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reduced degranulation ability and in vivo cytotoxic activ-
ity. Simultaneously, MPA induced a preferential expan-
sion of CD11b+Ly6G+Ly6Cint cells in spleen and bone 
marrow of 4T1 tumor-bearing mice. In vitro, MPA pro-
moted nuclear mobilization of the glucocorticoid receptor 
(GR) in 4T1 cells and endowed these cells with the abil-
ity to promote a preferential differentiation of bone mar-
row cells into CD11b+Ly6G+Ly6Cint cells that displayed 
suppressive activity on NK cell degranulation. Sorted 
CD11b+Gr-1+ cells from MPA-treated tumor-bearing mice 
exhibited higher suppressive activity on NK cell degranu-
lation than CD11b+Gr-1+ cells from vehicle-treated 
tumor-bearing mice. Thus, MPA, acting through the GR, 
endows tumor cells with an enhanced capacity to expand 
CD11b+Ly6G+Ly6Cint cells that subsequently display 
a stronger suppression of NK cell-mediated anti-tumor 
immunity. Our results describe an alternative mechanism 
by which MPA may affect immunosurveillance and have 
potential implication in breast cancer incidence.

Abstract  The progesterone analog medroxyprogesterone 
acetate (MPA) is widely used as a hormone replacement 
therapy in postmenopausal women and as contraceptive. 
However, prolonged administration of MPA is associ-
ated with increased incidence of breast cancer through ill-
defined mechanisms. Here, we explored whether exposure 
to MPA during mammary tumor growth affects myeloid-
derived suppressor cells (MDSCs; CD11b+Gr-1+, mostly 
CD11b+Ly6G+Ly6Cint and CD11b+Ly6G−Ly6Chigh 
cells) and natural killer (NK) cells, potentially restrain-
ing tumor immunosurveillance. We used the highly meta-
static 4T1 breast tumor (which does not express the clas-
sical progesterone receptor and expands MDSCs) to 
challenge BALB/c mice in the absence or in the presence 
of MPA. We observed that MPA promoted the accumula-
tion of NK cells in spleens of tumor-bearing mice, but with 
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Introduction

Breast cancer is among the major causes of cancer death 
in women [1]. Two-thirds of breast cancers express estro-
gen receptor (ER) and/or progesterone receptor (PR) at the 
time of diagnosis, while the rest is classified as “triple-neg-
ative,” characterized by the absence of ER and PR and lack 
of over-expression of epidermal growth factor receptor-2 
(Her2) [2–4]. The fact that most mammary tumors arise 
in postmenopausal women that exhibit low levels of circu-
lating hormones has supported the notion that host factors 
play an active role in the progression of these tumors.

Hormone replacement therapy with synthetic analogs 
of progesterone (known as progestins) was originally 
conceived to restore hormonal homeostasis in climacteric 
women [5], but these compounds were also used for the 
treatment of other health conditions such as endometrial 
hyperplasia, endometriosis, dysmenorrhea, and amenor-
rhea, or taken as contraceptives [2, 6]. However, current 
experimental and epidemiologic evidence indicates that 
prolonged treatments with progestins (in particular, when 
they are used as hormone replacement therapy or as con-
traceptives) are associated with increased incidence of 
breast cancers [5]. Recent evidence has demonstrated that 
medroxyprogesterone acetate (MPA) or 17α-hydroxy-6α-
methylprogesterone acetate exhibits pro-tumoral effects 
which involve signaling via ER and PR [7–11]. Besides 
these direct effects mainly mediated by direct binding of 
this hormone analog to mammary tumor cells through ER 
and PR, progestins might regulate immune cell function 
and weaken tumor immunosurveillance. However, such 
putative effects remain ill defined.

Progress in the elucidation of mechanisms that operate 
during tumor evasion of the immune response has led to 
the characterization of regulatory cells of myeloid origin, 
named myeloid-derived suppressor cells (MDSCs), which 
display strong immunosuppressive activities in the tumor 
microenvironment [12]. MDSCs constitute a heterogeneous 
population that display low expression of typical markers 
of mature myeloid cells, but express considerable levels 
of CD11b and Gr-1 (Ly6G/C) antigens. In fact, MDSCs 
are composed of two major populations: CD11b+Gr-1high 
cells (or CD11b+Ly6G+Ly6Cint cells, which exhibit a phe-
notype resembling immature granulocytes, or G-MDSCs), 
and CD11b+Gr-1int cells (or CD11b+Ly6G−Ly6Chigh cells, 
which exhibit a phenotype resembling immature monocytes 
and other myeloid cells, or M-MDSCs) [13]. Collectively, 
MDSCs suppress innate and adaptive immune responses 
through mechanisms involving l-arginine metabolism and 

production of reactive oxygen and nitrogen species (ROS 
and NO, respectively) [14]. Remarkably, accumulation of 
MDSCs is a hallmark of many tumors, including mammary 
carcinomas [15].

Natural killer (NK) cells are critical effector cells in 
tumor immunosurveillance as they can eliminate tumor 
cells through cytotoxic responses elicited by an array of 
activating receptors, and through secretion of pro-inflam-
matory cytokines such as interferon (IFN)-γ [16–19]. How-
ever, progressive tumor growth in immunocompetent hosts 
suggests that tumor cells may directly or indirectly affect 
the antitumor activity of NK cells [20]. Recent data indi-
cate that NK cells are critical for the elimination of breast 
cancer cells, but are also target of immune escape strate-
gies displayed by tumors to defeat their effector function 
[21]. Such mechanisms could involve an inhibitory effect 
mediated by MDSCs as these cells can suppress NK cell-
mediated responses in different tumor models [22–26]. 
However, others observed that NK cells can kill MDSCs 
[27], potentially fostering tumor immunity.

Considering the broad clinical use of MPA and its 
uncertain effects on tumor immunity, here we aimed to 
examine the possible effects of this hormone substitute 
on MDSCs and NK cell function. We used the 4T1 breast 
tumor model that markedly expands MDSCs [15, 28–31] 
and displays a STAT3-dependent immune evasion pheno-
type that precludes NK cell-mediated tumor rejection [32]. 
We observed that MPA, via glucocorticoid receptor (GR), 
endows 4T1 tumor cells with an enhanced capacity to 
expand CD11b+Ly6G+Ly6Cint cells in vitro and in tumor-
bearing mice and that these MDSCs displayed a superior 
suppressive activity on NK cell degranulation in vitro and 
NK cell-mediated cytotoxicity in vivo, potentially affecting 
immunosurveillance to tumors.

Methods

Antibodies and reagents

Recombinant mouse IL-12(p70) and IL-15 were from Pep-
roTech, and recombinant mouse IL-18 was from MBL 
International. The following monoclonal antibodies (mAbs) 
against mouse molecules were used: FITC-, PE- PE/Cy7- 
or Alexa Fluor 647-labeled anti-CD3 (clone 17A2, Biole-
gend), PE-labeled anti-CD49b (clone DX5, eBioscience); 
PE/Cy5-labeled anti-CD11b (clone M1/70, Biolegend); 
Alexa Fluor 647-labeled anti-NKp46 (clone 29A1.4, eBio-
science); and APC-labeled anti-NKG2D (clone CX5, eBio-
science); PE/Cy7-labeled anti-Ly-6G/Ly-6C (Gr-1, clone 
RB6-8C5, Biolegend); FITC-labeled anti-Ly6C (clone 
AL-21, BD), PE-labeled anti-Ly6G (clone 1A8, BD), Alexa 
Fluor 647-labeled anti-IFN-γ (clone XMG1.2, Biolegend), 
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FITC-labeled anti-CD107a (clone 1D4B, Biolegend), and 
isotype-matched control mAbs (IC, Biolegend). The follow-
ing mAbs were used for Western blot: anti-PR (clone hPRa7, 
NeoMarkers), anti-GR (glucocorticoid receptor; clone 
M-20, Santa Cruz Biotechnology) and anti-actin (clone 
I-19, Santa Cruz Biotechnology). The anti-GR Ab was also 
used for immunofluorescent staining and confocal micros-
copy analysis. MPA for in vitro assays, dexamethasone, 
RU486 (Mifepristone) and phorbol 12-myristate 13-acetate 
(PMA) were from Sigma. MPA for in vivo experiments 
was from Craveri, Argentina (MEDROSTERONA). DHE 
(dihydroethidium) and DAF-2-DA (4,5-diaminofluorescein 
Diacetate) were from Calbiochem. The glucocorticoid-spe-
cific inhibitor hemisuccinate of 21-hydroxy-6,19-epoxy-
progesterone (epoxyPg) [33] was kindly provided by Dr. 
Adalí Pecci (Institute of Physiology, Molecular Biology and 
Neurosciences -IFIBYNE- and Department of Biological 
Chemistry, School of Exact and Natural Sciences, Univer-
sity of Buenos Aires, Argentina). The indoleamine 2,3 diox-
ygenase (IDO) inhibitor 1-methyltryptophane (1-MT) was 
used at 250 μM and was from Sigma; catalase was used as 
scavenger of ROS at 1,000 U/ml and was from Worthington 
Biochemical; the nitric oxide synthase (NOS) inhibitor NG-
monomethyl-l-arginine monoacetate (l-NMMA) was used 
at 5 μM and was from Calbiochem.

Cell lines

T-47D (human mammary gland ductal carcinoma), 4T1 
(mouse epithelial mammary gland carcinoma) and YAC-1 
(lymphoma) cell lines were from ATCC. To obtain con-
ditioned media (CM) from 4T1 cells, cells were cultured 
in Dulbecco’s modified Eagle medium (DMEM) with-
out phenol red (Invitrogen) and supplemented with char-
colized 2  % fetal bovine serum (from Invitrogen or from 
Natocor, Córdoba, Argentina), sodium pyruvate, glu-
tamine and gentamicin, in the absence or in the presence of 
MPA × 10−6 M for 24 h.

Mice

Normal BALB/c female mice (8–12 weeks) were obtained 
from the animal facility of the School of Veterinary, Uni-
versity of La Plata (Argentina) and housed at the animal 
facility of the Institute of Biology and Experimental Medi-
cine (IBYME) according to NIH guidelines. Studies have 
been approved by the institutional review committee.

Cell proliferation

4T1 cells were pulsed with 1 μCi/well [3H]-thymidine ([3H]-
Thy; New England Nuclear Life Science, Boston, MA, 
USA) during the last 18 h of cell culture and were harvested 

on glass-fiber filters using a Packard Filtermate cell harvester 
(Packard Instruments, La Grange, IL, USA). Incorporated 
radioactivity was measured in a liquid scintillation β-counter 
(Packard Instruments). Results are expressed as mean counts 
per minute (cpm) of triplicate wells ± SD.

In vivo experiments

Mice were injected subcutaneously in the right flank with 
2.5 × 104 4T1 cells. Then, 100 μl PBS (control group) or 
15  mg of MPA depot were subcutaneously administered 
in the flank opposite to tumor inoculation. In other experi-
ments, a group of mice was also injected in the back with a 
depot of RU486 (6 mg/mice), an antagonist of PR and GR. 
Tumor growth was measured three times a week using a 
digital caliper. Tumor volume was calculated by the modi-
fied ellipsoidal formula (length × width2)/2. When tumors 
reached a volume of approximately 1,000  mm3, animals 
were killed and primary tumors were cut into small pieces 
with surgery scissors and then, mechanically disrupted 
with 2 glass slides. Cell suspension was thereafter filtered 
through a nylon mesh and washed with saline solution. 
Also, their spleen and bone marrow were processed for 
further analyses. Spleen cells were recovered from whole 
spleens mechanically disrupted with a syringe plunger 
and a nylon mesh. Erythrocytes were lysed with buffered 
ammonium chloride solution (ACK buffer) for 5 min and 
the remaining cells were resuspended in RPMI1640 with-
out phenol red (Invitrogen). To obtain bone marrow cells, 
femurs of mice were flushed with PBS, erythrocytes were 
lysed, and remaining cells were resuspended in PBS with 
0.1 % NaN3 and used for flow cytometry analysis.

In vitro cell cultures

Bone marrow cells were obtained from healthy mice as fol-
lows. Femurs were flushed with RPMI without phenol red 
(Invitrogen), erythrocytes were lysed, and remaining cells 
were resuspended in RPMI without phenol red supplemented 
with 10  % charcoal-stripped serum, sodium pyruvate, glu-
tamine and gentamicin. Cells were cultured for 4 days in the 
presence of 1 % of CM from GM-CSF-producing J588L cells 
in the absence or in the presence of 10−6 M of MPA, with 
the addition of 10 % of CM from 4T1 cells incubated in the 
absence or in the presence of 10−6  M of MPA. Thereafter, 
cells were harvested and used for flow cytometry analysis 
(staining for MDSCs) and functional studies (analysis of the 
effect of in vitro produced MDSCs on NK cell degranulation).

Flow cytometry and cell sorting

Expression of cell surface receptors and markers on 
CD11b+Gr-1+ cells and NK cells was analyzed by flow 
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cytometry (FC) using fluorochrome-labeled mAbs and 
acquired in a FACSCanto II flow cytometer (BD). For 
sorting CD11b+Gr-1+ cells, spleen cell suspensions were 
stained with anti-Ly6G/Ly6C (Gr-1) and CD11b mAbs and 
CD11b+Gr-1+ were sorted using a FACSAria cell sorter 
(BD). Purity of sorted cells was above 92 %. To measure 
ROS (reactive oxygen species) and NO (nitric oxide) pro-
duction by MDSCs, the oxidation-sensitive dye DHE and 
DAF-2-DA were used, respectively. Cells were incubated at 
37 °C in PBS in the presence of 2.5 μM of DHE or 4.4 μg/
ml of DAF-2-DA for 30 min. For PMA-induced activation, 
cells were simultaneously cultured, along with DHE, with 
25  ng/ml of PMA (Sigma). Cells were then labeled with 
anti-Gr-1 and anti-CD11b antibodies on ice and evaluated 
by FC.

Western blot

Cell lysates were prepared, and Western blot was per-
formed as previously described [34]. Fifty micrograms of 
proteins from each sample were loaded onto the gels. Pro-
teins were transferred to nitrocellulose membranes (GE), 
and equal loading was confirmed by probing for β-actin 
expression. Blocked membranes were incubated with anti-
PR mAb hPRa7, with anti-GR Ab M-20 or anti-actin mAb. 
Bound Ab was detected with peroxidase-labeled anti-
mouse IgG (Bio-Rad, Hercules, CA, USA), and chemilu-
minescence was assessed using the ECL detection reagent 
(GE) and Kodak BioMax films. No signal was detected in 
Western blot analysis of cell lysates proved with normal 
rabbit sera or normal mouse IgG.

Indirect immunofluorescence and confocal microscopy 
analysis

4T1 cells were seeded onto chamber slides (NUNC), 
stimulated for 1  h with 10−6  M of dexamethasone or 
10−8  M of MPA, fixed with 3  % of paraformaldehyde, 
permeabilized with 0.5  % Triton X-100 for 10  min and 
stained with anti-GR Ab and FITC-labeled goat anti-
rabbit IgG. Nuclei were counterstained with propidium 
iodide. Slides were mounted with DABCO, and cells 
were observed in a digital Eclipse E800 Nikon C1 laser 
confocal microscope with Nikon Plan Apo 60X/1.40 Oil 
objective.

NK cell‑mediated IFN‑γ production and NK cell 
degranulation

For assessment of NK cell degranulation, spleen cells 
of healthy BALB/c mice were cultured overnight in the 
absence or in the presence of sorted CD11b+Gr-1+ cells 
(ratio 1:2) from tumor-bearing mice or in the presence of 

in vitro produced CD11b+Gr-1+ cells (ratio 5:1). There-
after, cells were stimulated with YAC-1 cells (ratio spleen 
cells:YAC-1 cells 1:3) for 4 h and the anti-CD107a or the 
IC mAbs were added to the culture. Cells were then har-
vested and stained with anti-CD3 and anti-CD49b mAbs, 
fixed and analyzed by FC to determine the percentage 
of CD107a+ cells within the CD3−CD49b+ population. 
For assessment of IFN-γ production, splenocytes from 
healthy BALB/c mice were obtained and cultured over-
night at 37 °C in the absence or in the presence of sorted 
CD11b+Gr-1+ cells (1:2 ratio). Then, IL-12, IL-15 and 
IL-18 were added to the cultures for an additional over-
night incubation. During the last 4  h, Golgi-Plug® and 
Golgi-Stop® reagents (BD) were added, cells were har-
vested and stained with anti-CD3 and anti-CD49b mAbs, 
fixed, permeabilized with Perm Buffer II (BD), and stained 
with anti-IFN-γ mAb to determine the percentage of IFN-
γ+ cells within the CD3−CD49b+ population.

To assess the effect of MPA on endogenous NK cells, 
splenocytes from healthy mice and spleens of 4T1 tumor-
bearing mice treated with PBS or MPA were stimulated 
with YAC-1 cells (ratio spleen cells:YAC-1 cells 1:3) for 
4 h and NK cell degranulation was assessed as described. 
Also, spleen cells from these experimental groups were 
stimulated with IL-12, IL-15 and IL-18 for 18 h and used 
for the assessment of IFN-γ production by NK cells as 
described above.

In vivo cytotoxicity

A modification of the method described by Saudemont 
et  al. [35] was implemented using allogeneic and synge-
neic spleen cells as target cells. Target spleen cells from 
C57BL/6 and BALB/c mice were labeled with 1 and 
10 μM of CFSE (Invitrogen), respectively, washed, mixed 
in a 1:1 ratio and 107 cells/mouse were injected in control 
mice (injected with PBS or MPA alone) and in tumor-
bearing mice (treated or not with MPA) by i.p. route. After 
24 h, mice were euthanized and spleen cells were analyzed 
for the relative abundance of CFSElow and CFSEhigh popu-
lations. The percentage of cytotoxicity was calculated as 
100 ×  (1—%CFSElow/%CFSEhigh), where %CFSElow cor-
responds to the percentage of CFSElow cells (allogeneic 
C57BL/6 cells) and %CFSEhigh corresponds to the percent-
age of CFSEhigh cells (syngeneic BALB/c cells) recovered 
from the spleen of each mouse.

Statistical analysis

A one-way ANOVA test with Bonferroni’s or Dunnet’s post 
hoc test was used when three or more experimental groups 
were compared, while an unpaired t test was used when 
two experimental groups were compared.
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Results

MPA promotes the expansion of CD11b+Ly6G+Ly6Cint 
(CD11b+Gr‑1high cells) cells in mammary tumor‑bearing 
hosts

Using the highly metastatic 4T1 mammary carcinoma, we 
addressed the effect of MPA on the expansion of MDSCs. 
First, we observed that MPA neither affected the in vitro 
proliferation of 4T1 cells (Fig.  1a) nor the in vivo tumor 
growth (Fig.  1b). Moreover, MPA did not affect the per-
centage of intratumoral CD11b+Gr-1+ cells compared 
with control mice (Fig.  1c, d), and these intratumoral 
CD11b+Gr-1+ cells mainly exhibited low size and high 
granularity, indicating that they might be apoptotic cells 
(not shown). Interestingly, tumor-bearing mice exposed 
to MPA exhibited increased percentages (Fig.  1d, e) and 
absolute numbers (Fig.  1f) of CD11b+Gr-1+ cells in the 
spleen compared with mice exposed to the vehicle. Note-
worthy, compared with spleen CD11b+Gr-1+ cells, intra-
tumoral CD11b+Gr-1+ cells exhibited lower FSC and 
higher SSC parameters, which could indicate that they 
exhibit signs of apoptosis (not shown). As higher percent-
age of CD11b+Gr-1+ cells were detected in spleens of 
tumor-bearing mice exposed to MPA we further explored 
this cell compartment. Two distinct subpopulations of 
CD11b+Gr-1+ cells that differ in the expression of Gr-1 
(Ly6G/C) and in the mechanisms used to promote immune 
suppression have been described [13]. Therefore, we ana-
lyzed the effects of MPA on the relative frequency of these 
subsets. Although both CD11b+Gr-1high and CD11b+Gr-
1low cell populations were expanded in the spleens of 
tumor-bearing mice, MPA induced a statistically significant 
increased accumulation of CD11b+Gr-1high cells (Fig.  1g, 
i) but not of CD11b+Gr-1low cells (Fig. 1h, i). Of note, the 
accumulation of CD11b+Gr-1+ cells was not observed in 
tumor-free animals treated with MPA, suggesting that MPA 
acts in concert with 4T1 cells to promote the expansion of 
these CD11b+Gr-1+ cells. In addition, CD11b+Gr-1+ cells 
from 4T1 tumor-bearing mice produced similar amounts 
of ROS and NO than CD11b+Gr-1+ cells from 4T1 tumor-
bearing mice exposed to MPA, as assessed by FC in non-
stimulated CD11b+Gr-1+ cells and in CD11b+Gr-1+ cells 
stimulated ex vivo with PMA (Suppl. Fig.  1), indicating 
that MPA does not modify specifically the ability of these 
cells to produce these immunosuppressive mediators. The 
differential accumulation of CD11b+Gr-1+ subpopulations 
in 4T1 tumor-bearing mice was confirmed using Ly6G- and 
Ly6C-specific mAbs, as we observed that MPA induced 
a preferential expansion of CD11b+Ly6G+Ly6Cint cells 
(which correspond to CD11b+Gr-1high cells or G-MDSCs, 
Fig. 1j, l) but not CD11b+Ly6G−Ly6Chigh cells (which cor-
respond to CD11b+Gr-1low cells or M-MDSCs, Fig. 1k, l).

To explore whether the expansion of MDSCs induced 
by MPA can be prevented by the anti-progestin RU486, 
mice were challenged with 4T1 cells in the absence or 
in the presence of a MPA depot and treated or not with 
RU486 (Fig.  2). Accumulation of spleen CD11b+Gr-1+ 
cells (Fig. 2a, d) and CD11b+Gr-1high cells (Fig. 2b, d) but 
not accumulation of CD11b+Gr-1low cells (Fig. 2c, d) was 
prevented by the antagonist. Similar results were obtained 
when the MDSC subpopulations were analyzed with the 
Ly6G-specific mAb (Fig.  2e, g) and Ly6C-specific mAb 
(Fig. 2f, g). Of note, primary tumor size was not affected 
by RU486 treatment (not shown).

To investigate if a previous exposure to MPA before 
tumor challenge affects expansion of CD11b+Gr-1+ cells, 
mice were injected with MPA, and 26  days later were 
inoculated with 4T1 cells. As before, we observed a similar 
accumulation of spleen CD11b+Gr-1+ cells with a prefer-
ential expansion of CD11b+Gr-1high cells as in mice simul-
taneously exposed to MPA and challenged with 4T1 tumor 
cells (Suppl. Fig.  2A). Of note, treatment of mice with 
MPA for 26 days did not affect the absolute number and the 
percentage of the main peripheral white blood cell subpop-
ulations (total leukocytes, T cells, NK cells, CD11b+Gr-1+ 
cells, CD11b+Gr-1high cells and CD11b+Gr-1low cells) at 
the moment of tumor inoculation (Suppl. Fig.  2B). These 
results indicate that MPA per se does not predispose the 
host to the observed preferential expansion of CD11b+Gr-
1high (CD11b+Ly6G+Ly6Cint) cells. Instead, MPA may 
interact coordinately with 4T1-secreted products to pro-
mote such differential expansion in spleen and bone mar-
row or MPA may endow 4T1 cells with an enhanced capac-
ity to trigger expansion of CD11b+Ly6G+Ly6Cint cells.

The preferential expansion of CD11b+Ly6G+Ly6Cint 
cells in spleens was mirrored by a higher expansion of 
CD11b+Ly6G+Ly6Cint cells in bone marrow of tumor-
bearing mice exposed to MPA compared with tumor-bear-
ing mice treated with vehicle control (Fig. 3a–c). Therefore, 
to explore the mechanism through which MPA cooperates 
with 4T1-secreted products to promote the differential 
expansion of CD11b+Ly6G+Ly6Cint cells, CD11b+Gr-1+ 
cells were differentiated in vitro from bone marrow from 
healthy mice [36] in the presence of conditioned media 
(CM) from 4T1 cells that had been previously exposed or 
not to MPA, and the frequency of CD11b+Gr-1+ cells and 
CD11b+Ly6G+Ly6Cint cells was analyzed (Fig. 3d–g). We 
observed that CM from 4T1 cells cultured with MPA sig-
nificantly increased the generation of CD11b+Gr-1+ cells 
(Fig. 3d, e) and CD11b+Ly6G+Ly6Cint cells (Fig. 3f, g), as 
compared to CM from 4T1 cells cultured in the absence of 
MPA. However, direct addition of MPA to the differentia-
tion media did not affect the generation of CD11b+Gr-1+ 
cells or CD11b+Ly6G+Ly6Cint cells. These results suggest 
the existence of a direct effect of MPA on 4T1 cells. As 4T1 
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cells do not express the classical PR, which was confirmed 
by Western blot (Fig. 3h), we explored whether these cells 
express the GR since it has been reported that MPA may 

exert several effects through this receptor [37, 38]. West-
ern blot analysis revealed that 4T1 cells indeed express GR 
(Fig. 3i) while confocal microscopy analysis demonstrated 
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that 10−6 and 10−8 M of MPA-induced nuclear mobiliza-
tion of the GR similar to dexamethasone, an agonist of 
GR (Fig. 3j). To definitely confirm that MPA directly sig-
nals through the GR in 4T1 cells to drive the preferential 
expansion of MDSCs, CD11b+Gr-1+ cells were differ-
entiated in vitro from bone marrow from healthy mice in 
the presence of CM from 4T1 cells that had been previ-
ously exposed to MPA or in the presence of CM from 4T1 
cells that had been treated with the GR-specific inhibitor 
epoxyPg and then exposed to MPA (Fig.  3k–l). In these 
experiments, we observed that pharmacologic inhibition 
of the signaling of MPA through GR abrogated the prefer-
ential expansion of CD11b+Gr-1+ cells (Fig. 3k, l) and of 
CD11b+Ly6G+Ly6Cint cells (not shown). Therefore, MPA 
endows 4T1 cells with an improved capacity to promote 
the expansion of CD11b+Ly6G+Ly6Cint cells, most likely 
through induction of nuclear mobilization of GR.

MPA‑expanded CD11b+Gr‑1+ cells impair NK cell 
effector functions

As NK cells are critical players of tumor immunity, we 
assessed the effect of CD11b+Gr-1+ cells on NK cell effec-
tor functions. NK cells from healthy mice were cultured 
without or with sorted CD11b+Gr-1+ cells isolated from 
spleens of 4T1 tumor-bearing mice previously exposed 
or not to MPA. Thereafter, NK cells were stimulated with 
YAC-1 cells and analyzed for degranulation and IFN-γ pro-
duction (Fig.  4). Analysis of the percentage of CD107a+ 
cells within the CD3−CD49b+ cell population revealed that 

coculture with CD11b+Gr-1+ cells from 4T1-tumor-bear-
ing mice significantly inhibited degranulation of NK cells. 
Moreover, if the CD11b+Gr-1+ cells had been obtained 

Fig. 1   MPA promotes expansion of spleen CD11b+Gr-1+ 
(CD11b+Ly6G+Ly6Cint) cells. a In vitro growth of 4T1 cells in the 
absence (0 M) or in the presence of 10−8 or 10−6 M of MPA. b In 
vivo tumor growth of 4T1 cells in the absence (open circle) or in 
the presence of MPA (filled circle). Mean ± SEM were depicted in 
panels a and b. c Percentage of intratumoral CD11b+Gr-1+ cells 
in mice challenged with 4T1 cells and treated with PBS (“4T1”) or 
MPA (“4T1  +  MPA”). ns nonsignificant (unpaired t test). d Rep-
resentative dot plots. Percentage (e) and absolute numbers (f) of 
spleen CD11b+Gr-1+ cells in mice challenged with 4T1 cells and 
treated with PBS or MPA. *p  <  0.05; **p  <  0.01 (unpaired t test). 
Percentage of CD11b+Gr-1high (g) and CD11b+Gr-1low (h) subpopu-
lations detected with the anti-Ly-6G/Ly-6C (Gr-1) mAb RB6-8C5 
in spleens of control mice (injected with PBS or MPA alone) and in 
tumor-bearing mice (in the absence or in the presence of MPA). ns 
nonsignificant; *p < 0.05; ***p < 0.001 (one-way ANOVA with Bon-
ferroni post hoc test). i Representative dot plots of data shown in e–h. 
CD11b+Ly6G+Ly6Cint (j) and CD11b+Ly6G−Ly6Chigh (k) subpopu-
lations detected with Ly6G and Ly6C monospecific mAbs 1A8 and 
AL-21, respectively, in spleens of tumor-bearing mice (in the absence 
or in the presence of MPA). ns nonsignificant; *p < 0.05 (unpaired t 
test). l Representative dot plots of data shown in j and k. Numbers 
within dot plots correspond to the percentages of cells in the marked 
region. Each dot in panels c, e to h, j and k correspond to one ani-
mal. Mean and SEM are also indicated. Results from one representa-
tive experiment are shown and in vivo experiments were performed at 
least three times with ≥5 animals per group
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Fig. 2   RU486 (Mifepristone) reverses MPA-driven accumulation 
of CD11b+Gr-1high cells (CD11b+Ly6G+Ly6Cint cells) in spleens of 
tumor-bearing mice. Percentage of CD11b+Gr-1+ (a), CD11b+Gr-
1high (b) and CD11b+Gr-1low cells (c) detected with the anti-Ly-
6G/Ly-6C (Gr-1) mAb RB6-8C5 in spleens of tumor-bearing mice in 
the absence (4T1), in the presence of MPA (4T1 + MPA) or simul-
taneously injected with MPA and RU486 (4T1 +  MPA +  RU486). 
d Representative dot plots of data depicted in a–c. Percentage of 
CD11b+Ly6G+Ly6Cint (e), and CD11b+ Ly6G−Ly6Chigh cells (f) 
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from MPA-treated 4T1 tumor-bearing mice they induced 
a more pronounced inhibitory effect (Fig. 4a, b), suggest-
ing that CD11b+Gr-1+ cells compromise NK cell degran-
ulation and display a higher suppressive activity when 
they were generated in the presence of MPA. In addition, 
though YAC-1 cells express NKG2D and NKp46 ligands 
and lysis of YAC-1 cells by NK cells is dependent on 
NKG2D and NKp46 [39], we observed that the inhibitory 
effect of CD11b+Gr-1+ cells on NK cell degranulation did 
not involve modulation of NKG2D or NKp46 expression 
(Supplementary Fig.  3). Moreover, CD11b+Gr-1+ cells 
from 4T1-tumor-bearing mice treated or not with MPA, 
significantly reduced the percentage of IFN-γ+ NK cells 
in response to stimulation with IL-12, IL-15 and IL-18 
(Fig. 4c, d). Remarkably, in vitro produced CD11b+Gr-1+ 
cells displayed suppressive activity on NK cell degranula-
tion and MPA promoted the generation of CD11b+Gr-1+ 
cells with superior ability to inhibit NK cell degranulation 

(Fig.  4e, f). To address the mechanisms that account for 
inhibition of NK cell degranulation by CD11b+Gr-1+ 
cells, splenocytes from healthy mice were cultured with 
CD11b+Gr-1+ cells generated in vitro in the presence of 
CM from 4T1 cells that had been previously exposed or not 
to MPA, in the presence of different inhibitors of known 
suppressive mediators (Fig. 4g, h). We observed a statisti-
cally significant recovery of NK degranulation when the 
activity of IDO was inhibited with 1-MT, but not when 
ROS were scavenged with catalase. Also, we observed a 
minor but not statistically significant recovery of NK cell 
degranulation when NOS was inhibited with l-NMMA. 
These results suggest that IDO activity might be responsi-
ble for the impaired NK cell degranulation observed in our 
experiments.

To further address the effect of CD11b+Gr-1+ cells on 
NK cells and their effector functions in vivo, we analyzed 
the abundance, degranulation and IFN-γ production of 
NK cells in spleens of mice bearing 4T1 tumors grown in 
the absence or in the presence of MPA (Fig. 5). First, we 
observed that spleens of MPA-treated tumor-bearing mice 
displayed a significantly increased percentage (Fig. 5a, d) 
and absolute number (Fig. 5b) of NK cells than spleens of 
untreated tumor-bearing mice or tumor-free mice. How-
ever, the ratio of CD11b+Gr-1+ cells to NK cells was simi-
lar in tumor-bearing mice exposed to MPA and in mice 
treated with vehicle alone (Fig.  5c), suggesting that the 
increased percentage of spleen NK cells observed in tumor-
bearing mice treated with MPA and their putative effector 
functions might be compensated by a dominant suppres-
sive activity of CD11b+Gr-1+ cells. To address this hypoth-
esis, spleen cells from 4T1 tumor-bearing mice treated or 
not with MPA were stimulated with YAC-1 cells and ana-
lyzed for degranulation of NK cells or stimulated with 
IL-12, IL-15 and IL-18 and analyzed for IFN-γ produc-
tion (Fig. 5e–h). Assessment of the percentage of CD107a+ 
cells within the CD3−CD49b+ cell population revealed that 
NK cells from 4T1-tumor-bearing mice exposed to MPA 
displayed a significantly reduced degranulation than NK 
cells from 4T1-tumor-bearing mice not exposed to MPA 
(Fig. 5e, f). However, no differences in the percentages of 
IFN-γ-producing NK cells were detected between tumor-
bearing mice exposed or not to MPA (Fig. 5g, h). Remark-
ably, in vivo NK cell-mediated cytotoxicity was impaired 
in tumor-bearing mice exposed to MPA when compared 
with tumor-bearing mice not exposed to MPA (Fig. 5i, j), 
further supporting our observations. These results indicate 
that CD11b+Gr-1+ cells derived from 4T1 tumor-bearing 
mice compromise effector functions of exogenous and 
endogenous NK cells and that when tumors are generated 
in the presence of MPA, these CD11b+Gr-1+ cells dis-
play a stronger suppressive activity on NK cell-mediated 
cytotoxicity.

Fig. 3   MPA promotes nuclear mobilization of GR and endows 4T1 
cells with an improved ability to expand CD11b+Ly6G+Ly6Cint 
cells in bone marrow of tumor-bearing mice. Percentage of 
CD11b+Ly6G+Ly6Cint (a) and CD11b+ Ly6G−Ly6Chigh (b) subpopu-
lations in bone marrow of control mice (injected with PBS or MPA 
alone) and in tumor-bearing mice (treated or not with MPA). c Repre-
sentative dot plots. d Percentage of CD11b+Gr-1+ cells upon in vitro 
differentiation of bone marrow cells from normal mice with GM-CSF 
in the presence of CM from 4T1 cells (not exposed to MPA, “4T1”), 
in the presence of MPA and CM from 4T1 cells (not exposed to 
MPA), or in the presence of CM from 4T1 cells cultured in the pres-
ence of MPA (“4T1 + MPA”). e Representative dot plots. f Percent-
age of CD11b+Ly6G+Ly6Cint cells upon in vitro differentiation of 
bone marrow cells from normal mice with GM-CSF in the presence 
of CM from 4T1 cells, presence of CM from 4T1 cells and MPA, 
or in the presence of CM from 4T1 cells cultured in the presence of 
MPA. g Representative dot plots. Numbers within dot plots corre-
spond to the percentages of cells in each marked region. ns nonsig-
nificant; *p < 0.05; ***p < 0.001 (one-way ANOVA with Bonferroni 
post hoc test). Results from one representative experiment are shown 
and in vivo experiments were performed at least three times with ≥3 
animals per group. Western blot analysis of expression of classical 
PR (h) and GR (i) by 4T1 cells. T-47D cells were used as positive 
control for PR expression. Western blots for β-actin (loading control) 
are shown. j 4T1 cells were cultured alone (without stimulus “w/S”), 
with dexamethasone 10−6 M (Dex) or with MPA 10−6 M for 1 h. GR 
expression was analyzed by confocal microscopy. IC, cells stained 
with the isotype-matched negative control Ab. Green GR expression; 
red nuclei stained with propidium iodide. Results presented corre-
spond to 4T1 cells from one experiment performed with cells from 3 
independent experiments. k Percentage of CD11b+Gr-1+ cells upon 
in vitro differentiation of bone marrow cells from normal mice with 
GM-CSF in the presence of CM from 4T1 cells (not exposed to MPA, 
“4T1”), in the presence of CM from 4T1 cells cultured with epoxyPg 
but not exposed to MPA, “4T1 + epoxyPg”), in the presence of CM 
from 4T1 cells cultured in the presence of MPA (“4T1 + MPA”) or 
in the presence of CM from 4T1 cells cultured in the presence of 
epoxyPg and MPA (“4T1 + epoxyPg + MPA”). l Representative dot 
plots. Numbers within dot plots correspond to the percentages of cells 
in each marked region. ns nonsignificant; *p  <  0.05; ***p  <  0.001 
(one-way ANOVA with Bonferroni post hoc test)
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Discussion

Prolonged exposure to MPA, a widely used progestin as 
hormone replacement therapy and as contraceptive, has 
been associated with increased incidence in breast cancer 
[5]. In this work, we reasoned that some of the underly-
ing mechanisms of this phenomenon could involve an 
MPA-driven expansion of MDSCs as they represent one 
of the major immunosuppressive cell populations associ-
ated with tumor progression [40] and consequently may 
compromise NK cell-mediated effector functions. We 
used the 4T1 mammary carcinoma model as they pro-
mote the accumulation of MDSCs [15, 28–31] and display 
an immunoevasion phenotype that confers resistance to 
NK cell-mediated tumor rejection [32]. In this breast can-
cer model, we observed that MPA did not induce changes 
in the in vitro proliferation of 4T1 tumor cells or in the 
in vivo growth of primary tumors. The absence of tumor 
progression induced by MPA in vivo in our experimental 
setting is probably due to the fact that 4T1 cells do not 
express PR or ER, both of which are critically involved 
in phosphorylation of STAT3 which in turn is a crucial 
step in the enhanced cell proliferation and primary tumor 
growth induced by MPA in PR+ mammary carcinomas 
in response to MPA [41, 42]. Moreover, as 4T1 constitu-
tively express phosphorylated STAT3 [32, 43], these cells 
seem to exhibit a constitutively active intracellular net-
work that sustains their proliferation in a MPA-independent 
manner, resulting in a primary tumor growth that was not 
affected by MPA. In addition, we observed that MPA did 
not affect the recruitment of intratumoral CD11b+Gr-1+ 
cells and that these intratumoral CD11b+Gr-1+ cells 
resembled apoptotic cells. The occurrence of a high per-
centage (67.9 ± 4.5 %) of apoptotic intratumoral MDSCs 
in 4T1 tumor-bearing mice has been previously observed 
by others [44], suggesting that the main suppressive effects 
could be due to CD11b+Gr-1+ cells resident in other ana-
tomic niches. Using the same tumor model, in another 
work we observed that in vivo treatment of MPA induced 
higher number of lung metastases [45]. As recurrence is 
the main cause of mortality in women with breast cancer 
[46, 47], we focused our research on peripheral alterations 
caused by MPA that may weaken immune surveillance 
against tumors, paying special attention to MDSCs and 
NK cells. We observed that MPA induced a preferential 
accumulation of CD11b+Ly6G+Ly6Cint cells (CD11b+Gr-
1high or G-MDSCs) but not CD11b+Ly6G−Ly6Chigh 
cells (CD11b+Gr-1int or M-MDSCs) in spleens and bone 
marrow of 4T1-bearing mice, which cannot be asso-
ciated with a higher primary tumor mass (number of 
tumor cells) in the host. Moreover, the expansion of 
CD11b+Ly6G+Ly6Cint cells was not exclusively due to 
an effect mediated by the progestin alone as tumor-free 

animals treated with MPA did not exhibit accumulation 
of MDSCs. In addition, prevention of the MPA-induced 
accumulation of CD11b+Ly6G+Ly6Cint cells in tumor-
bearing mice treated with the anti-progestin RU486 (mife-
pristone) and the lack of a more pronounced accumulation 
of CD11b+Ly6G+Ly6Cint cells when MPA was admin-
istrated previous to tumor challenge indicate that MPA 
probably acts in concert with tumor-derived factors or 
endow tumor cells with an improved capacity to expand 
CD11b+Ly6G+Ly6Cint cells. Experiments performed in 
vitro with CD11b+Gr-1+ cells differentiated from bone 
marrow cells and CM from tumor cells favor this second 
possibility. Under these conditions, MPA exerts its effects 
through the GR as 4T1 cells do not express the classi-
cal PR expression, we observed that MPA promoted the 
nuclear mobilization of GR, and the use of a GR-specific 
inhibitor epoxyPg reversed the preferential expansion of 
CD11b+Gr-1+ and CD11b+Ly6G+Ly6Cint cells.

Fig. 4   MPA-expanded spleen CD11b+Gr-1+ cells display stronger 
suppressive activity on NK cell degranulation. a Degranulation 
of NK cells (gated as CD3−CD49b+ cells) from normal BALB/c 
mice upon culture overnight in the absence (−) or in the pres-
ence of sorted CD11b+Gr-1+ cells isolated from spleens of 4T1 
tumor-bearing mice [+CD11b+Gr-1+ (4T1)] or from 4T1 tumor-
bearing mice exposed to MPA [+CD11b+Gr-1+ (4T1  +  MPA)] 
and then stimulated with YAC-1 cells for 4  h. The percentage 
of CD107a+ cells within the CD3−CD49b+ cell population was 
depicted. b Representative dot plots. c IFN-γ-producing NK cells 
(gated as CD3−CD49b+ cells) from normal BALB/c mice upon 
culture overnight in the absence (−) or in the presence of sorted 
CD11b+Gr-1+ cells isolated from spleens of 4T1 tumor-bearing 
mice [+CD11b+Gr-1+ (4T1)] or from 4T1 tumor-bearing mice 
exposed to MPA [+CD11b+Gr-1+ (4T1  +  MPA)] and subsequent 
stimulation with IL-12 + IL-15 + IL-18. d Representative dot plots. 
e Degranulation of NK cells (gated as CD3−CD49b+ cells) from 
normal BALB/c mice upon culture overnight in the absence (−) or 
in the presence of CD11b+Gr-1+ cells generated in vitro from bone 
marrows of healthy mice differentiated with CM from 4T1 cells 
(not exposed to MPA, [+CD11b+Gr-1+ (4T1)]), or in the pres-
ence of CM from 4T1 cells cultured with MPA [+CD11b+Gr-1+ 
(4T1 +  MPA)], and then stimulated with YAC-1 cells for 4  h. The 
percentage of CD107a+ cells within the CD3−CD49b+ cell popula-
tion was depicted. f Representative dot plots. IC, isotype-matched 
negative control mAb (panels b, d and f). Numbers within dot plots 
correspond to the percentages of cells in each marked region. ns non-
significant; *p < 0.05; ***p < 0.001 (one-way ANOVA with Bonfer-
roni post hoc test). Results from one representative experiment are 
shown and in vivo experiments were performed twice with ≥3 ani-
mals per group. Degranulation of NK cells (gated as CD3−CD49b+ 
cells) from normal BALB/c mice upon culture overnight in the 
absence or in the presence of CD11b+Gr-1+ cells generated in vitro 
from bone marrows of healthy mice differentiated with CM from 4T1 
cells (g) or in the presence of CM from 4T1 cells cultured with MPA 
(h), in the absence or in the presence of 1-MT, catalase or L-NMMA, 
as indicated, and then stimulated with YAC-1 cells for 4 h. The rela-
tive percentage of NK cell degranulation was depicted and was calcu-
lated considering as 100 % the degranulation achieved in the absence 
of CD11b+Gr-1+ cells and as 0 % the degranulation achieved in the 
presence of CD11b+Gr-1+ cells without inhibitors. Inhibitors alone 
did not affect NK cell degranulation (not shown)
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Growth of 4T1 mammary carcinoma partially depends 
on pSTAT3 [43], and knock down of STAT3 induces CD4 T 
cell- and NK cell-dependent tumor rejection [32], suggest-
ing that breast tumor cells display mechanisms that may 
overcome T cell- and NK cell-mediated immunity. Accu-
mulation of MDSCs in tumor-bearing mice may represent 
one of such proposed immune evasive mechanisms [15, 
28–30]. Accordingly, although we detected an increased 
expansion of NK cells in tumor-bearing mice exposed to 
MPA which, in turn, may promote tumor rejection, the con-
comitant accumulation of CD11b+Gr-1+ cells observed in 
our experiments may counterbalance this potential anti-
tumor effect. Although the suppressive effect exerted by 
MDSCs on CD4 T cells is a relatively well-established 
phenomenon [40, 48], their effect on NK cells remains ill 
defined and controversial [22, 27]. To further elucidate this 
possible immune evasion process, we investigated whether 
CD11b+Gr-1+ cells can affect NK cell effector functions 
in tumor-bearing hosts. Our results indicate that 4T1 tumor 
cells promoted the expansion of CD11b+Gr-1+ cells that 
displayed suppressive activity on NK cell degranulation 
and on IFN-γ production. Remarkably, CD11b+Gr-1+ 
cells expanded in tumor-bearing mice exposed to MPA 
exhibited a stronger inhibition of NK cell degranulation 
at a single cell level than CD11b+Gr-1+ cells expanded in 
tumor-bearing mice not treated with MPA. Such increased 
suppressive activity could be due to the higher expansion 
of CD11b+Ly6G+Ly6Cint cells induced by MPA in tumor-
bearing mice and that are the most abundant subpopulation 
in the sorted CD11b+Gr-1+ cells used in our experiments. 
Previous reports indicate that CD11b+Ly6G+Ly6Cint 
cells become preferentially expanded in the premetastatic 
niche by hypoxia or during some viral infections [49–51]. 
In the case of the viral infections, it was observed that 
such CD11b+Ly6G+Ly6Cint cells suppress NK cell effec-
tor functions through ROS production [49, 51]. In our 
setting, experiments performed with in vitro generated 
CD11b+Gr-1+ cells demonstrated that IDO activity was 
partially responsible for the reduced NK cell degranula-
tion. In line with these findings, IDO has been shown to be 
expressed in MDSCs from human breast cancer patients, 
involved in the suppression of the anti-tumor immune 
response and correlate with lymph node metastasis [52]. 
Also, purified [53] or tumor-derived IDO [54, 55] can 
inhibit NK cell effector functions. Therefore, IDO is one 
mechanism through which NK cell degranulation was 
probably impaired in our experiments. Results obtained 
in the in vivo cytotoxicity experiments further support the 
notion that NK cells from tumor-bearing mice exposed to 
MPA are less cytotoxic than NK cells from tumor-bearing 
mice not exposed to MPA.

We believe that MPA, acting via GR, endows 4T1 tumor 
cells with the ability to promote an increased expansion of 

spleen and bone marrow MDSCs (CD11b+Ly6G+Ly6Cint 
cells) that in turn would favor the establishment of lung 
metastases and subsequently promote the increased expan-
sion of spleen NK cells. However, the simultaneous accu-
mulation of MDSCs would compensate such expansion 
of NK cells as the ratio MDSCs:NK cells remained simi-
lar in MPA-treated versus untreated tumor-bearing mice. 
The fact that NK cells confronted to CD11b+Gr-1+ cells 
obtained from tumor-bearing mice treated with MPA (and 
consequently enriched in CD11b+Ly6G+Ly6Cint cells) 
exhibited impaired degranulation when compared with NK 
cells confronted to MDSCs obtained from tumor-bearing 
mice not treated with MPA further supports the idea that 
CD11b+Ly6G+Ly6Cint cells would be the major cell sub-
population involved in the impairment of the cytotoxic 
activity of NK cells in MPA-treated tumor-bearing mice 
compared with tumor-bearing mice not exposed to MPA, 
resulting in a weakened immunosurveillance to tumors 
and creating a more permissive scenario for the recur-
rence of breast cancer disease. However, experiments to 
definitely demonstrate the functional relationship between 
MPA-expanded CD11b+Ly6G+Ly6Cint cells and impaired 
NK cell degranulation in vivo would require depletion of 
CD11b+Ly6G+Ly6Cint cells in order to analyze whether 
their absence rescues NK cell effector function.

In summary, we demonstrated that MPA, acting via 
GR, endows 4T1 mammary tumor cells with the ability to 
drive a preferential expansion of CD11b+Ly6G+Ly6Cint 
cells within the CD11b+Gr-1+ cell population which, in 

Fig. 5   MPA promotes an expansion of spleen NK cells in tumor-
bearing mice that display impaired in vitro degranulation and in 
vivo cytotoxicity. Percentage (a) and absolute numbers (b) of NK 
cells in spleens of control mice (in the absence or in the presence 
of MPA) and in tumor-bearing mice (in the absence or in the pres-
ence of MPA). c Ratio of CD11b+Gr-1+ cells to NK cells in spleens 
of tumor-bearing mice treated with PBS or treated with MPA. d 
Representative dot plots. Numbers within dot plots correspond to 
the percentages of cells in each marked region. ns nonsignificant; 
**p  <  0.01, ***p  <  0.001 (one-way ANOVA with Bonferroni post 
hoc test). e Degranulation of NK cells (CD3−CD49b+ cells) present 
in spleens of 4T1 tumor-bearing mice (4T1) and in spleens of 4T1 
tumor-bearing mice treated with MPA (4T1  +  MPA) upon ex vivo 
stimulation with YAC-1 cells for 4  h. The percentage of CD107a+ 
cells within the CD3−CD49b+ cell population was depicted. f Repre-
sentative dot plots. g IFN-γ-producing NK cells (CD3−CD49b+ cells) 
present in spleens of mice treated with PBS or with MPA, in spleens 
of 4T1 tumor-bearing mice (4T1) and in spleens of 4T1 tumor-bear-
ing mice treated with MPA (4T1 + MPA) upon ex vivo stimulation 
with IL-12 +  IL-15 +  IL-18. h Representative dot plots. i Percent-
age of in vivo cytotoxicity (calculated as explained in section “Meth-
ods”) in spleens of control mice (injected with PBS or MPA alone) 
and from tumor-bearing mice (treated or not with MPA). *p < 0.05; 
***p  <  0.001 (one-way ANOVA with Bonferroni post hoc test). j 
Representative histograms of CFSE-labeled cells injected and recov-
ered from the four groups of mice. Results from one representative 
experiment are shown and in vivo experiments were performed at 
least three times with ≥3 animals per group
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turn, suppress NK function. Hence, our findings about 
MDSC-driven NK cell suppression provide a rational 
explanation for the increased incidence of breast cancer 
observed in women that have been chronically exposed 
to MPA during hormone replacement protocols or during 
contraception.
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