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ABSTRACT
◥

The role of active antitumor immunity in hormone receptor–
positive (HRþ) breast cancer has been historically underlooked. The
aim of this study was to determine the contribution of the immune
system to antiprogestin-induced tumor growth inhibition using a
hormone-dependent breast cancer model. BALB/c-GFPþ bone mar-
row (BM) cells were transplanted into immunodeficient NSG mice
to generate an immunocompetent NSG/BM-GFPþ (NSG-R) mouse
model. Treatment with the antiprogestin mifepristone (MFP) inhib-
ited growth of 59–2-HI tumors with similar kinetics in both animal
models. Interestingly, MFP treatment reshaped the tumor microen-
vironment, enhancing the production of proinflammatory cytokines
and chemokines. Tumors in MFP-treated immunocompetent mice
showed increased infiltration of F4/80þ macrophages, natural killer,
and CD8 T cells, displaying a central memory phenotype. Mecha-
nistically, MFP induced immunogenic cell death (ICD) in vivo and
in vitro, as depicted by the expression and subcellular localization of
the alarmins calreticulin and HMGB-1 and the induction of an ICD
gene program. Moreover, MFP-treated tumor cells efficiently activat-
ed immature dendritic cells, evidenced by enhanced expression of
MHC-II and CD86, and induced a memory T-cell response, attenua-
ting tumor onset and growth after re-challenge. Finally, MFP treat-
ment increased the sensitivity of HRþ 59–2-HI tumor to PD-L1
blockade, suggesting that antiprogestins may improve immunother-
apy response rates. These results contribute to a better understanding
of the mechanisms underlying the antitumor effect of hormonal
treatment and the rational design of therapeutic combinations based
on endocrine and immunomodulatory agents in HRþ breast cancer.

Significance: Antiprogestin therapy induces immunogenic
tumor cell death in PRA-overexpressing tumors, eliciting an adap-

tive immune memory response that protects mice from future
tumor recurrence and increases sensitivity to PD-L1 blockade.

Graphical Abstract: http://cancerres.aacrjournals.org/content/
canres/81/5/1375/F1.large.jpg.

that sensitizes to PDL1 blockade and protects against tumor regrowth.
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Introduction
Antitumor therapies based on restoration and activation of im-

mune responses provide a paradigm shift in cancer treatment. These
therapeutic strategies involve re-education and re-invigoration of
antitumor immune responses. Current immunomodulatory therapies
include immune checkpoint blockade (ICB), dendritic cell (DC)-
based, and adoptive T-cell transfer (1, 2). Patients treated with ICB
have shown durable increased overall survival and progression-free
survival responses in a variety of tumors (3–7).

Immunotherapy implementation for breast cancer has been parti-
cularly challenging. As mammary carcinomas were traditionally con-
sidered immunologically “cold” because of their scant or null T-cell
infiltration, therapies based on restoration or activation of immune
responses were not a treatment option (8). Tumor mutational burden
(TMB) in breast cancer is relatively low and may account for the lack
of T-cell infiltration, particularly in hormone receptor–positive (HRþ)
tumors (9, 10). However, in breast cancer, high levels of tumor-
infiltrating lymphocytes (TIL) were associated with a good prognosis,
including reduced recurrence risk (11).

It is already acknowledged that chemotherapy and radiotherapy
induce changes in the tumormicroenvironment (TME). Radiotherapy
increases type I cytokine secretion, upregulates adhesion molecule
expression on immune cells, and enhances MHC-I expression on the
tumor cell surface, resulting in the recruitment of antigen-presenting
cells (APC) and subsequent induction of T-cell activation (12).
Chemotherapeutic drugs elicit immunogenic cell death (ICD) char-
acterized by the release of damage-associated molecular patterns
(DAMP) such as calreticulin, high mobility box group-1 (HMBG-1),
adenosine triphosphate (ATP), and heat shock protein 70 (HSP70)
that foster DC maturation, thus priming antitumor immunity (13).

HRþ breast carcinomas, the most frequent tumors diagnosed in
women, have a relatively good prognosis (14). Of these, approximately
70% express estrogen (ER) and progesterone receptors (PR) and
are treated with endocrine therapy. We have previously identified a
central role for PR isoforms in breast cancer progression and proposed
an antiprogestin-based therapy for a subgroup of patients with HRþ

breast cancer (15, 16).
Despite considerable progress, the relevance of antitumor immune

response in HRþ breast tumors is still controversial. Seeking for
potential mechanisms that could integrate the endocrine and immune
landscapes inHRþ breast cancer, we investigatedwhether a short-term
antiprogestin therapy with mifepristone (MFP) might influence anti-
tumor immune responses. Here, we show that MFP engages an ICD
program capable of unleashing amemory T-cell response, which limits
tumor recurrence and increases the sensitivity of HRþ tumors to ICB.
Thus, rational design of therapies targeting both, endocrine and
immune compartments, will open new immunotherapeutic opportu-
nities for the treatment of selected patients with breast cancer.

Materials And Methods
Animals

Two-month-old female BALB/c mice from the Animal Facility of
Instituto de Biología y Medicina Experimental (IBYME) were used.
NOD/LySz-scid/IL-2Rgamma null (NSG) and transgenic green fluo-
rescent protein-expressing BALB/c (BALB/c-GFPþ) mice were pur-
chased from The Jackson Laboratory and bred at IBYME. All animals
were fed ad libitum and kept in air-conditioned room at 20� 2�Cwith
a 12-hour light/dark cycle period. All studies were performed accord-
ing to protocols approved by the IBYME-IACUC committee.

Cell lines
Pancreatic ductal adenocarcinoma human Panc1 cells (ATCC,

CRL-1469) and murine CT26 colon cancer cells (ATCC, CRL-2638)
were cultured in DMEM or RPMI-1640 supplemented with 10%
FBS and 50 mg/mL gentamicin and kept in a humidified 5% CO2

atmosphere at 37�C. Human T47D-YA and T47D-YB cells were
generously provided by Dr. K. Horwitz (University of Colorado).
Cells were authenticated by short tandem repeat profiling (Genetica
DNA Laboratories Inc.) and cultured as previously described (17).
Cell lines were routinely tested for Mycoplasma contamination
using PlasmoTest (InvivoGen).

Tumors
Mammary carcinomas were originally induced by medroxy-

progesterone acetate (MPA) in BALB/c mice. Established tumors
express ERa and PR and are maintained by subcutaneous trans-
plantations into syngeneic female mice (18). 59–2-HI and 59-HI
are hormone-independent (HI) variants originated from the
MPA-dependent 59-HD tumor and, C4-HI and C4–2-HI, from
C4-HD. C4-HI and 59–2-HI tumors regress upon antiprogestin
treatment and they have higher levels of PR isoform A (PRA)
than isoform B (PRA-H tumors), whereas C4–2-HI and 59-HI are
MFP-resistant tumors with the opposite PR isoform ratio (18). For
in vitro studies, 59–2-HI and C4–2-HI were selected because
they easily adhere to plastic and grow in primary cultures (18, 19).
T47D-YA and T47D-YB xenografts expressing, only PRA or PRB,
respectively, were generated as previously described (20, 21). A total
of 2� 105 CT26 or 1� 106 Panc1 cells were subcutaneously inoculat-
ed into BALB/c mice or NSG and NSG-R mice, respectively.

Graft protocol
Femur and tibia bone marrows (BM) from BALB/c-GFPþ mice

were flushed with saline solution. GFPþ bone marrow cells were
centrifuged at 300 � g for 5 minutes, resuspended in red blood cell
lysis solution (ACK buffer: 155 mmol/L NH4Cl; 10 mmol/L KHCO3;
0.1mmol/L EDTA at pH 7.3), incubated for oneminute andwashed in
PBS. NSG female recipients were injected intravenously with 3 � 107

whole GFPþ bone marrow cells in 120 mL of PBS. One BALB/c-GFPþ

donor supplied bone marrow for one recipient NSG mouse. To assess
bone marrow engraftment, the percentage of circulating GFPþ cells in
NSG-R mice one and two months after bone marrow transplantation,
was monitored. Blood (100 mL) was collected in the presence of
heparin (Duncan; 5,000 UI/mL) and stained for CD4 and CD8 na€�ve
and memory populations. In addition, cytokine expression after
in vitro stimulation was determined. Small intestine, skin, liver, spleen
and lymph nodes fromNSG-Rmice were formalin-fixed and paraffin-
embedded (FFPE) for histologic evaluation (hematoxylin and eosin) or
stained for GFP expression by IHC (21).

In vivo experiments
59–2-HI epithelial tumor cells (1.5 � 105, 100 mL in PBS) were

subcutaneously injected into BALB/c, NSG or NSG-R mice. Tumor
size was monitored every three days using aVernier caliper and tumor
area was measured as L�W. When tumors reached 25 mm2, animals
were treated with MFP (Sigma). High MFP doses (6-mg pellets or
10mg/kg/d) were used to induce complete tumor regression and lower
doses (0.1 mg pellets or 0.4 mg/kg/d) in combined treatments with
anti–PD-L1 and to ensure remaining tumor tissue (21). In combined
treatments, four days afterMFP-treatment initiation, PD-L1–blocking
antibody (10 mg/kg intraperitoneal every two days; InVivoMAb;
BioXcell) or isotype control were administered.
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Excised tumors were divided into three fragments that were:
Fixed in 10% formalin, mechanically and enzymatically minced
for FACS analysis (22), and kept in 4% cold paraformaldehyde
overnight and transferred to 20% sucrose for 24 hours to preserve
GFP fluorescence (21). Frozen sections were processed as described
previously (21) and nuclei counterstained with propidium iodide
(PI; Sigma). Fluorescence was analyzed by confocal microscopy
(Nikon Eclipse E800).

For re-challenge experiments, mice were anesthetized with keta-
mine (100 mg/kg) and xylazine (10 mg/kg) and tumors were excised.
Three weeks later, mice were re-inoculated with 59–2-HI tumor cells
(1.5 � 105) in the contralateral flank (19).

Flow cytometry (FACS)
Tumor-derived cells and peripheral blood mononuclear cells

(PBMC) were stained for expression of cell surface markers, and
cytokine production was assessed as described in Supplementary
Materials and Methods.

Microarray analysis
We used C4-HD tumors growing in MPA-treated BALB/c mice.

When tumors reached 50 mm2, MPA pellets were removed by surgery
andMFP (10mg/kg/d) was inoculated subcutaneously. Two days later,
tumors were excised and fixed in formalin. RNA was extracted from
FFPE tumors using the RNeasy FFPE kit (Qiagen; #73504). RNA
integrity was assessed with an Agilent Bioanalyzer 2100 (Agilent
Technologies) prior to labeling and hybridization to Gene ChipMouse
Genome 430 2.0 (Affymetrix, #900497) according to the manufac-
turer’s instructions. Data are available in the Gene Expression Omni-
bus database (GSE161012). The detailed bioinformatic analyses, with
differentially expressed genes (DEG), are described in Supplementary
Materials and Methods.

IHC
IHC was performed as described preciously (23). Primary anti-

bodies were calreticulin (sc-373863) and HMGB-1 (sc-56698; Santa
Cruz Biotechnology) and GFP (Cell Signaling Technology; 2956). A
pathologist (S.I. Vanzulli) performed a blind semi-quantitative scoring
and the stainingwas graded as negative (0), weak (1),moderate (2), and
strong (3). The staining score (scale, 0–300) results from the product
between positivity (0%–100%) and intensity.

Tumor and DC cocultures
Immature mouse DC, bone marrow cells were incubated for 8 days

in 10% FBS-supplemented RPMI with recombinant mouse GM-CSF
(20 ng/mL; Peprotech; ref. 24). Immature CD11cþ cells were then
isolated with microbeads (Miltenyi). 59–2-HI and C4–2-HI cell sus-
pensions were cultured (19) for two days and cells were treated with
MFP or etoposide (20 mmol/L) for 24 or 48 hours. Tumor and
immature DC were cocultured (1:1) for 24 hours. DC activation was
assessed as the percentage ofMHC-IIþ andCD86þ cells within the live
(Zombie Aquaneg) CD45þCD11cþ population.

Statistical analysis
GraphPad Prism 6.0 software was used. The Shapiro Wilk test was

used to evaluate normal distribution. Comparisons between two
groups were analyzed by Mann–Whitney-Wilcoxon tests or student
t tests depending on their normal distribution. ANOVA or Kruskal
Wallis were used for multiple comparisons, followed by Tukey tests to
compare selected groups. Tumor growth curves were analyzed by two-
way ANOVA with repeated measures. In re-challenge assays, contin-

gency table analysis followed by the Fisher’s exact test was used. The
log-rank test was used to analyze Kaplan–Meier curves.

Results
Development of an immunocompetent chimeric mouse model

To study the immune response upon antiprogestin therapy, we
developed immunocompetent NSG-R mice by reconstituting NSG
mice with bonemarrow from BALB/c-GFPmice. Engraftment success
was evaluated by quantification of GFPþ cells in the bone marrow
(Fig. 1A; Supplementary Fig. S1A) and blood (Fig. 1B) ofNSG-Rmice.
Circulating CD4 effector T cells (CD44þCD62Lneg) and CD8 central
memory (CD44þCD62Lhi) T cells in NSG-Rmice were comparable to
BALB/c or donor BALB/c-GFPþmice (Fig. 1C). In addition, CD8 and
CD4 T cells from peripheral blood of NSG-R mice were functional, as
they elicited cytokine production, including IFN-g , TNF, and IL-2
upon PMA/Ionomycin stimulation (Fig. 1D), although slight differ-
ences in cytokine production of CD8 T cells between NSG-R and
BALB/c-GFPþ mice were observed. We also identified GFPþ lym-
phocyte clusters in bone marrow, lymph nodes, structures resembling
Peyer patches in the small intestine sub-mucosa and spleen in NSG-R
mice with cell densities comparable with those of BALB/c mice
(Supplementary Fig. S1A–S1D). No histological differences were
observed between the small intestine, skin, and liver from NSG-R
compared with control mice (Supplementary Fig. S1E). Moreover,
CD4 and CD8 T-cell frequencies were similar (Fig. 1C), ruling out a
possible graft versus host (GvH) reaction. We also found that immune
reconstitution led to a recovery of the spleen/animal weight ratio
(Fig. 1E) in NSG-Rmice. These mice proved to be immunocompetent
because they rejected the growth of a xenogeneic pancreatic human
tumor cell line (Fig. 1F) confirming that NSG-R mice have a restored
and functional immune compartment.

Antitumor effects of MFP are similar in immunodeficient and
immunocompetent hosts

To investigate the participation of the immune system in antipro-
gestin-mediated tumor regression, we used 59–2-HI tumors (18). This
is an optimal model to evaluate the effects of endocrine therapies
because tumors express higher levels of isoformA than B, referred to as
PRA-H, and consequently regress upon MFP treatment (23).

We inoculated 59–2-HI tumors into NSG-R or NSGmice that were
treated with low MFP doses to avoid complete regression. Antipro-
gestin treatment impaired tumor growth (Fig. 2A) in both animal
models and induced immune infiltration of GFPþ cells in NSG-R
(Fig. 2B; Supplementary Fig. S2A and S2B). Thus, our results suggest
that NSG-R mice are suitable to study changes in the TME after
antiprogestin treatment.

MFP alters the immuneprofile of tumor infiltrates and augments
antitumor immunity

We have shown in HRþ tumors that short-term antiprogestin
treatment induced tissue remodeling, vascular normalization, and
macrophage and T-cell infiltration (25). To dissect the impact of MFP
treatment on tumor immune landscape, we evaluated the immune
infiltrates of NSG-R mice bearing 59–2-HI tumors. We found that
MFP-treated NSG-R mice displayed an increased infiltration of F4/
80þ macrophages (Fig. 2C, left). Regarding the lymphocytic popula-
tion, we observed an increase in CD3negCD49þ natural killer (NK)
cells (Fig. 2C, right) and cytotoxic CD8þ T cells (Fig. 2D) infiltration
and a decrease in the frequency of Foxp3þ regulatory T (Treg) cells,
leading to a lower Treg/CD8 ratio (Fig. 2E) in MFP-treated mice.
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Moreover, CD8 and CD4 T cells were enriched in central
(CD44þCD62Lhi) and effector (CD44þCD62Lneg) memory popula-
tions (Fig. 2F). Similar results were found in BALB/cmice (Fig. 2G–L)
where MFP also induced tumor growth inhibition (Fig. 2G). CD45þ

cell infiltration (Fig. 2H) was enhanced upon MFP treatment, and
importantly, we also observed an enrichment in NK cell and in CD4þ

and in CD8þ T-cell populations along with a reduction in Foxp3þ

Tregs cells (Fig. 2I). In contrast, we observed an overall reduction in
the infiltration of immunosuppressive MDSCs,
CD11bþLy6GþLy6Cneg, and CD11bþLy6GnegLy6Cþ (Supplementary
Fig. S3A). On this note, MFP systemically affected splenic granulocyte

MDSC population (Supplementary Fig. S3B). Although F4/80þ

macrophages frequency was unaltered, they displayed an elevated
MHC-II and CD206 expression (Fig. 2J), reflecting an M2-activated
phenotype. Among other myeloid populations in the TME, MFP
treatment promoted an increased frequency of CD103þ cross-
presenting DC (Fig. 2K). No significant changes in CD8þ nor CD4þ

T effector memory populations were observed (although a trend was
evident). Interestingly, CD4þ T cells upregulated PD-1 expression
(Fig. 2L), suggesting a dysfunctional phenotype. Notably, in vivo
exposure to MFP did not upregulate PD-L1 expression in 59–2-HI
tumor cells (Supplementary Fig. S4A), but instead, upregulated PD-L1

Figure 1.

Generation of immunocompetent NSG-R mice. Bone
marrow cells from immunocompetent BALB/c-GFPþ

mice were injected intravenously into female recip-
ient immunodeficient mice (NSG) to generate an
NSG-BM-GFPþ (NSG-R). BALB/c, BALB/c-GFPþ, NSG
and NSG-R mice were compared. A, The percentage
of GFPþ circulating cells was determined by FACS
analysis (n ¼ 4). B and C, Lymphoid population (circle)
was analyzed by FSC versus SSC (B). Total CD8þ and
CD4þ T cells frequencies, CD8 central memory T cells
(CD8 Tcm), CD4 effector memory T cells (CD4 Tem), and
representative dot plots of CD8 Tcm and CD4 Tem with
their gating strategies are shown (C). D, PBMCs (n ¼ 3)
were stimulated with PMA/Ionomycin and monensin
for 3 hours and cytokine expression was analyzed
(right; mean � SEM) by FACS. E, Spleens were weighed
and the ratio between spleen and animal weight
was calculated (n ¼ 5/group). F, NSG-R and NSG mice
were challenged with 1 � 107 xenogeneic Panc1
tumor cells in the inguinal flank and tumor size was
monitored (n ¼ 5/group). The mean � SD of a repre-
sentative experiment of other two is shown. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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Figure 2.

MFP treatment alters the immune composition of the TME of 59–2-HI tumors growing in NSG-R (A–F) or BALB/c mice (G–L). A and G, 59–2-HI tumors were
transplanted into NSG or into NSG-R (A) or into BALB/c (G) mice and treated or not with lowMFP doses (0.4 mg/kg/d; n¼ 6/group). Tumor growthwas measured.
Arrow, treatment initiation. B–F, Tumors were minced and analyzed by FACS. B, Quantification of GFPþ cells. C–F, Frequency of CD11bþF4/80þ macrophages and
CD3negCD49þNKcells is shown (C). Thepercentageof CD8þ cytotoxic cells (D), of CD4þCD25þFoxp3þTreg cells, and the Tregs/CD8 ratio is depicted (E). Frequency
of CD8 andCD4 T-cell, both CD44þCD62Lhi (centralmemory) andCD44þCD62Lneg (effectormemory)was described previously (F).G–L, Tumors fromBALB/cmice
treated with MFP (0.4 mg/kg/d; n ¼ 6–8/group) were minced and analyzed by FACS. The frequency of CD45þ (H), NK, CD4þ, CD8þ, and Foxp3þ Tregs cell
populations (I) is shown. Themacrophage infiltration and activation status (J), and the frequency of CD103þDCs (K) is shown. Frequency of CD8 Tem and CD4 Tem
populations andPD-1 expression inCD4þT cells is shown (L). Themean� SD froma representative experiment of three for NSG-R and two for BALB/cmice is shown.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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expression in CD45neg cells and in F4/80þ macrophages within the
tumor (Supplementary Fig. S4B and S4C), supporting an M2 pheno-
type of these cells.

We next explored whetherMFP could prime and/or expand tumor-
specific T-cell clones. Importantly, when lymphocytes isolated from
tumor-draining lymph nodes (TDLN) from MFP-treated mice were
activated ex vivo with tumor antigen-pulsed DCs, an increased pro-
portion of CD4 T cells produced IFN-g (Supplementary Fig. S5A).
No differences were observed in the frequency of IFN-g–producing
CD8 T cells, but MFP increased the frequency of activated CD69þ

CD8þ and CD4þ T cells (Supplementary Fig. S5A). These results
are consistent with an augmentedT-cell priming and/or a de-repressed
T-cell expansion upon MFP treatment. In that line, even when we did
not detect differences in the frequency of Tregs in the TDLN, there was
a significant reduction in CTLA-4 expression in MFP-treated mice,
suggesting a lower suppressive phenotype (Supplementary Fig. S5B).
Altogether, our data show that MFP treatment induces a strong
remodeling of the immune TME that may tilt the balance to an anti-
tumor immune response. However, these changes in the TME do not
appear to collectively inhibit tumor growth any further in NSG-Rmice
(Fig. 2A) that may suggest that T-cell dysfunction (via PD-L1/PD-1
pathway) or other inhibitory programs may be occurring.

We next sought for the underlyingmechanisms that correlated with
the immune remodeling elicited by MFP. After gene expression
profiling, an unsupervised clustering revealed two main gene groups
(Fig. 3A). Gene set enrichment analysis of downregulated processes
revealed an enrichment in cell-cycle and mitotic-related pathways,
which is consistent with the antiproliferative effect of MFP (Fig. 3B;
Supplementary Table S2). Interestingly, we also observed a significant
enrichment in several immune related gene ontology (GO) terms in
MFP-treated tumors (Fig. 3C; Supplementary Table S1). Using a
32-gene ICD set (26), we observed a significant enrichment of this
process inMFP-treated tumors (Fig. 3D andE) that could be positively
associatedwith amore effective immune cell priming. Next, we studied
the DEGs induced by MFP during early regression identifying 1,105
upregulated and 1,039 downregulated transcripts (Fig. 3F; Supplemen-
tary Table S3). DEGswere studied for overrepresentation of differentGO
terms revealing an upregulation in the inflammatory response process
(Fig. 3G; Supplementary Table S4) with an enrichment in proinflam-
matory chemokines, cytokines, and immune-related receptors (Fig. 3H;
Supplementary Table S5). Thus, in addition to its well-recognized effects
on the proliferation/apoptosis of PRA-H tumors, MFP also triggers a
significant remodeling of the immune profile of the TME fostering the
activation of pro-inflammatory transcriptional programs.

MFP triggers ICD mediated by DAMPs in hormone-sensitive
cells

Next, we exploredwhether themechanism bywhichMFP treatment
primed antitumor immunity involved an ICD. We evaluated whether
MFP induced changes in the expression or subcellular localization of
DAMPs, as calreticulin and HMGB-1, by IHC staining in the MFP-
sensitive tumors and in the resistant variants (18). We also assessed
DAMPs expression in the MFP-sensitive T47D-YA human xenograft
and its resistant counterpart, T47D-YB (23). We found that MFP
increased cytosolic compartmentalization of calreticulin in sensitive
murine tumors and in human-sensitive xenografts (Fig. 4A), whereas
no significant changes were detected in the MFP-resistant variants
(Fig. 4A, bar graph). Similarly, although HMGB-1 expression showed
a nuclear localization in the human sensitive T47D-YA xenografts, we
observed a clear shuttling from the nuclei toward the cytoplasm upon
MFP treatment (Fig. 4B).

To determine whether changes in DAMPs expression may in-
fluence DC function, we evaluated the ability of MFP-treated
sensitive cells to regulate DC maturation in coculture experiments.
In agreement with DAMPs exposure, MFP-treated cells upregulated
MHC-II and CD86 expression on bone marrow–derived DCs
(BMDC; Fig. 4C). Conversely, exposure to MFP-resistant tumor
cells did not produce changes associated to DC maturation, sug-
gesting that MFP induces ICD, only on MFP-sensitive tumors.
Etoposide, a topoisomerase inhibitor (27), was used as an ICD-positive
control. Upon etoposide exposition, MFP-resistant cells induced
higher MHC-II and CD86 expression on DC after coculture
(Fig. 4C). The differential response to etoposide of MFP-sensitive
and -resistant tumor cells may be due to differences in their prolif-
eration rates because MFP-resistant cells have a higher proliferation
index (21). These results emphasize the ability of MFP to trigger ICD
in selected HRþ tumor cells.

MFP treatment triggers an immunologicalmemory that protects
mice from a subsequent tumor challenge

The alterations observed in the tumor immune composition between
MFP-treated NSG and NSG-R mice, along with the enrichment on an
inflammatory and immune response gene signature, prompted us to
hypothesize that MFP could promote a protective immunological
memory. Thus, we re-challenged MFP-treated mice with the same
tumor. NSG-R mice bearing 59–2-HI tumors were treated with MFP
and then tumors and pellets were removed. Three weeks later,micewere
re-inoculated with the same tumor into the contralateral flank and
tumor growth wasmonitored until controls reached an ethical maximal
size (the complete list of treatments and group distribution are shown
in Fig. 5A). Tumors grew in 100% of NSG and NSG-R mice control
groups. Surprisingly, only 45% of NSG-Rmice that had been previously
treated with MFP developed tumors after re-challenge (Fig. 5A and B).
Importantly, MFP treatment before re-challenge significantly improved
overall survival in NSG-R mice (Fig. 5C). On the contrary, untreated
controls in both NSG-R and NSG groups reached the maximal ethical
size, suggesting a lack of antitumor protection (Fig. 5C).

We further validated these findings using BALB/c mice (Fig. 6A).
MFP treatment also induced a protectivememory response in these re-
challenge experiments (Fig. 6B and C). The specificity of the antitu-
mormemory immune response was confirmed by re-challengingmice
with syngeneic CT26 colorectal tumor that grew with similar kinetics
in all animals (Fig. 6D).

MFP treatment increases ICB response in HRþ tumors
Several preclinical studies have indicated a synergism between

chemotherapy and ICB by anti–PD-1/PD-L1 agents (12). On the basis
of the evidence that MFP induced both ICD and T-cell infiltration, we
evaluated whether priming of an antitumor immune response byMFP
could render PRA-H tumors sensitive to ICB. To this end,mice bearing
59–2-HI tumors were treated with MFP and anti–PD-L1, alone or in
combination.We used an anti–PD-L1 antibody, because it was the first
immune-checkpoint inhibitor approved for breast cancer and because
high expression of PD-L1 was detected in the TME (Supplementary
Fig. S4). MFP impaired tumor growth, whereas PD-L1 blockade alone
partially inhibited tumor growth (Fig. 7A). However, when combined
with MFP, anti–PD-L1 treatment promoted a pronounced tumor reg-
ression (Fig. 7A), inducing an antitumor immune profile (Fig. 7B–F).
Particularly, in the combinatorial regimen we found an increased
CD8/Tregs ratio within the TME (Fig. 7B) that results from a decrease
in Foxp3þ Tregs and an increase in CD8þ T-cell populations frequen-
cies (Fig. 7B). Importantly, we observed an induction of systemic
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Figure 3.

MFP treatment activates a transcriptional program involved in inflammatory and immune response. A, Unsupervised hierarchical clustering of standardized
expression values (Z-score) for the top 10,000 most variable genes. B and C, Top 20 statistically significant (FDR < 0.01) downregulated (B) or upregulated (C)
GO biological processes in MFP-treated mice after gene set enrichment analysis (pre-ranked GSEA). x-axis indicates the absolute value of the enrichment
score normalized across analyzed gene sets (NES). D and E, ICD gene set (D), Z-score values, and enrichment plot after GSEA analysis (FDR < 0.01; E). F and
G, All differential expressed genes (FDR < 0.1 and FC>2; DEGs; F). Top 20 up/downregulated pathways (FDR < 0.01; G). � , Inflammatory response GO
was also upregulated using DEG (FDR < 0.05 and FC > 2). H, List of the 24 genes upregulated in the inflammatory response GO. The x-axis is expressed in
Log2(FC; FC > 2) and color scale FDR values. Color scale indicates fold enrichment, bubble opacity denotes the FDR value, and the bubble size represents
the number of genes in the gene set after filtering out those genes not present in the expression dataset.
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central and effectormemory CD8T-cell populations (Fig. 7C), but not
in memory CD4 T cells (Fig. 7D). The combination also promoted an
increase in the proportion of CD8 and CD4 T cells producing IFN-g
and TNF (Fig. 7E and F). Interestingly, we found that the effect of each
individual treatment merges whenMFP and anti–PD-L1 were applied
together (Fig. 7B–F). Decreased frequency of Treg in TME was a
feature of MFP (Fig. 7B), whereas expansion of polyfunctional
memory CD8 T-cell population was linked to PD-L1 blockade
(Fig. 7C–F). Thus, in selected HRþ tumors, MFP induces radical
remodeling of the TME through activation of proinflammatory and
ICD transcriptional programs, which prime an adaptive memory
T-cell response that is ultimately potentiated by PD-L1 blockade.

Discussion
Breast cancer is the most commonly diagnosed cancer in women

around the world (28). Although current treatments are often

initially successful with patients with HRþ breast cancer, there is
still significant incidence of relapse and subsequent mortality.
Despite the initial excitement after the approval of the anti–PD-L1
antibody in combination with chemotherapy for patients with
metastatic TNBC (29), its effectiveness has recently been questioned
(Phase 3, IMpassion131 trial) and new immunotherapy combina-
torial regimens are still necessary. HRþ breast cancer has been
traditionally considered as non-immunogenic and, thus, the oppor-
tunities for immune intervention have been postponed (30). In this
work, we show that MFP-treated PRA-H luminal mammary car-
cinomas promote tumor ICD, which in turn elicits a memory T-cell
response protecting the host from future recurrences and sensitiz-
ing HRþ tumors to PD-L1 blockade. Although MFP has an endo-
crine-related inhibitory effect on tumor growth that is independent
of the immune system, the remodeling of the immune composition
of the TME that occurs during the tumor inhibition can be exploited
therapeutically.

Figure 4.

MFP treatment increases DAMPs exposure and activates DCs only in hormone-sensitive tumors. A and B, Calreticulin (A) and HMGB-1 (B) expression was evaluated
by IHC inMFP-sensitive and -resistant tumors after six days ofMFP-treatment (10mg/kg/d; n¼4/group). Graphs represent quantification of calreticulin cytoplasmic
score (A). Quantification of cytoplasmic and nuclear HMGB-1 scoreswas used to calculate their ratio inMFP-treated or control T47D-YA xenografts (B).C, Syngeneic
bonemarrow–derived immature DCswere cocultured for 24 hourswithMFP-sensitive or MFP-resistant tumor cells that had been previously treated or not withMFP
or with etoposide (20 mmol/L) for 24 or 48 hours. The frequency of activated MHC-IIþCD86þ/CD45þCD11cþDCswas determined by FACS. Themean� SEMof three
experiments is shown; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, nonsignificant.
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The generation of the NSG-R chimeric mice (NSGþ BM of BALB/
c-GFPþ) allowed us to evaluate the contribution of the immune system
to MFP-driven tumor growth inhibition. NSG mice are severely
immunodeficient as a consequence of the complete disruption of the
b2m and gc chains (31, 32). The advantage of the NSG-Rmodel is that
engrafted cells are easily detected in the host bymeans of GFP staining
but they also preserve residual NSG-BM activity, related to the
mesenchymal contributions of endothelial cells, fibroblasts, pericytes,
and macrophages (33, 34). Consequently, 59–2-HI tumors growing in
NSG-R mice are infiltrated by a combination of donor transplanted
and recipient BMDC. However, only BMDC from BALB/c-GFPþ

donors (Supplementary Fig. S1; Fig. 5) are functional and capable of
evoking an effective antitumor immune response. Remarkably, NSG-R
and BALB/c mouse models were optimal for functional analysis, both
respond equally to MFP treatment and share many similarities in
tumor immune composition and antitumor memory response, even
though the correspondence between the two models was not absolute.
As described, we did observe some differences in T-cell cytokine
production (Fig. 1D). In the same line, NSG-Rmice were less efficient
to reject 59–2-HI tumors after the re-challenge (Figs. 5 and 6) thatmay
reveal that chimeric mice could still have some inherent immunode-
ficiency compared with BALB/c mice. Notably, NSG-R mice were
healthy and displayed no evidence of physical or behavioral abnor-
malities related to the BM-GFPþ engraftment. Moreover, no signs of
GvH reactionwere observed inNSG-Rmice. Thismight occur because
NOD and BALB/c mice share two haplotypes. A similar finding was
reported previously describing a GvH only in old animals (35). The
technique presented herein offers a highly reproducible and low-cost
method to evaluate the bone marrow contribution to pathophysio-

logical processes and is especially suited to carry out immune recovery
strategies.

Tamoxifen and aromatase inhibitors have been the standard of care
in patients withHRþ breast cancer. Nevertheless, some of these tumors
fail to respond to treatments and many patients relapse. In the past
years, attention has been shifted toward the tumor-promoting role
of PR (36) and our group has dissected the role of PR isoforms, PRA
and PRB, in breast cancer progression (15, 23). We found that a high
PRA/PRB ratio expressed in tumor cells rendered them sensitive to
MFP treatment. Thus, MFP is being tested as a novel therapy for
patients with breast cancer with high expression of PRA (MIPRA;
NCT02651844). Our results suggest that, in addition to endocrine-
related mechanisms, antiprogestins may improve the response rate of
immunotherapy in HRþ breast cancer by favoring the development
of a T-cell memory program. A phase II clinical trial that combines
the anti–PD-1 antibody pembrolizumab together with MFP is
ongoing with advanced TNBC and HRþHER2neg breast tumors
(NCT03225547). In this trial, high doses of MFP (300 mg/day) are
used to achieve antiglucocorticoid effects and potentiate the immune
system (37). The novelty of our study lies in the proposal that low
doses of MFP would directly evoke tissue remodeling and an ICD in
PRA-H tumors that ultimately favors the immune response.

Regulation of immune responses by hormones has been widely
documented in the context of fetomaternal tolerance and during
autoimmunity, where progesterone ameliorates disease manifesta-
tions (38, 39). Expression of nuclear PR on T cells has been discarded
in most reports, and evidence indicates that progesterone action on
T cells is mediated by promiscuous binding to the glucocorticoid
receptor (GR; ref. 40) or through non-genomic activation of

Figure 5.

MFP treatment induces an immune-protective memory
in NSG-Rmice. A, Schematic diagram of the experimen-
tal design. 59–2-HI cells were injected into the flank of
NSG-Rmice.When tumors reached 20–30mm2, animals
were subcutaneously treated with high MFP doses
(10 mg/kg/d) or remained untreated. After six days,
tumors were surgically excised. After three weeks, mice
were re-challenged with a second injection of 59–2-HI
cells into the contralateral flank. Secondary tumor
growth was monitored. Created with BioRender.com.
B, Tumor incidence indicates the percentage of animals
in which a tumor was detected. Curves represent indi-
vidual tumor growth kinetics. C, Animals were eutha-
nizedwhen tumors reached 200mm2.Overall survival of
re-challenged mice is depicted in a Kaplan–Meier curve
(n ¼ 8–11/group); � , P < 0.05; ��� , P < 0.001.
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membrane PR (41). Notably, MFP used at high doses binds both
nuclear PR and GR, thus, we can speculate that MFP may trigger
immune response indirectly by inducing ICD on tumor cells by
binding to the nuclear PR, or directly by inhibiting GR expressed on
immune cells. However, given that we used low MFP concentrations,
and the observed effect was specific for tumors expressing higher

levels of PRA than PRB or High levels of PRA, the antiglucocorticoid
effect seems unlikely.

The results showed herein might be extrapolated to other hor-
mone therapies such as tamoxifen or aromatase inhibitors in the
case of breast cancer or antiandrogens for prostate cancer. The role
of ER on tumor immunity is controversial, whereas early studies

Figure 6.

MFP treatment induces an immune-protectivememory inBALB/cmice.A, Schematic diagramof the experimental design. 59–2-HI cellswere injected into theflank of
BALB/c mice and were treated as depicted in Fig. 5A, adding a group of sham mice. Created with BioRender.com B, Tumor incidence indicates the percentage of
animals in which a tumor was detected. Curves represent individual tumor growth kinetics. C, Animals were euthanized when tumors reached 200 mm2. Overall
survival of re-challengedmice is depicted in aKaplan–Meier curve.D,Mice inwhich the secondary tumors did not growwere additionally challengedwith 3� 105CT26
syngeneic tumor cells and tumor growthwasmonitored. Na€�ve animalswere used as controls (n¼6–10/group). � ,P<0.05 between control and control sham; ��� ,P<
0.001 between MFP and MFP sham.
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have shown impaired proliferative capacity of CD4 T cells and NK
cell cytotoxicity in tamoxifen-treated patients with breast cancer
(reviewed in ref. 42), recent discoveries from Conejo-Garcia’s
laboratory suggest that tamoxifen could promote antitumor immu-
nity. They found that activation of the ER promoted the expansion
of MDSCs and immune escape in ovarian and breast cancer
models (43). Upon tamoxifen treatment, the authors observed an
enhanced antitumor immune response and tumor growth inhibi-
tion. Consequently, in the multi-arm MORPHEOUS Trial, patients
with metastatic HRþ breast cancer are being treated with atezoli-
zumab combined with fulvestrant or tamoxifen (NCT03280563).
Collectively, the evidence suggests that current endocrine therapies
may elicit an antitumor immune response that could protect

patients from relapse, contributing to the success of these therapies
even after they have been interrupted. Moreover, MFP may mod-
ulate the activity of PR, GR, and androgen receptors simultaneously
and this particular property that could be named “the power of
three,” significantly expands the application of MFP as an endocrine
therapy to boost the immune response in several tumor types.

Immunotherapy has yet to achieve its full potential in breast
cancer (44). Thus, to understand the immune composition of the
breast TME or to identify specific immune cell populations that could
improve response rates is mandatory. Positive infiltration of CD8 T
cells has been associatedwith clinical benefit of anti–PD-1 treatment in
melanoma and NSCLC, as PD-1 blockade releases the breaks on
already primed cytotoxic CD8 T cells (45). The frequency of TILs in

Figure 7.

MFP increases response to anti–PD-L1 treatment in HRþ tumors. A, 59–2-HI cells were injected into the flank of immunocompetent BALB/c mice. When tumors
reached 20–30mm2, animalswere treatedwith lowMFPdoses (0.1mg/pellet) or remained untreated. Four days later, two of the experimental groups receivedPD-L1
blocking antibody every two days. Tumor growth was monitored for the next two weeks (n ¼ 5/group; left). Images of the excised tumors at the end of the
experiment (right). B, Tumors were minced and CD8þ and CD4þ Foxp3þ Tregs frequencies were assessed by FACS. Tregs (left) and CD8þ (right) T-cell frequencies
and CD8/Tregs ratio (middle) are shown. C and D, PBMCs were isolated and central- and effector-memory CD8 (C) and CD4 (D) T-cell population frequency was
determined by FACS. E and F, Cytokine production after in vitro stimulation of PBMCs with PMA/Ionomycin was determined by FACS. The mean � SD of a
representative experiment of two is shown. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; a vs. b, P < 0.05; c vs. d, P < 0.001.
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TME is associated with the TMB and abundance of neoantigens (46).
Nevertheless, among all breast cancer subtypes, only TNBC and
HER2þ tumors show a significant TMB and, consequently, a higher
number of TILs (10, 47). Hence, current efforts are aimed at boosting
tumor-specific immune responses that could turn immune desertHRþ

tumor into immune active tumors. Standard radiotherapies, chemo-
therapeutic drugs, and targeted therapies have been shown to promote
antigen release, thus priming an effective adaptive immune
response (48).

Our results demonstrate an underappreciated role of antipro-
gestins in fostering a memory T-cell response that protects from
secondary outgrowths. Mechanistically, we show that MFP treat-
ment activates in PRA-H luminal tumors an ICD program, leading
to the exposure of DAMPs, specifically calreticulin and HMGB-1,
which in turn activate DC maturation, leading to more efficient
antigen presentation. MFP treatment significantly favored lympho-
cyte infiltration into the tumor bed, increasing the transcriptional
activity of genes involved in pro-inflammatory pathways and
reducing immunosuppressive populations as Tregs and MDSCs.
These observations may reveal an essential but overlooked mech-
anism by which MFP indirectly elicits an immune response by
regulating several immune functions, including DC activation,
modulation of NK cell cytotoxicity enhancing a cellular immune
response.

Within the TME, immunological exhaustion can render TILs
ineffective to eliminate tumor cells (49). This might be the case of
MFP-treated tumors that can also be susceptible to inhibitory check-
points expressed by both tumor and non-tumor cells. In fact, we
detected an increase in PD-1 expression among CD4 T cells in MFP-
treated animals, and PD-L1 expression was induced in CD45neg cells
and F4/80þ macrophages in vivo upon endocrine treatment. There-
fore, our results encourage the rational combination of antiprogestin
therapy and ICB (particularly anti–PD-L1–targeted therapies) to
prevent tumor recurrence in a subgroup of HRþ breast cancers or
in PRA-H breast cancers.
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