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Surgery followed by a chemotherapy agent is the first-line treatment for breast cancer patients. Nevertheless, 

new targets are required for women with triple-negative breast cancer (TNBC) in order to improve the treatment 

of this aggressive cancer subtype. Multiple pro-inflammatory molecules including lipid-based substances such as 

sphingosine-1-phosphate (S1P) promote cancer progression. In this preclinical study, we aim to investigate the 

efficacy of Fingolimod, an inhibitor of S1P / S1P receptors axis, already approved as an immunomodulator in 

multiple sclerosis. 

The impact of Fingolimod was analyzed using in vitro 2D and 3D cell survival analysis and in vivo orthotopic 

graft models, using mouse and human TNBC cells implanted in immunocompetent or immunodeficient mice, 

respectively. Resection of the tumor primary mass was also performed to mimic the clinical standard of care. 

We demonstrated that Fingolimod repressed tumor cell survival in vitro. We also showed in preclinical mouse 

TNBC models that Fingolimod repressed tumor progression and liver and spleen metastases without apparent 

adverse effects on the animals. Our data indicate that Fingolimod induces tumor cells apoptosis and thereby 

represses tumor progression. 

Globally, our data suggest that Fingolimod merits further evaluation as a potential therapeutic opportunity 

for TNBC. 
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Breast cancer is an important public health concern affecting patient

urvival and quality of life. Advanced breast cancer remains difficult to

reat due to aggressive cell spreading into other organs. The main or-

ans colonized by metastasis are bone, lymph nodes, liver, lungs, and

rain, strongly affecting the prognosis of patients with a median over-

ll survival of 2–3 years [1] . Breast cancer is a heterogeneous disease

ith several histopathological forms and molecular subtypes, includ-

ng specific genetic alterations including mutations, losses or amplifi-

ations of genes. Gene profiles of estrogen receptor (ER), progesterone

eceptor (PR), and human epidermal growth factor receptor 2 (HER2)

erve as a basis for defining tailored therapeutic strategies. Four main

ubtypes of breast cancer are considered in clinical practice, e.g. triple

egative breast cancers (TNBC; ER-, PR- and HER2-negative), HER2-

ositive breast cancers, and luminal A-like (ER-positive, PR-positive,

nd HER2-positive) or luminal B-like breast cancers (ER-low, PR-low,
Abbreviations: EGFR, Epidermal Growth Factor Receptor; EMT, Epithelial-to-Mes

eceptor 2; PR, Progesterone Receptor; Luc, Luciferase; RFP, Red Fluorescence Protein

tandard Deviation; TNBC, Triple Negative Breast Cancer. 
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nd HER2-negative or positive). While tumors expressing ER and/or

R are sensitive to anti-hormonal drugs and HER2-positive tumors are

ensitive to EFGR-targeting, tumors not expressing ER, PR, and HER2

re poorly responsive to hormonal or EFGR-targeting strategies [2] . As

 consequence, patients with TNBC have poor survival compared with

on-TNBC patients [3] . 

Inflammatory-related molecules such as cytokines, chemokines, and

ells, are involved in tumor initiation and cancer progression. Other

ediators such as lipid-derived molecules have recently been associ-

ted with inflammatory diseases. There is growing evidence that one

f the lipid-related inflammatory molecules, sphingosine-1-phosphate

S1P), contributes to inflammation, disease progression, and cancer [4] .

1P is generated by sphingosine kinase 1 and is secreted in the extra-

ellular microenvironment. S1P activates dedicated receptors (S1PR)

nd is involved in multiple cellular processes such as cell survival,

igration, angiogenesis, blood vessel maturation, and immune cell

rafficking [5] . 
enchymal Transition; ER, Estrogen Receptor; HER2, Epidermal Growth Factor 
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S1P level is elevated in the plasma of patients with hepatocellular

arcinoma [ 6 , 7 ] and biliary tract cancer [8] . Moreover, the S1P protein

evel is upregulated in breast cancer [9] . Another component of the S1P

ignaling, Sphingosine Kinase 1, is also upregulated in breast cancer tis-

ue samples [10] . These elements therefore suggest a potential prognosis

nd therapeutic value of the S1P pathway in breast cancer. 

Fingolimod is an FDA- and EMA-approved drug used for the treat-

ent of multiple sclerosis. It retains T cells in secondary lymph organs,

imiting their infiltration into the brain and delaying disease progres-

ion [11] . Fingolimod acts as an analogue of S1P and inhibits S1PRs

ncluding S1PR1 [ 12 , 13 ]. Recent studies suggest that Fingolimod may

epresent a relevant therapeutic strategy for cancer [ 13 , 14 ]. The effi-

acy of Fingolimod still needs to be demonstrated in human patients,

owever, several preclinical studies indicate its potential as a new anti-

ancer treatment. Fingolimod represses in vivo tumor progression in

ifferent preclinical models such as colon cancer [15] , liver cancer

16] , and prostate cancer [17] . Moreover, Fingolimod can modulate the

umor microenvironment through the repression of tumor angiogene-

is [ 18 , 19 ], which is a crucial mechanism driving tumor progression

 20 , 21 ]. Fingolimod modulates important signaling pathways involved

n cancer progression. including mTOR, PIK3/AKT, and MAPK/ERK sig-

aling [ 14 , 22 ]. In breast cancer, Fingolimod reduces tumor progression

n the JygMC(A) transgenic model [23] , in the Walker 256 rat grafting

odel [24] , and in an obesity-related breast cancer mouse model [25] .

owever, this same anti-tumor effect was not seen in other similar stud-

es [ 26 , 27 ]. In view of these apparently contradictory data, the impact

f Fingolimod in preclinical models needs clarification, including the

dentification of a sensitive-subtype of breast cancer. 

Even though Fingolimod may be an interesting target for breast can-

er, no clear analysis of the TNBC subtype is described so far using

linically-relevant models analyzing tumor progression and metastasis.

ere, using in vitro and in vivo models, we examine the efficacy of Fin-

olimod treatment for breast cancer of the TNBC subtype. We demon-

trated that Fingolimod induces TNBC cell death in vitro in a dose-

ependent manner using 2D and 3D tumor models. In vivo, Fingolimod

epresses tumor growth and metastasis formation in liver and spleen

n orthotopic TNBC models with or without tumor surgical resection.

oreover, Fingolimod does not induce obvious adverse side effects in

he mouse. Our data indicate that Fingolimod merits further preclinical

nd clinical evaluation to halt tumor progression in TNBC. 

aterial and methods 

nimals 

6 week-old female BALB/cAnN-Foxn1nu/nu/Rj ( = BALB/c-nude)

ice or BALB/cJRj mice, supplied by Janvier Labs, were acclimated

t least 5 days before the experiments. The implantation of tumor cells

as performed on 7 or 8 week-old mice. BALB/cJRj mice were housed

p 10 animals per cage in a biosafety level 1 laboratory. BALB/c-nude

ice were housed in a biosafety level 2 laboratory and grouped up to

 animals per individually ventilated cage (NEXGEN MOUSE IVC 

TM ,

llentown R ○) on NestPak R ○ (Allentown R ○). Nesting enrichment was pro-

ided (tube, cotton, and wood). The laboratories were maintained under

rtificial lighting (12 h) between 7:00 and 19:00 in a controlled ambient

emperature of 22 ± 2 °C, and relative humidity between 30 and 70%. 

ells and cell culture 

4T1 triple negative mouse breast carcinoma (CRL-2539 TM from

TCC 

R ○) and BT-20 triple negative human breast carcinoma cell line

ATCC HTB-19 TM from ATCC 

R ○) were cultured in vitro according to Por-

olt’s specifications with RPMI 1640 (Gibco R ○, ATCC-formulated) supple-

ented with fetal bovine serum (FBS, Gibco R ○) at a final concentration

f 10% and antibiotics (Penicillin 100 U/mL - Streptomycin 100 μg/mL,

ibco R ○) and were allowed to grow in a cell incubator at 37 °C and 5%
O 2 . The MDA-MB-231-RFP-Luc triple negative breast adenocarcinoma

ell line (SC041 from AMSBIO) expressing luciferase (Luc) and red flu-

rescence protein (RFP) was cultured following similar parameters, in-

luding 5 μg/mL of Blasticidin (Invivogen R ○, reference ant-bl-5b) in cul-

ure medium. 

Before cell injection, 70–90% confluent cells were split and cell via-

ility was assessed using an automated cell counter, Nucleocounter NC-

00 TM (Chemotec R ○). The cell suspension was prepared according to the

iable cell count. All procedures were performed in aseptic conditions,

nder a laminar flow hood. 

D. culture cell viability assay 

Cells were plated on 96-well plates (2000 cells/well with 3 to 4 repli-

ates) for 24 h, before being treated with Cisplatin at 1.67, 16.7, and

67 μM [ 28 , 29 ] or Fingolimod at 0.01, 0.1, 1, 5, 10, 20, and 50 μM

 17 , 30 ]. After 72 h of growth, MTS (3-(4,5-dimethylthiazol-2-yl) − 5-(3-

arboxymethoxyphenyl) − 2-(4-sulfophenyl) − 2H-tetrazolium, inner salt)

ncorporation assays were performed according to the manufacturer’s

nstructions (CellTiter 96 aqueous non-radioactive cell proliferation as-

ay, Promega R ○). Measured absorbance values at 490 nm, using a mi-

roplate reader Ensight TM (Perkin Elmer R ○), were normalized to the con-

rol vehicle-treated conditions as relative cell growth values. 

D. tumor spheroid assay 

Cells were plated on 96-well plates (5000 cells/well with 7–8

eplicates) in 96 well plate GravityPLUS TM Hanging Drop System

InSphero R ○) in culture medium for 48 h. Spontaneously formed tumor

pheroids were treated with at 0.0167, 0.167, 1.67, 16.7, and 167 μM

 28 , 29 ] or Fingolimod at 0.1, 1, 5, 10, 20, and 50 μM [ 17 , 30 ] in cul-

ure medium containing fluorescent DNA intercalating agent as marker

f cell apoptosis and death (Sytox TM red Dead Cell Stain, Invitrogen TM ,

S34859). Cell confluence and positive area fluorescent cells were mon-

tored by imaging using Ensight TM system (Perkin Elmer R ○) at 24 h and

6 h. Spheroid growth was determined by analyzing the total cell sur-

ace (in pixel 2 ). Cytotoxicity was determined by analyzing the plasma

embrane integrity based on the incorporation of a fluorescent DNA in-

ercalating agent that selectively stain cytolytic cells with compromised

lasma membrane, as positive area in pixel 2 among the spheroid area

%). 

nimal ethical consideration and limit points 

All methods, designed to minimize animal suffering and to ensure

ood quality of biological samples, are adapted from basic procedures

ommonly used in studies performed in rodents. Experiments were con-

ucted in strict accordance with Council Directive No. 2010/63/UE of

eptember 22nd 2010 on the protection of animals used for scientific

urposes, the French decree No. 2013–118 of February 1st 2013 on the

rotection of animals for use and care of laboratory animals, and with

he recommendations of the Association for Assessment and Accredita-

ion of Laboratory Animal Care (AAALAC). All experiments were also

pproved by the Internal Animal Care and Use Committee (IACUC) of

orsolt, for animal experimentation (Porsolt’s agreement n °C5301 031).

Tumor volume and body weight of the animals were measured

nd recorded two to three times per week. Tumor volume exceeding

000 mm 

3 , a weight loss greater than 20% relative to the initial weight

f the animal, tumor necrosis including bleeding, ulceration, hypother-

ia ( < 34 °C), dyspnea, failure to eat and drink, loss of balance, and

arked sedation, were considered as critical limitation points. When

ne of these conditions was met, mice were sacrificed by CO 2 inhala-

ion. 
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rthotopic tumor in vivo murine model 

5 ×10 5 4T1 cells or 5 ×10 6 MDA-MB-231-RFP-Luc cells were in-

ected into the mammary fat pad. The cells to be implanted were re-

uspended in sterile PBS and kept on ice. Prior to surgery, mice were

reated with Carprofen (Rimadyl TM , reference RIM011) subcutaneously

t 5 mg/kg, for pain prevention. Mice were then placed under anesthesia

% isoflurane (Axience R ○, reference 152,678) at 2 L/min on a warming

ad and with eye lubricant during the surgery. Mice were identified by

ermanent tattoo. The mice were injected with the cell suspension in the

th left mammary fat gland. The belly of Balb/cJRj mice was shaved and

he implanted area was cleaned with Chlorhexidine (Antisept TM , refer-

nce ANT015). A small incision was made between the 4th left nipple

nd the median line. Tweezers were used to expose the mammary fat

ad, identifiable by its white color. 50 μL of cell suspension was then

njected into the mammary fat pad. Finally the mice were sutured and

onitored (breathing) until they woke up. 

Tumor volume was measured two to three times a week with

 caliper, and tumor volume was calculated using the formula

 = (a2 ∗ b)/2 , where b is the longest axis and a is the perpendicular axis

o b . 

Depending on the model used, primary tumors, lungs, livers, and

pleens were collected. Whole tissues were rapidly removed, rinsed in

hysiological saline, dried on absorbent paper, and weighed. 

For MDA-MB-231-RFP-Luc xenograft model, tumor growth was also

onitored using in vivo bioluminescence imaging by measuring the lu-

iferase activity expressed by the tumor cells. During the procedure ani-

als were anesthetized, injected with D-luciferin (VivoGlo TM , reference

1043) at 150 mg/mL i.p., and after 10 min imaged on an IVIS TM Lu-

ina X5 TM system (Perkin Elmer R ○), and maintained on a warm blanket.

easurements were acquired twice a week to track the dynamics of the

umor growth. 

For MDA-MB-231-RFP-Luc xenograft model, potential lung metasta-

is formation was investigated using ex vivo fluorescence imaging via

he measurement of the RFP signal expressed by tumor cells. Collected

ungs were imaged for specific red fluorescent light (560/620 nm) on an

VIS TM Lumina X5 TM system. 

To quantify the bioluminescence and fluorescence signal, size-

atched regions of interest (ROI) were obtained utilizing an automated

ethod using Living Image TM software (version 4.7.1., Perkin Elmer R ○),

nd signals were quantified. 

The metastasis index was calculated by the number of visible lung

acro-metastases and was graded based on a scale of 1 metastatic foci

 index 1; up to 5 metastatic foci - index 2; and more than 5 metastatic

oci - index 3. 

Survival was monitored each day and data was plotted into Kaplan-

eier graph. 

umor resection in vivo murine model 

Primary tumors were generated as indicated above. After 14 days,

nd prior to surgery, mice were treated with Carprofen (5 mg/kg). Mice

ere then placed under isoflurane anesthesia on a warm blanket and

 small incision was made between the 4th left nipple and the median

ine. Tweezers were used to expose the tumors that were then removed

sing scissors. Finally the mice were sutured and monitored until they

oke up. 

Tumor volume was measured two to three times a week with a

aliper. 

xperimental metastasis in vivo murine model 

2 ×10 6 MDA-MB-231-RFP-Luc cells were injected intravenously via

he caudal vein using insulin syringe. The cells to be implanted were

esuspended in sterile PBS and kept on ice. Mice were placed under

nesthesia 2% isoflurane (Axience R ○, reference 152,678) at 2 L/min on
 warming pad and with eye lubricant during the procedure. The tail of

ice was cleaned with Chlorhexidine (Antisept TM , reference ANT015)

efore the injection. Tumor cells were injected within a volume of 100

L. Mice were identified by permanent tattoo. Finally the mice were

onitored (breathing) until they woke up. 

Lung metastasis formation was monitored using in vivo biolumines-

ence imaging by measuring the luciferase activity expressed by the

umor cells. During the procedure animals were anesthetized, injected

ith D-luciferin (VivoGlo TM , reference P1043) at 150 mg/mL i.p., and

fter 10 min imaged on an IVIS TM Lumina X5 TM system (Perkin Elmer R ○),

nd maintained on a warm blanket. Measurements were acquired once

 week to track the dynamics of the metastasis formation. After 4 days,

ice were randomized in the different groups based on their body

eight and were monitored during 11 additional days. 

reatments evaluated in murine models 

Cisplatin was purchased from Santa Cruz R ○ (reference sc-200,896)

nd Fingolimod was purchased from Selleckchem 

R ○ (reference S5002). 

Once the tumors reached an approximate size of 100 to 150 mm 

3 for

he orthotopic models or once the metastasis signal reached 1 ×10 7 pho-

on/second in the intravenous model, the mice were randomized based

n their tumor volume or bioluminescence signal into groups of 6 mice

or MDA-MB-231-RFP-Luc orthotopic xenograft, 8 to 9 mice for the in-

ravenous metastasis model, and 3–4 mice or 8 mice for 4T1 syngeneic

rthotopic graft model. Mice were treated with Cisplatin at 1 mg/kg

diluted in saline) [ 31 , 32 ], Fingolimod at 5 mg/kg (diluted in saline)

 23 , 33 ]. Drugs or vehicle were administrated via the intraperitoneal

oute (i.p.) route, five times a week until the end of the experiment. 

tatistics 

In vitro experiments were performed at least three times indepen-

ently using at least three biological replicates per experiment. The

C50 was calculated using four parameters nonlinear regression anal-

sis. Statistical analysis and graphical representations were performed

sing GraphPad Prism (version 8). p values < 0.05 were considered as

tatistically significant ( ∗ p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗ p < 0.001; ∗ ∗ ∗ ∗ p

 0.0001). All data per group have been checked for normality using

he D’Agostino-Pearson test. In case of a non-significant difference, a

arametric test was used, and in case of a significant difference, a non-

arametric test was performed. 

For in vitro 2D cell viability, data was analyzed using a one-way

NOVA (groups as factor). In the case of a significant group effect, post-

oc Bonferroni’s multiple comparisons tests (versus control) were per-

ormed. Experiments were repeated at least three times in triplicate with

onsistent results. 

For in vitro 3D spheroid assay, data was analyzed using a two-way

NOVA (groups and days as factor). In the case of a significant group

ffect, post-hoc Bonferroni’s multiple comparisons tests (versus control)

ere performed. Experiments were repeated two times with seven to

ight with consistent results. 

Body weight data was analyzed using a two-way ANOVA (groups and

ays as factors) with repeated measures on each day. In the case of a

ignificant group and/or interaction effect, post-hoc Tukey’s or Bonfer-

oni’s multiple comparisons tests (for each day) were performed. Each

xperimental group consisted of at least six mice ( Figs. 3–6 ), except one

xperiment with at least three mice (Fig. S5). 

Fluorescence signal, organ weight, and metastasis index data, were

nalyzed using a one-way ANOVA (groups as factor). In the case of a

ignificant group effect, post-hoc Tukey’s or Bonferroni’s multiple com-

arisons tests (for each day) were performed. 

The cumulative survival distribution, relapse-free survival and dis-

ant metastasis-free survival were constructed using the Kaplan-Meier

ethod. Differences between survival curves were tested for significance

ith the log rank test. 
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Fig. 1. Effects of Cisplatin and Fingolimod on TNBC in 2D cell viability assay. 

A-C. Dose-response effect of Cisplatin and Fingolimod treatment on MDA-MB-231-RFP-Luc, 4T1, and BT20 TNBC using MTS incorporation cell viability assay. 

The study was performed with three to four replicates from three to five independent experiments. Data represent mean and SD. Statistical differences between the 

groups were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test (vs. control, ∗ p ≤ 0.05, ∗ ∗ p ≤ 0.01, ∗ ∗ ∗ p ≤ 0.001, ∗ ∗ ∗ ∗ p ≤ 0.0001). 
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esults 

ingolimod decreased in vitro TNBC cell viability in a dose-dependent 

anner 

It has already been shown that S1P levels are upregulated in the

erum of patients with breast cancer [34] , suggesting that targeting of

1P axis might be of interest for therapy. Here, we used Fingolimod,

n S1PRs inhibitor, and analyzed its effect on tumor cell viability. Fin-

olimod was compared to Cisplatin, a chemotherapy not currently used

n standard therapy, but demonstrating renewed and potent interest in

he treatment of TNBC clinical trials [ 35 , 36 ] and for preclinical research

 28 , 37 , 38 ]. First, we investigated if and how Fingolimod affected cell vi-

bility in three cell lines, two human (BT20 and MDA-MB-231-RFP-Luc)

nd one mouse TNBC cancer cell lines (4T1), using an in vitro MTS in-

orporation assay. We demonstrated that Fingolimod dose-dependently

educed cell viability of the three TNBC cell lines ( Fig. 1 A-C and S1A-

). Cisplatin also induced reduced cell viability starting from a dose

f 16.7 μM ( Fig. 1 A-C). The IC50 of Fingolimod was 11.27, 10.35, and

2.89 μM for 4T1, MDA-MB-231-RFP-Luc, and BT-20 cells, respectively

Fig. S1A-C). 

In order to decipher how both compounds can affect cell viability,

e developed a 3D culture model of tumor spheroid with the TNBC

ell lines. The 3D tumor spheroid model has the advantage of mimick-

ng the complexity and heterogeneity of tumors observed in patients

 39 , 40 ]. The tumor microenvironment has several major characteris-

ics, including hypoxic and nutriment gradients, structure and compo-

ition of the extracellular matrix, and cell–cell adhesion, which cannot

e reproduced in a 2D monolayer cell culture [41] . We showed that

DA-MB-231 did not spontaneously form tumor spheroids after 48 h

Fig. S2), and could therefore not be used as in the 3D cellular model

etting. Conversely, both BT20 and 4T1 cells generated tumor spheroids

n identical culture conditions (Figs. S3 and S4). We demonstrated that

isplatin significantly reduced the spheroid surface after 4 days of treat-

ent starting from the dose of 1.67 μM for BT20. We also observed on

ay 1 a significant difference for the highest dose at 167 μM with BT20

ells ( Fig. 2 A). With 4T1 cells, Cisplatin reduced the spheroid size at all

oses, despite an absence of significant difference for the highest dose at

67 μM ( Fig. 2 B). Moreover, Cisplatin significantly promoted cell apop-

osis and necrosis at the dose of 167 μM on day 4 for BT20, but did not

ignificantly affect 4T1 spheroids ( Fig. 2 C and 2 D). Fingolimod signifi-

antly reduced tumor spheroid area starting from the dose of 1 μM for

oth cell types ( Fig. 2 E and 2 F). Moreover, Fingolimod significantly en-

anced cell apoptosis and death starting from the dose of 10 μM for both
ell lines and significantly promoted cytotoxicity already after one day

f treatment for BT20 ( Fig. 2 G and 2 H). 

Altogether, these data suggest that Cisplatin reduces tumor growth at

oses devoid of effect on cell apoptosis or death in 3D tumor spheroid

odels. Conversely, Fingolimod is able to reduce tumor growth in a

anner which is related to an increase of cell apoptosis and death. 

ingolimod decreased TNBC tumor growth in vivo in orthotopic 

mmunocompetent and immunodeficient mouse models 

A syngeneic mouse metastatic breast cancer model, in which 4T1

urine TNBC cells were implanted into the mammary fat pad of im-

unocompetent mice, was used to examine the potential effect of drugs

n TNBC progression in vivo. The mice were treated with Fingolimod

r Cisplatin either as monotherapy or in combination. Mice treated with

onotherapies or combination therapy showed a significant decrease in

umor volume when compared to vehicle treated animals ( Fig. 3 A). In-

erestingly, the repression of tumor growth was significantly higher in

ingolimod-treated mice compared to Cisplatin ( Fig. 3 A). A combination

f treatments significantly improved the anti-tumor effect compared

ith Cisplatin, but not with Fingolimod, suggesting no synergistic effect

f treatments ( Fig. 3 A). Analysis of tumor weight after sacrifice con-

rmed the significant anti-tumor effect of Fingolimod and combination

herapy ( Fig. 3 B). Cisplatin did not significantly reduce tumor weight,

hile Fingolimod and the combination had a higher inhibitory effect

ompared to Cisplatin, significantly so for the combination ( Fig. 3 B).

hese data suggest a higher anti-tumor effect of Fingolimod com-

ared to Cisplatin on primary tumors in the 4T1 orthotopic TNBC

odel. 

The 4T1 tumor model presents distant metastases in different organs

ncluding lungs, liver, and spleen [ 42 , 43 ]. We analyzed the effect of

reatments on macro-metastasis formation in lungs, liver, and spleen af-

er necropsy. We did not observe any differences regarding visible lung

acro-lesions or lung weight, suggesting an absence of effect of both

rugs on lung metastasis formation ( Fig. 3 C–D). Conversely, we iden-

ified that all treatments tended to reduce liver macro-lesions and sig-

ificantly decreased liver weight and spleen macro-lesions compared

o the control ( Fig. 3 E–G). Moreover, the combination of treatments

emonstrated significantly higher spleen macro-metastasis reduction

ompared to Fingolimod alone ( Fig. 3 G). These data suggest that Cis-

latin and Fingolimod displayed liver and spleen anti-metastatic effects

hile they did not affect lung metastases. Fingolimod did not demon-

trate better anti-metastatic effects than Cisplatin. 



T. Rupp, O. Pelouin, L. Genest et al. Translational Oncology 14 (2021) 100926 

Fig. 2. Effects of Cisplatin and Fingolimod on TNBC in 3D tumor spheroid assay. 

A-H. Dose-response effect of Cisplatin (A-D) and Fingolimod (E-H) treatment on 4T1 and BT20 using 3D tumor spheroid assay. 

The study was done with seven to eight replicates from two independent experiments. Data represent mean and SD. Statistical differences between the groups were 

determined using two-way ANOVA (groups and time as factor) followed by Bonferroni’s multiple comparisons test (vs. control, ∗ p ≤ 0.05, ∗ ∗ p ≤ 0.01, ∗ ∗ ∗ p ≤ 0.001, 
∗ ∗ ∗ ∗ p ≤ 0.0001). 
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The effect of Fingolimod as a monotherapy on tumor growth and

eight was confirmed in another study with a smaller cohort (Fig. S5A-

). Fingolimod did not affect mouse survival (Fig. S5C) or lung weight,

sed as an indicator of tumor metastasis (Fig. S5D). 

In order to further evaluate the role of Fingolimod in TNBC, we also

hallenged Fingolimod and Cisplatin as monotherapy in another mouse

enograft model. We used reporter human MDA-MB-231-RFP-Luc cells

enografted in immunodeficient mice. Bioluminescence monitoring of

umor growth and RFP was used for ex vivo analysis of metastasis for-

ation. Mice treated with Fingolimod or Cisplatin displayed significant
educed bioluminescence signals ( Fig. 4 A–B) consistently with reduced

umor volume ( Fig. 4 C). We did not observe a significant higher anti-

umor effect of Fingolimod in comparison to Cisplatin, in contrast with

he syngeneic model ( Fig. 3 A). In addition, we analyzed the effect of

reatments on macro-metastasis formation in lungs using fluorescence

maging, but we did not observe a reduction of lung metastasis burden

 Fig. 4 D–E). No liver or spleen macro-metastases were observed in this

odel. We confirmed this observation in a purely metastasis model in

hich MDA-MB-231-RFP-Luc cells were injected into mice’s tail vein

i.v.). In this model, cancer cells travel directly to the lung rather than
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Fig. 3. Effects of Fingolimod and Cisplatin in a syngeneic or- 

thotopic TNBC mouse model. 

A-B. Impact of Cisplatin and Fingolimod treatment on 4T1 

mouse TNBC in vivo tumor volume (A) and ex vivo tu- 

mor weight (B). Discontinuous orange line highlights treat- 

ment beginning. C-G. Macroscopic analysis of in vivo macro- 

metastasis index onto both lungs (C), liver (E), and spleen (G) 

and ex vivo quantification of lung (D) and liver (F) weight. 

Fractions above the bars indicate the number of organs with 

visible metastasis. 

Discontinuous orange line highlights treatment beginning. 

Cisplatin was administered at 1 mg/kg and Fingolimod at 

5 mg/kg, i.p. 5 times per week for both grafting models. 

Two-way using mixed-effects model (REML) (A, B) or one- 

way (C-G) ANOVA test followed by Tukey’s multiple compar- 

isons test (vs. control, ∗ p ≤ 0.05, ∗ ∗ p ≤ 0.01, ∗ ∗ ∗ p ≤ 0.001, 
∗ ∗ ∗ ∗ p ≤ 0.0001; Cisplatin vs. Fingolimod, # p ≤ 0.05; Cis- 

platin vs. Combination, § p ≤ 0.05; Fingolimod vs. Combina- 

tion, & p ≤ 0.05). Data represent mean and SD. n = 8 mice per 

group at the start of treatment. 
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scaping from a primary tumor [44] . Metastasis progression in this i.v.

odel, using bioluminescence imaging, was not affected by Cisplatin or

ingolimod (Fig. S6). 

ingolimod decreased TNBC tumor recurrence after primary tumor 

esection in a translational immunocompetent mouse model 

Tumor surgical resection upon diagnosis is the standard of care for

reast cancer [45] . In order to mimic the clinical practice, we developed

 tumor resection model based on the syngeneic orthotopic TNBC model

sing 4T1 cells. After surgical resection of the tumor, mice were moni-

ored and tumor regrowth was analyzed upon treatment ( Fig. 5 A). Mice
reated with Fingolimod or Cisplatin exhibited significant reduction of

umor recurrence with lower tumor volume regrowth compared to the

ontrol group ( Fig. 5 B). 

ingolimod is well tolerated in vivo 

We also investigated the effect of treatments on mouse body weight

nd mouse behavior according to the parameters defined as ethical lim-

ts. Fingolimod did not affect mouse body weight compared to control in

ur two experimental studies with the syngeneic model using 4T1 cells

 Figs. 6 A and S6) or with the xenograft model using MDA-MB-231-RFP-

uc labeled cells ( Fig. 6 B). Conversely, Cisplatin significantly decreased
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Fig. 4. Effects of Fingolimod and Cisplatin in an orthotopic xenograft TNBC mouse model. 

A-B Impact of Cisplatin and Fingolimod treatment on MDA-MB-231-RFP-Luc human TNBC xenograft tumor growth using in vivo bioluminescence imaging. Repre- 

sentative pictures (A) and quantification by bioluminescence signal (B). Bioluminescence images are obtained by injecting i.p. luciferin at 150 mg/kg 10 min before 

image acquisition. C. Impact of Cisplatin and Fingolimod treatment on MDA-MB-231-RFP-Luc human TNBC xenograft tumor volume measured using caliper. d -E. 

Impact of Cisplatin and Fingolimod treatment on MDA-MB-231-RFP-Luc human TNBC xenograft metastasis formation. Representative pictures of fluorescent signal 

expressed by tumor cells in mouse lungs (D) and quantification through red fluorescent protein (RFP) signal detection ex vivo (E). 

Discontinuous orange line highlights treatment beginning. Cisplatin was administered at 1 mg/kg and Fingolimod at 5 mg/kg, i.p. 5 times per week. Two-way (B, 

C) and one-way (E) ANOVA test followed by Bonferroni’s multiple comparisons test (versus control, ∗ p ≤ 0.05, ∗ ∗ p ≤ 0.01, ∗ ∗ ∗ p ≤ 0.001, ∗ ∗ ∗ ∗ p ≤ 0.0001). Data 

represent mean and SD. n = 6 mice per group at the start of treatment. 

Fig. 5. Effects of Cisplatin and Fingolimod on tumor recurrence after primary breast tumor resection. 

A. Procedure for the breast cancer resection model and associated tumor relapse and survival analysis. B. Analysis of Cisplatin and Fingolimod anti-tumor activity 

post primary tumor resection in the 4T1 mouse TNBC syngeneic grafting model. Quantification of the tumor volume by caliper. 

Cisplatin at 1 mg/kg or Fingolimod at 5 mg/kg treatment i.p. 5 times a week starting two days after tumor resection (day 2). Two-way ANOVA test followed by 

Bonferroni’s multiple comparisons test (vs. control, ∗ p ≤ 0.05, ∗ ∗ p ≤ 0.01, ∗ ∗ ∗ ∗ p ≤ 0.0001). Survival curves were constructed using the Kaplan-Meier method and 

analyzed by log rank test. Data represent mean and SD. n = 6 mice per group at the start of treatment. 
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ouse body weight over time in both syngeneic and xenograft mod-

ls ( Fig. 6 A-B). The combination of treatments significantly decreased

ouse body weight compared to the control and Fingolimod-treated

roups. No significant difference was observed between Cisplatin and

he combination, suggesting that toxicity may be due to Cisplatin alone

 Fig. 6 A). In contrast to Cisplatin, no obvious effect on mouse behav-

or was observed in groups treated with Fingolimod during the studies.

ltogether, these data suggest that Fingolimod was well tolerated in
ice. a  
iscussion 

Data from the literature suggests that the S1P protein level is ele-

ated in breast cancer tissue [9] and that tumor invasion into lymph

odes is associated with higher levels of S1P in breast cancer [46] . S1P

argeting therefore seems to be a relevant strategy to limit TNBC pro-

ression [14] . In this work, we used Fingolimod as a pharmacological

ool, described in the literature to target S1P axis [14] , in TNBC in vitro

nd in vivo models, and demonstrated preclinical efficacy of Fingolimod
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Fig. 6. Effects of Cisplatin and Fingolimod on tumor-bearing mouse body weight. 

A-B. Measure and comparison of mouse body weight upon Cisplatin at 1 mg/kg or Fingolimod at 5 mg/kg treatment i.p. 5 times per week in the 4T1 syngeneic breast 

cancer model (A) and in the MDA-MB-231-RFP-Luc xenograft breast cancer model (B). Discontinuous orange line highlights treatment beginning. 

Two-way ANOVA test (Mixed-effects model) followed by Tukey’s multiple comparisons test (vs. control ∗ p ≤ 0.05, ∗ ∗ p ≤ 0.01, ∗ ∗ ∗ ∗ p ≤ 0.0001; Cisplatin vs. Fingolimod, 

# p ≤ 0.05; Cisplatin vs. Combination, § p ≤ 0.05; Fingolimod vs. Combination, & p ≤ 0.05). Data represent mean and SD. n = 8 (A) and 6 (B) mice per group at the 

start of treatment. 
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or reducing tumor progression. We trust that these encouraging data

ill stimulate further preclinical studies evaluating the mechanism of

ction of Fingolimod. 

Fingolimod was developed as an immunosuppressive drug for the

reatment of multiple sclerosis. Fingolimod induces the retention of lym-

hocytes in secondary lymphoid organs thereby reducing peripheral cir-

ulating lymphocytes. Fingolimod also displays anti-cancer efficacy in

nimal models of cancer [ 13 , 14 ]. However, the mechanisms of action of

ingolimod are diverse and have yet to be fully characterized. The use of

n vitro cell viability and in vivo tumor graft models in immunocompe-

ent or immunodeficient mice (lacking functional T cells), showed that

ingolimod represses primary tumor progression and metastasis forma-

ion. A similar anti-tumor response was observed in immunocompetent

nd immunodeficient mice, suggesting a T cell independent response.

oreover, we demonstrated that Fingolimod is able to directly affect

NBC cell survival in vitro. Several research teams demonstrated similar

nti-proliferative effects of Fingolimod in multiple cancer cell lines in-

luding hepatocellular carcinoma, prostate cancer, and ovarian cancer

ells [ 16 , 17 , 47 , 48 ]. We also observed that Fingolimod induces tumor

ell death in 2D and 3D in vitro models, consistent with described data

n other tumor indications such as hepatoma [49] . Our data indicated

hat Fingolimod reduces tumor growth through an increase of cancer

ell apoptosis and death ( Fig. 2 ). In contrast, Fingolimod has minimal

ffects on normal cells [13] , suggesting an interest for its repurposing

s an anti-cancer drug for TNBC. Cisplatin, on the other hand, reduces

umor growth in 3D tumor spheroid models with less effect on cell apop-

osis and death, except at high dose. The effect of Cisplatin is likely a

esult of inhibition of replication by Cisplatin-DNA adducts rather than

 stimulation of apoptosis signaling, such as caspase- or p73-derived

athways [ 50 , 51 ]. 

Fingolimod interferes with several mechanisms and related path-

ays affecting tumor mobility [ 13 , 14 ]. We demonstrated that Fin-

olimod reduces liver and spleen macro-metastasis formation in 4T1

rthotopic syngeneic models. In contrast, we did not observe any ef-

ect of Fingolimod on lung macro-metastasis formation in either 4T1 or

DA-MB-231-RFP-Luc orthotopic graft models and also in experimen-

al metastasis model with MDA-MB-231-RFP-Luc cells, suggesting dif-

erential Fingolimod-related mechanism of action between lung, liver or

pleen. Fingolimod has already been shown to repress in vitro migration

nd invasion capacities of prostate [22] or medulloblastoma cells [52] .
ingolimod inhibits of RhoA/Rac/ROCK-1 signaling in macrophage

53] , and RhoA and in prostate cancer and glioblastoma cells, leading

o reduced tumor cell mobility and invasion [ 43 , 54 ]. Fingolimod also

ownregulates markers of epithelial-to-mesenchymal transition (EMT)

n tumor cells [ 55 , 56 ], suggesting its possible efficacy against tumor cell

igration and invasion. In vivo, Fingolimod limits lung metastases in the

epatocellular carcinoma xenograft model [ 57 , 58 ] and in the melanoma

yngeneic model [59] , however, Fingolimod did not affect the number

f distant metastases (lungs, liver, pancreas, mesenteric and kidney) in a

rostate xenograft model [17] , suggesting cancer type-related response.

n breast cancer, Fingolimod suppresses lung metastases in high fat diet

odels of transgenic and syngeneic orthotopic TNBC mice, when admin-

strated in prophylaxis before tumor cell injection [25] whereas it did

ot affect lung metastases in a normal diet syngeneic orthotopic model

hen treatment started after tumor cell injection [60] . In the present

tudy, we evaluated the effect of Fingolimod on lung metastases in a

yngeneic model of TNBC and, to our knowledge, for the first time in

 xenograft model. We did not observe an effect of Fingolimod on lung

etastases in both models ( Figs. 2 , 3 , and S6). This observation, at least

n the 4T1 syngeneic orthotopic model, is consistent with the data from

pitzer and collaborators [60] , but opposite to those described by Na-

ahashi et al. [34] . Nevertheless, in our work, as with Spitzer et al.,

ice were treated after metastasis apparition. These data suggest that

ingolimod might not serve interventional therapy to target lung metas-

ases. Conversely, and to our knowledge, we have demonstrated for

he first time, in the syngeneic TNBC mouse model, that Fingolimod is

ble to repress liver and spleen distant metastases. Breast cancer-derived

pleen metastases are rare in patients but represent classical metastases

ites for murine model [61–63] . Conversely, liver metastases represent

 common site of metastases in breast cancer and is correlated with

oor survival in patient with higher risk to patient death as compared

o lung metastases [ 63 , 64 ]. Thus, Fingolimod might provide valuable

linical advantage for treating in particular liver metastases. Preferred

rganotropism for breast cancer distant metastatic site is currently inves-

igated and is influenced multiple factors including genetic alterations

nd protein expression. As an example, signaling pathway such a 𝛼v 𝛽5

ntegrin expression by tumor cells favors liver metastases whereas 𝛼6 𝛽1

eems to favor lung metastases [63] . Interestingly, CXCR4/CXCL12 sig-

aling has been described to be particularly involved in liver extrava-

ation of tumor cells within the liver [63] . Remarkably, Fingolimod has
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een already described to modulate CXCR4/CXCL12 axis in experimen-

al models of multiple myeloma, prostate cancer, and multiple sclero-

is [65–67] , and might therefore more specifically affect liver and not

ung metastases. Fingolimod is also described to affect the morphology

f the tumor through modification of the vascular architecture by pro-

oting tissue remodeling, vessel normalization, and reduced hypoxia

18] , all important mechanisms participating to tumor relapse [2] . In

atients with multiple sclerosis, Fingolimod represses T cell mobiliza-

ion from lymphoid tissues, which generally results in leucopenia [11] .

his adverse effect of Fingolimod might be deleterious for breast cancer

atients. Nevertheless, low lymphocyte count is not necessarily associ-

ted with poor prognosis [ 68 , 69 ]. Moreover, Spranger and collabora-

ors demonstrated in a syngeneic melanoma model using B16F10 cells

hat concomitant administration of Fingolimod with an immune check-

oint inhibitor did not affect their efficacy and even enhanced their anti-

umoral effect. They also observed that despite a reduction of CD3 pos-

tive cells in peripheral blood, T cell infiltration within the tumor tissue

as not affected [70] , suggesting that immune-related effects in the tu-

or microenvironment are not involved in Fingolimod-derived tumor

esponse. Martin and collaborators observed a poor therapeutic effect

f Fingolimod on 4T1 tumor growth in immunodeficient mice lacking T

ells. Conversely when injected in immunocompetent mice, Fingolimod

nduced an anti-tumoral effect [27] , suggesting a potential role of T

ells in Fingolimod response. Conversely, in our assay we observed an

nti-tumoral response of Fingolimod with MDA-MB-231-RFP-Luc cells

enografted in immunodeficient mice lacking functional T cells. In ad-

ition, previous work showed that Fingolimod is not associated with a

hange in CD3 positive cell infiltration into the tumor tissue in immuno-

ompetent rat liver tumor model [49] , suggesting an absence of effect of

ingolimod on the T cell response in the tumor microenvironment. Sev-

ral research teams also described anti-tumoral effects of Fingolimod in

 xenograft model lacking functional T cells [ 13 , 14 ]. Altogether, these

ata tend to suggest complex and model-dependent anti-tumoral effects

f Fingolimod. 

To our knowledge, no clinical study investigated the efficacy of Fin-

olimod in cancer, only one safety study (NCT02490930) is currently

ompleted for patients with glioma in which Fingolimod is associated

ith radiation and Temozolomide. Nevertheless, no results have cur-

ently been published and the dose of Fingolimod used in this study is

ased on the posology used for multiple sclerosis of 0.5 mg per day. At

his dose, basal blood concentration of Fingolimod for patients with mul-

iple sclerosis could vary between 10 and 100 ng/mL [ 71 , 72 ] Snelder

t al. showed that higher doses of Fingolimod increased blood concen-

ration in human [71] , with good safety profile for chronic doses for

p to 5 mg per day [73] and for single dose for up to 40 mg [74] . Our

n vitro assay showed that the anti-cancer effect of Fingolimod is ob-

erved with doses starting from 5 μM ( Fig. 2 ) which is equivalent of

round 1 μg/mL. This anti-cancer effect is also observed at similar dos-

ng in other tumor preclinical models [ 17 , 75 ]. Therefore, a higher dose

f Fingolimod starting from 10 mg/day might represent an interesting

linical dosing for patients with cancer, suggesting that further clinical

nd safety investigations might be particularly useful. 

The therapeutic benefit of Cisplatin in breast cancer treatments is of-

en limited due to resistance [76] . We identified that Cisplatin reduced

umor growth without affecting lung metastasis formation in our TNBC

ouse models, consistent with similar observations on primary tumor

rowth [ 28 , 31 , 37 , 38 , 77 , 78 ]. We showed that Fingolimod has a similar

fficacy as Cisplatin without associated chemotherapy-related toxicity.

ndeed, Fingolimod was well tolerated in vivo, as indicated by the ab-

ence of effect on mouse body weight or behavior in our experimental

odels. Additional measurements, such as histopathological analysis,

ould complement this data, in order to exclude in vivo toxicity. In

atients with multiple sclerosis, Fingolimod demonstrated a very good

afety profile with manageable adverse events [79] . Regarding this as-

ect, and in comparison with adverse effects of chemotherapeutic agents
uch as Cisplatin, Fingolimod might represent an interesting avenue as

n anti-cancer agent in patients with TNBC. 

In our study, we do not observe a synergistic effect of Fingolimod and

he chemotherapeutic agent, Cisplatin, in the mouse 4T1 TNBC ortho-

opic model ( Fig. 3 ). Fingolimod alone demonstrates higher or similar

herapeutic efficacy compared to Cisplatin alone in our different mod-

ls. Conversely, Fingolimod potentiates the anti-cancer effects of Carbo-

latin in ovarian and breast cancer model [ 47 , 80 ] and radiation-based

herapy in prostate cancer [17] . Cisplatin and Fingolimod are described

o have similar modes of action on common signaling pathways. Both

rugs, for example, modulate MAPK or AKT-related downstream sig-

aling [ 13 , 14 , 37 , 51 , 76 ]. An effect on common pathways may therefore

xplain the poor or lack of synergy between Cisplatin and Fingolimod

bserved in the timeframe of our in vivo experiments. This suggests that

ingolimod might be used as a substitute rather than in combination to

latinum-based molecule for TNBC. 

In conclusion, we have confirmed an anti-cancer effect of Fingolimod

n primary tumor, and liver and spleen metastases, in TNBC orthotopic

ouse models, not associated with obvious safety concerns. This work

rovides a preclinical proof of concept of the therapeutic value of Fin-

olimod for the breast cancer tumor research community, and more

pecifically for TNBC. 
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