse CXCL13-expressing lentivirus, and cell clones 4T1-CXCL13-1 and 4T1-CXCL13-2 were screened for
the following experiments. Cell culture supernatant detection showed that CXCL13 secretion was significantly elevated in 4T1-CXCL13-1 and
4T1-CXCL13-2 groups, compared to culture medium (CM), parental 4T1 and empty virus-transfected 4T1 (4T1-pCDH) groups. Bars, means + SD
(n = 3). (*P < 0.05). (B) Representative pictures of in vitro cell proliferation detected by EAU incorporation and Hoechest 33342 staining (magnifi-
cation, x200). (C) Statistical analysis of EAU positive cells in each group. Bars, means + SD (n = 3). (D) Cell surface CXCRS5 expression of 4T1 was

detected both in vitro and in vivo by flow cytometry.

result indicated that CXCL13 had no direct influence on
4T1 cell proliferation in vitro.

Next, the cell surface expression of CXCL13 recep-
tor CXCR5 was assessed. Compared with the isotype
control, parental 4T1, 4T1-CXCL13-1, and 4T1-CXCL13-2
cells showed no obvious CXCR5 expression in vitro. Pre-
vious study reported that the cell surface CXCR5 could
be induced to upregulate on cancer cells after the in vivo

engraftment, and quickly dropped after ex vivo culture.?
Based on this consideration, tumor tissues were obtained
at 1 week after s.c. inoculation in BALB/c mice, and tumor
cells were isolated by collagenase digestion for CXCR5
surface staining. Flow cytometry showed that there was
no obvious CXCR5 expression in vivo implanting parental
4T1, 4T1-CXCL13-1, or 4T1-CXCL13-2 cells, compared
with that of the isotype control (Fig. 2D). Together, these



results indicated mouse TNBC 4T1 and 4T1-CXCL13 cells
had no endogenous cell surface CXCR5 expression both
in vitro and in vivo.

CXCL13 expression in the 4T1 tumor
microenvironment impairs the in vivo tumor
growth and metastasis in immune-competent
mice

To evaluate the in vivo tumor growth, BALB/c mice
were inoculated s.c. in the right dorsal flank with 4T1,
4T1-pCDH, 4T1-CXCL13-1, or 4T1-CXCL13-2 cells. The
in vivo mouse CXCL13 expression was confirmed by
immunohistochemical staining of frozen tumor tissue
sections (Supplementary Fig. 1). As shown in Fig. 3A,
tumor growth was significantly inhibited in 4T1-CXCL13-
1 and 4T1-CXCL13-2 groups, compared with that of the
parental 4T1 and 4T1-pCDH groups. No obvious differ-
ence was observed in tumor formation time and rate.
Two weeks after inoculation, the tumor growth rate
of 4T1-CXCL13-1 and 4T1-CXCL13-2 obviously slowed
down, and on day 21, the 4T1-CXCL13-2 tumors began to
shrink and were even completely eliminated (Fig. 3B). At
the end of this experiment, durable tumor regression was
observed in 1/10 and 9/10 of mice from the 4T1-CXCL13-
1 and 4T1-CXCL13-2 groups, respectively. The remain-
ing mouse from the 4T1-CXCL13-2 group showed stable
and reduced tumor burden (Fig. 3C). Furthermore, Ki-67
staining was performed to detect the in vivo tumor cell
proliferation. Statistical analysis of Ki-67 positive cells
showed no significant difference of tumor cell prolifer-
ative between each group (Supplementary Fig. 2). Addi-
tionally, CD31 staining was performed to detect tumor
angiogenesis, and significantly lower microvessel den-
sity was observed in 4T1-CXCL13-2 tumor (Supplemen-
tary Fig. 3). As for humoral immunity, tumor-specific
serum antibody and antibody deposition within tumor
tissue were detected. Unexpectedly, no obvious differ-
ences were observed between each group (Supplemen-
tary Fig. 4). H&E staining of mouse major organs showed
no obvious pathological change or tumor metastasis in
mice from the 4T1-CXCL13-2 group (Fig. 3D).

CXCL13 elicits long-term protective antitumor
immunity against parental 4T1

Furthermore, to explore whether CXCL13 can medi-
ate long-term protection against primary tumors, 4T1-
CXCL13-1 (n = 3) and 4T1-CXCL13-2 (n = 9) mice were
rechallenged with parental 4T1 cells after over 6 months
of complete tumor regression. Compared with the con-
trol group in which naive BALB/c mice were inocu-
lated with 4T1 cells (n = 6), significantly decreased
parental 4T1 tumor growth and formation were observed
in 4T1-CXCL13-1 and 4T1-CXCL13-2 tumor regression
mice (Fig. 3E). Together, our data indicated that CXCL13
expression in the tumor microenvironment could signif-
icantly inhibit 4T1 tumor growth and mediate long-term
protection against the parental tumor.
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The antitumor effect of CXCL13 is attenuated in
immunodeficient mice

To investigate whether CXCL13 could mediate tumor
growth inhibition in immunodeficient mice, BALB/cA-
nu nude mice with thymus and T-lymphocyte deficiency
were inoculated s.c. with 4T1, 4T1-pCDH, 4T1-CXCL13-
1, or 4T1-CXCL13-2 tumor cells. Interestingly, although
compared to 4T1 and 4T1-pCDH, 4T1-CXCL13-1 or 4T1-
CXCL13-2 tumors showed decreased growth rate, we did
not observe complete tumor regression, which suggested
attenuated antitumor activity of CXCL13 in BALB/cA-nu
mice (Fig. 4A). As shown in Fig. 4B, on day 32 after inoc-
ulation, the mean relative tumor volume ratio between
4T1-CXCL13 and parental 4T1 in BALB/cA-nu model
was significantly higher compared with that in BALB/c
mouse model. However, the growth curve of either 4T1-
CXCL13-1 or 4T1-CXCL13-2 did not coincide with that
of the control groups. Considering the existence of nor-
mal NK cell effector function in BALB/cA-nu mouse, our
results indicated that both innate and adaptive immuni-
ties possibly participated in CXCL13-mediated antitumor
activity.

CXCL13 expression in the 4T1 tumor
microenvironment mediates rejection of distal
tumor

Subsequently, to assess whether the intratumorally
expressed CXCL13 elicited a systemic antitumor immune
response, a bilateral tumor inoculation model was estab-
lished. Two groups of BALB/c mice were simultaneously
inoculated on both sides with different tumor cells:
the first group was injected on the left back with 4T1-
CXCL13-2 cells, and on the right with parental 4T1 cell;
the second group was injected on the left back with 4T1-
PCDH cells, and on the right with parental 4T1 cells. As
shown in Fig. 4C, the parental 4T1 tumor growth was
remarkedly decreased in 4/8 of mice from the first group,
compared with that of the second group. Furthermore,
ondays 13 and 22 postinoculation, the average 4T1 tumor
volume was significantly smaller than that of the sec-
ond group (Fig. 4D). Our results indicated that the CXCL13
expressed in the 4T1 tumor microenvironment mediated
a systemic antitumor immune response.

CXCL13 expression in the 4T1 tumor
microenvironment mediates enhanced immune
cell infiltration

Next, CXCL13-mediated immune cell infiltration in
4T1 tumor microenvironment was analyzed by flow
cytometry. Fresh tumor tissues were harvested 14
and 21 days after inoculation in BALB/c mice, respec-
tively, then single-cell suspension was prepared and
stained for tumor-infiltrating CD4*, CD8" T lympho-
cytes, and CD11b*CD11ct. Flow cytometry showed
that the ratios of tumor-infiltrating CD4* and CD8" T
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lymphocytes were significantly elevated in the CXCL13-
overexpressing tumor, compared with parental 4T1
and 4T1-pCDH (Fig. 5A, B). Consistently, immunoflu-
orescence staining of tumor frozen section also vali-
dated the increased infiltration of CD4" and CD8" T
lymphocytes (Supplementary Fig. 5). In addition,

flow cytometry showed that a significantly higher
proportion of CD11b*CD11lct DC in the tumor of
4T1-CXCL13-2 group, compared to the 4T1 and 4T1-PCDH
groups (Fig. 5C, D). However, unexpectedly, no obvious
CD19 + B lymphocyte infiltration was observed by either
immunofluorescent staining or flow cytometry (data
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not shown). Our results indicated that the intratumoral
CXCL13 expression could induce enhanced infiltration
of CD4", CD8* T lymphocytes, and CD11b*CD11c* DCin
the 4T1 tumor microenvironment.

The antitumor effect of CXCL13 is impaired by
immune cell depletion

To further investigate the specific immune cell type
that participated in CXCL13-mediated antitumor immu-
nity, CD4", CD8" T lymphocytes, and natural killer

(NK) cells were depleted, respectively, in naive BALB/c
mice by consecutive i.p. injections of antibodies. Con-
sequently, on day 21 after tumor cell inoculation, the
tumor volume of 4T1-CXCL13-2 in CD4* T lymphocyte
depletion mice showed similar shrinkage and regres-
sion as in previous BALB/c mice experiment, whereas
CXCL13-mediated tumor inhibition was almost com-
pletely abolished after CD8" T lymphocyte depletion. In
mice depleted with CD8" T cells, the tumor volume of
4T1-CXCL13-2 remarkedly increased from day 14 to day
21. Similarly, this was also observed in NK depletion
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Figure 5. CXCL13 expression in 4T1 tumor microenvironment elicited increased infiltration of immune cells. (A) The representative flow cytome-
try pictures of intratumoral CD4* and CD8" T lymphocytes at days 14 and 21 after tumor inoculation. (B) Statistical analysis of tumor-infiltrating
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DC (CD11b*CD11ct) at day 21 after tumor inoculation. (D) Statistical analysis of tumor-infiltrating DC. Bars, means =+ SD (*P < 0.05, n = 3-4).

mice, although to a lesser degree (Fig. 6). Together, our
data indicated that CXCL13-mediated antitumor immu-
nity could be primarily mediated by CD8" T lymphocyte
and NK cells.

Discussion

To date, CXCL13 has been widely accepted as an impor-
tant mediator in the initiation, progression, and metas-
tasis of solid tumors, and identified as one of the most
strongly overexpressed chemokines in breast cancer.
However, its exact role in breast cancer remains con-
troversial. While some studies provided evidence that
high intratumoral CXCL13 expression was associated
with a favorable prognosis and had an independent influ-
ence on patient survival,'>»?® others showed opposite
results.’®26 In the current study, we found that mouse
TNBC 4T1 transfected to overexpress CXCL13 showed
significant in vivo tumor growth inhibition in immune-
competent mice, and at the same time, mediated long-
term protective antitumor immunity and rejection of dis-
tal parental tumor. Of note, no obvious in vitro or in vivo
cell surface CXCR5 expressions were detected in parental
4T1 or 4T1-CXCL13 strains. To our knowledge, this study

is the first to investigate the immune regulation effect of
intratumorally expressed CXCL13 in breast cancer.
Human cancers take advantages of a complex
chemokine network to directly and indirectly affect
tumor growth, survival, migration, and angiogene-
sis.?”’ Therefore, understanding the intricate roles of
chemokine systems in cancer is important for better clin-
ical decision making. In fact, several CXC chemokines
have been reported to play positive roles in antitumor
immunity. For instance, CXCL9 and CXCL10 secretions
by Ewing sarcoma chemoattracted a large number of
CD8* cytotoxic T lymphocytes and were negatively cor-
related with tumor progression.?® In the current study,
we found that the intratumoral CXCL13 expression could
mediate significant in vivo growth inhibition in mouse
4T1 breast cancer, and 4T1-CXCL13 tumors started to
shrink and were even completely eliminated at ~3 weeks
after inoculation. This result was consistent with one
previous study in which tumor rejection in an orthotopic
colon cancer model was observed in 80% (4/5) of mice at
weeks 2.5 and 3 after recombinant CXCL13 injection.?’
Immune cell infiltration in TNBC has been consid-
ered to be correlated with a favorable clinical outcome.°
Meanwhile, high-expressing CXCL13 tumors have also
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been identified with a higher TIL density.':3! Further-
more, after transfection with the transcription factor of
CXCL13, human breast cancer MDA-MB-231 showed spe-
cial recruitment to healthy donor-derived CXCR5 + T
and B cells.”? Therefore, CXCR5 + immune cells can
probably respond to the chemotaxis signal of CXCL13,
migrate to tumor microenvironment, and elicit anti-
tumor immune response. In this study, we observed
increased infiltrations of CD4*, CD8* T lymphocytes, and
CD11b*CD11c* DC in a CXCL13-expressing 4T1 tumor
microenvironment. Unexpectedly, increased B lympho-
cyte infiltration was not observed, which was most likely
due to the sparse B cell infiltration in the s.c. model of
4T1 cells. In fact, CXCR5 has been reported to express
on multiple immune cells, including B lymphocytes, 23
a subset of CD4+,%2 CD8" T lymphocytes,* dermal-type
DCs,**3> as well as NK cells.?® We also found in BALB/cA-
nu mice that lack of mature T cells, CXCL13-mediated
tumor growth inhibition was significantly attenuated but
not completely abrogated, indicating potential participa-
tion of innate immune cells. Long-term protective immu-
nity against parental 4T1 tumor was observed in 4T1-
CXCL13 tumor regression mice. Our further investiga-
tion revealed that the antitumor activity of CXCL13 was
markedly diminished after CD8" T lymphocyte or NK cell
depletion, which was consistent with the previous find-
ing that activation of cytotoxic T lymphocytes and NK
cells were both important for protective tumor immune
surveillance. 3 CD8* T lymphocyte infiltration in breast
cancer was correlated with good clinical prognosis,®:3°
especially in TNBC.%° Together, our results indicated that
CXCL13 expression in the 4T1 tumor microenvironment

triggered both innate and adaptive antitumor immune
responses.

Despite this, previous studies reported that CXCL13
expression in human breast cancer promoted tumor
cell growth, migration and LNM.??#! It has also been
shown that after CXCR5 transfection, human breast
cancer cells had significantly upregulated mesenchy-
mal markers and EMT regulators when stimulated with
recombinant CXCL13.2? However, in this study, CXCL13-
overexpressing 4T1 cells exhibited unaltered prolifera-
tion activity. Therefore, tumor cell surface CXCR5 was
evaluated by flow cytometry in this study. As expected,
parental 4T1 and 4T1-CXCL13 cells showed no obvious
CXCRS5 expression both in vitro and in vivo, which can
probably explain the previously contradictory findings
of CXCL13 in breast cancer. In fact, there was accumu-
lating evidence that high CXCL13 expression in breast
cancer tissue was related with good clinical prognosis,
and tumor-expressing CXCL13 was considered an inde-
pendent influence factor for breast cancer patient sur-
vival, especially in TNBC.? In addition to cancer cell-
secreting CXCL13, tumor-infiltrating T lymphocytes and
DCs have also been considered as the main source of
CXCL13, typified by CXCL13*/CD4" follicular helper T
cells®242 and follicular dendritic cells.*® The infiltration
of CXCL13" immune cells in the breast cancer microen-
vironment has also been reported to predict good clinical
good prognosis.

The complex CXCL13-CXCR5 intratumoral interac-
tion network contains both autonomous and nonau-
tonomous responses to cancer cells, which may further
vary depending on the specific cancer types, especially
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CXCR5 expression status on the tumor cell surface.**
When the tumor cell expresses CXCRS5 itself, CXCL13
can directly act on cancer cells to promote prolifer-
ation, migration, and invasion. When the tumor cell
has no endogenous CXCR5 expression, CXCL13 secre-
tion in the tumor microenvironment can chemoattract
CXCR5*" immune cells and trigger antigen-specific anti-
tumor immunity. Therefore, when considering the spe-
cific effect of CXCL13 in the tumor microenvironment,
attention needs to be paid to the expression status
of CXCR5 on cancer cells. A potential limitation of
this study is that the phenotype analysis of tumor-
infiltrating lymphocytes was hindered by the sparse
immune cell infiltration in the 4T1 s.c. tumor model,
and further investigation is required in the future. More-
over, we observed significantly lower microvessel den-
sity in CXCL13-overexpressing 4T1 tumor, and this was
supported by one previous study that CXCL13 modu-
lated angiogenesis by inhibiting fibroblast growth fac-
tor 2-induced chemotaxis, proliferation, and survival of
endothelial cells.®

In conclusion, our study provided evidence that
CXCL13 expression in a mouse 4T1 tumor microen-
vironment triggered effective antitumor immunity by
chemoattracting immune cell infiltrations, and CXCL13
could been considered as a novel prognostic marker for
TNBC. Due to the complexities of the CXCL13/CXCR5 axis
in tumor milieu, CXCRS expression status on tumor cells
should be carefully assessed in clinical practice.
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Supplementary data are available at PCMEDI online.
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