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ABSTRACT

Background Breast cancer (BC) continues to be a major
health concern with 250,000 new cases diagnosed
annually in the USA, 75% of which are hormone receptor
positive (HR+), expressing estrogen receptor alpha

(ER) and/or the progesterone receptor (PR). Although
ER-targeted therapies are available, 30% of patients

will develop resistance, underscoring the need for new
non-ER/estrogen-based treatments. Notably, HR+BCs
exhibit poor lymphocyte infiltration and contain an
immunosuppressive microenvironment, which contributes
to the limited efficacy of immunotherapies in HR+BC. In
this study, we demonstrate that PR/progesterone signaling
reduces major histocompatibility complex (MHC) Class |
expression, facilitating immune evasion and escape from
immune-based clearance of PR+tumors.

Methods To determine the effect of PR/progesterone on
MHC Class | expression, we treated human and mouse
mammary tumor cell lines with progesterone and/

or interferon (IFN) and measured expression of genes
involved in antigen processing and presentation (APP), as
well as surface MHC Class | expression. We used the OT-I/
SIINFEKL model antigen system to measure the impact of
progesterone on immune cell-mediated killing of modified
tumor cells. We also analyzed two large BC clinical cohorts
to determine how PR expression correlates with APP gene
expression and MHC Class | expression in ER-positive
tumors.

Results In vitro, we show that PR/progesterone

signaling reduces APP gene expression and MHC class

| expression in human and breast mammary tumor

cell lines. PR-mediated attenuation of APP/MHC Class |
expression is more pronounced in the presence of IFN.

In immune cell killing assays, PR-expressing mammary
tumor cells treated with progesterone are protected from
immune-mediated cytotoxicity. We demonstrate that PR
expression in vivo prevents immune-mediated rejection of
xenoantigen-modified mammary tumor cell lines through
mechanisms involving MHC Class | expression and CD8

T cells. Data analysis of two large BC cohorts reveals
lower APP gene expression and MHC Class | expression

3
1,2,11

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Steroid hormone receptors (HR) such as estrogen
receptor (ER) and glucocorticoid receptor (GR) have
established roles in regulating antigen processing
and presentation (APP) and major histocompatibility
complex (MHC) class | expression, which modulate
immune surveillance in cancers. Emerging evidence
suggests progesterone receptor (PR) may influence
tumor immune evasion through modulation of APP/
MHC | machinery.

WHAT THIS STUDY ADDS

= This study identifies PR as a novel regulator of APP
and MHC class | expression in HR+breast cancer
(BC). PR signaling via progesterone downregulates
APP genes and surface MHC class | expression, fa-
cilitating tumor immune evasion by reducing CD8+T
cell-mediated killing. Analysis of clinical data sets
shows that PR-positive tumors exhibit consistently
lower APP and MHC class | expression compared
with PR-negative tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= By identifying PR as a critical regulator of APP/MHC
| downregulation, this study suggests that target-
ing PR could enhance immunotherapeutic efficacy
in HR+BC. Pharmacological inhibition of PR may
restore immune surveillance and sensitize tumors
to immune checkpoint blockade, presenting new
opportunities for combination therapies aimed at
improving outcomes for patients with PR+tumors
resistant to current treatments.

in ER/PR-positive tumors compared with ER-positive/
PR-negative tumors. These findings show that HR+BCs,
specifically PR+tumors, downregulate APP/MHC class

I machinery through PR/progesterone signaling. Use of
pharmacological PR/progesterone inhibitors may reverse
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these effects in patients with BC, thereby improving immunosurveillance
and response to immunotherapies.

INTRODUCTION
In the USA 250,000 new breast cancer (BC) cases are diag-
nosed each year.! Approximately 75% of these cases are
classified as hormone receptor positive (HR+), meaning
the tumors express estrogen receptor o, (ER) and/or the
progesterone receptor (PR).*” Despite several classes of
drugs that target ER signaling in HR+BC, up to 30% of
women develop resistance to these ER/estrogen-targeted
therapies and subsequently die from their disease.*
Therefore, novel therapies for HR+BC are urgently
needed to improve the health of a significant number
of women. Several clinical studies have linked the use of
progestins (synthetic progesterone, the native hormone
ligand for PR) as part of hormone replacement therapy
to an increased incidence of invasive BC,” suggesting that
understanding PR/progesterone signaling in HR+BC
is necessary to expand our current treatment options.
Previous work from our laboratory demonstrates that PR
represses type I interferon (IFN) signaling, a pathway
essential for immune-mediated recognition and elimi-
nation of developing tumors.”® PR-mediated repression
occurs through multiple mechanisms: suppression of
STAT1 phosphorylation, transcriptional inhibition of
interferon-stimulated genes (ISGs), and degradation of
STAT2. These processes collectively suppress type I IFN
signaling, impairing immune-mediated tumor surveil-
lance. This PR-driven modulation of interferon signaling
may contribute to immune evasion, facilitating the devel-
opment of clinically relevant PR-positive breast tumors.
Major histocompatibility complex (MHC) class I is a
crucial molecule expressed on the surface of all nucle-
ated cells. It plays a vital role in relaying information
about the health of the cell to the adaptive immune
system by binding self/non-self-peptide fragments in the
MHC I groove. When a cell becomes virally infected or
undergoes malignant transformation, the immunopro-
teasome cleaves peptides into fragments of 8-12 amino
acids in length.” These fragments are then transported
into the endoplasmic reticulum by a heterodimer trans-
porter associated with antigen processing (TAP), TAP 1
and 2 (TAPI and TAP2). Inside the endoplasmic retic-
ulum, proteases such as endoplasmic reticulum amino-
peptidases 1 and 2 further refine the peptides to increase
their affinity for the MHC I groove. Once high-affinity
peptides bind to MHC class I, the peptide-bound MHC
is transported through the Golgi apparatus in secretory
vesicles that ultimately end up on the surface of the cell,
where it functions to communicate with the immune
system (as reviewed in'>'?). MHC class I molecules are
required for subsequent recognition of cells through the
T-cell receptor (TCR) on CD8+T cells, leading to antigen-
specific T cell-mediated clearance of the infected/
malignant cells. There are several known signaling path-
ways that regulate the expression of antigen processing

and presentation (APP) machinery, including type I
and type II IFNs, with type II IFNs (IFN gamma, IFNg)
exhibiting the most potent regulatory abilities."*” Addi-
tionally, DNA damage and NF-kB are also recognized as
key regulators of APP machinery."®*' Given the critical
role of MHC class I in effective immune surveillance and
immune-mediated tumor control, tumors have evolved
numerous mechanisms to downregulate APP expression.
These mechanisms include epigenetic silencing of the
MHC locus, mutations of the APP machinery genes, or
attenuation of the pathways that regulate APP, such as
type I and type II IFN (as reviewed in”). The complex
regulation of MHC class I expression has important impli-
cations for immune function and cancer progression.
Immunotherapies aimed at reactivating exhausted T
cells in the tumor microenvironment have revolutionized
cancer treatment, but their success has been limited for
solid tumors, including mild response rates in endocrine-
resistant HR+ metastatic BC.”* Although immune
checkpoint blockade has shown moderate success in
triple-negative BC, it has onlyyielded mild survival benefits
for patients with HR+BC, likely because their tumors have
low numbers of tumor-infiltrating lymphocytes (TILs)
and weak T cell activation, rendering them less responsive
to this immunotherapeutic approach.?” Robust antitumor
responses by CD8+T cells require tumor-associated anti-
gens or neoantigens presented on MHC class I. Previous
studies have linked steroid HRs, such as glucocorticoid
receptor (GR) and ER, to APP/MHC class I downregula-
tion in pancreatic cancer® and BC, respectively.” Given
the structural similarities between GR and PR, we sought
to investigate whether progesterone regulates APP/MHC
class I through PR. Moreover, while the studies linking ER
to MHC Class I downregulation are provocative, the role
for PR as an effector of that downregulation has not been
excluded, especially given the link between PR and ER
expression. In this study, we show that tumor-intrinsic PR/
progesterone signaling downregulates APP/MHC class I
machinery and facilitates immune evasion, indicating an
important role for PR in tumor development and puta-
tively in the response of HR+BC to immunotherapies.

MATERIAL AND METHODS

Cell lines and treatments

T47D non-silencing (NS) and PR short hairpin RNA
(shRNA) cells have been previously described.® MCF7
cells were purchased from American Type Culture
Collection, and were grown in Dulbecco’s Modified Eagle
Medium (DMEM; Corning) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin. E0771-OVA cells
modified to express empty vector or mouse PR (mPR)
have been previously described,” and were cultured in
DMEM (Corning) supplemented with 5% FBS and 1%
penicillin. Stably transduced pools of E0771-OVA-vec
and E0771-OVA-mPR were selected using hygromycin
(Thermo Scientific, cat# 10687010) (250ug/mL) and
puromycin (MP Biomedicals, CAS# 58-582) (20mg/
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mL). E0771-SIINFEKL-vec and mPR-expressing cells
were created using the pZIP-MHC-SIINFEKL construct
(Addgene) and the expression constructs used to
generate the vector and mPR-expressing E0771-OVA cells
(constructs referred to below and in®"). Lentiviral vectors
were produced in an identical manner with OVA vectors
described in,” with cells virally transduced and selected
by flow cytometry using BFPTag. Following selection of
a high-expressing SIINFEKL population, cells were trans-
duced with the vec or mPR-expressing vectors and stably
selected using hygromycin, as below and in®’. Flow cytom-
etry confirming SIINFEKL expression, as compared with
E0771 cells not expressing the single-chain SIINFEKL
construct, is shown in online supplemental figure 1.
67NR cells were modified to express mPR through lenti-
viral transduction using the pLenti-CMV-Hygro (Addgene
#17454, cloning details available on request) backbone.
Stably transduced cell lines were selected using hygro-
mycin (250 ug/mL). Resulting stably transduced pools
of 67NR-vec and 67NR-PR cells were cultured in DMEM
(Corning) supplemented with 10% FBS and 1% peni-
cillin and hygromycin (250 ug/mL). SSM2 were isolated
from an ER/PR+mammary gland tumor as previously
described’ and were a gift to the Hartman lab from Dr
Robert Schreiber (Washington University School of Medi-
cine). SSM2 cells were cultured in DMEM F-12 Nutrient
Mixture (Thermo Scientific, #21331020) supplemented
with 10% FBS, 2% L-glutamine, 1% penicillin, 0.05 mM
b-mercaptoethanol, and HIT supplement (final concen-
tration 0.3 uM hydrocortisone, 10ng transferrin, and 5
ug/mL insulin). Cells were treated with the following
reagents where indicated: progesterone/P4 (Sigma-
Aldrich, cat # P0130-25G), recombinant mouse IFNg
(Invitrogen, cat # BMS326), recombinant human IFNg
(BD Biosciences, cat #554617).

Quantitative RT-PCR

RNA isolation, complementary DNA generation, and
quantitative reverse transcription PCR were performed as
previously described.”® Primers used for quantitative PCR
are listed in online supplemental table 1.

Flow cytometry

Mouse and human cells were seeded at a density of
250,000 cells per well in a 6-well plate, reaching 80%
confluency. The cells were then washed with phosphate-
buffered saline (PBS) and detached using TrypLE
Express (Thermo Scientific). After detachment, the cells
underwent two washes with flow buffer (PBS containing
5% FBS) and were subsequently incubated with pan-
MHC I antibody (BioLegend clone M1/42 or BD Biosci-
ences Clone: G46 2.6 for mouse or human, respectively)
or SIINFEKL-antibody (APC anti-mouse H-2Kb bound to
SIINFEKL antibody, BioLegend clone 25-D1.16) on ice,
in the dark, for 30 min. Following incubation, the cells
were washed twice more with flow buffer. Finally, the
expression of MHC I or SIINFEKL was assessed using an

Aurora Flow Cytometer (Cytek Biosciences) and Flow]Jo
(BD Biosciences).

67NR tumor growth experiments

67NR-vec or 67NR-mPR cells (1x10° per tumor) were
injected into the mammary glands of BALB/c mice (strain
#000651; Jackson Laboratory) or SCID-beige mice (strain
# CBSCBG-F; Taconic Biosciences). 23 days later, the mice
were sacrificed. When applicable, mice were treated with
subcutaneous pellet implants (Innovative Research of
America) of mifepristone (30mg/30 days) and onapris-
tone (30mg/30 days) for 7days prior to pellet implan-
tation. Mifepristone was obtained from Sigma (M8046),
and onapristone was a gift from Context Therapeutics.
All mouse experiments were approved by the University
of Kansas Medical Center IACUC.

In vivo depletion

To achieve CD8 T cell depletion in BALB/c mice, we
administered neutralizing antibodies through intraperi-
toneal injections. Each mouse received 250 pg of either
anti-CD8 antibodies or an isotype control (BioXcell,
Clone: 53-5.8 or BioXcell, Clone: HRPN anti-CD8 or
Isotype, respectively). The administration schedule was
as follows: 3days prior to tumor injection, and on days
0,1,5,8,11, 14, 17, and 21 post-tumor injection. On day
5, spleens were analyzed by flow cytometry to verify the
specific depletion of CD8 T cells. Control groups were
administered equivalent amounts of IgG control.

Splenocyte Killing assay

Splenocytes were isolated from control C57BL6/] (strain
#000664; Jackson Laboratory) or OTI mice (strain
#003831; Jackson Laboratory) and incubated in a 96-
well plate with E0771-OVA cells (2,000) at the indicated
dilution in RPMI1640/10% Charcoal Stripped FBS/with
Pen-Step and L-Glutamine. E0771-OVA cells were modi-
fied (as above) to express luciferase to allow for tracking
cell viability. Where indicated, media were supplemented
with 20nM progesterone. After 72 hours, non-adherent
cells were removed, remaining live cells (attached) were
lysed, and luciferase activity was measured (measuring
remaining live cells). In all conditions, n=6 biologic repli-
cates and bars indicate SD.

Immunoblotting

Immunoblotting/Western blotting was performed as
previously described.® ** ** Membranes were probed with
primary Abs using a PR antibody that detects mPR (Cell
Signaling, cat #8757), and P-tubulin (Cell Signaling,
cat#2128s).

METABRIC APP gene expression analysis

METABRIC (Molecular Taxonomy of Breast Cancer
International Consortium) >* % gene expression values
were obtained from cBioPortal.**® ER-positive tumors
with messenger RNA expression were selected for anal-
ysis. Gene expression values were taken from the Illu-
mina HT-12 v3 microarray data for genes involved in APP,
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including: HLA-A, HLA-B, HLA-C, B2M, NLRC5, TAPI,
TAP2, TAPBP, PSMBS, and PSMBY9. To calculate a score
for each tumor, the geometric mean across the APP genes
was calculated for each sample. Statistical evaluation of
the scores between PR-negative and PR-positive tumors
was carried out using a Wilcoxon rank-sum test.

MHC class | expression in the GBCS cohort

Study population: The Carolina Breast Cancer Study
(CBCS) is a population-based study conducted in North
Carolina (NC) that began in 1993. Briefly, cases of inva-
sive BC between age 20 and 74years were identified using
rapid case ascertainment in cooperation with the NC
Central Cancer Registry, with black and young cases (age
20-49years) oversampled using randomized recruitment.
Study details and sampling schemes have been described
previously.™ MHC I expression analysis: for this study,
we selected 992 patients with HR+/HER2- BC that are
classified as PR positive (>10% tumor cells expressing
PR) or PR negative (<1% tumor cells expressing PR).
Tumor-specitic MHC-I (HLA-A/B/C) expression was
measured using immunofluorescent assays staining for
CK and MHC-I (HLA-A/B/C) on formalin-fixed paraftin-
embedded tissue sections. The MHC-I expression data
has been previously reported.*’ To evaluate the associa-
tion between PR and MHC-I expression, we performed
a two-sample t-test comparing logl0 normalized MHC-I
fluorescent intensity and the percentage of MHC-I posi-
tive tumor cells between PR positive and negative tumors.
The statistical analysis was performed in R V.4.1.2.

Statistical analysis

Statistical analysis methods are noted in each figure
legend. For tumor growth experiments, differences in
tumor growth over time among the groups were analyzed
using linear mixed models for repeated measure data
using the SAS procedure GLIMMIX (SAS Institute) using
AR(1) covariance structure. For all analysis, p<0.05 is
considered significant.

RESULTS

APP gene expression is downregulated by PR/progesterone in
BC cells

Previous work from our lab established that PR
and progesterone potently attenuated the cellular
response to IFNs at multiple steps in the IFN signaling
cascade.5 83 Importantly, we showed that progesterone-
mediated attenuation of IFN signaling leads to transcrip-
tional downregulation of ISGs. Genes in the IFN-signaling
pathway aid immune cells in responding to tumors, which
includes genes of the APP pathway, leading to upregula-
tion of MHC class I expression to aid in antigen presen-
tation and clearance of tumor cells by CD8+T cells. To
determine whether PR signaling reduced the expression
of APP genes, we treated the human BC cell line, T47D
(ER/PR-positive), with progesterone (or vehicle) for
6hours, followed by treatment with IFNy (or vehicle)

for 12 hours. Progesterone treatment alone resulted
in a modest decrease in the expression of select genes
(HLA-A, NLRC5, and TABPB; figure 1A). Interestingly,
treatment with progesterone led to a dramatic attenu-
ation of IFNy-induced APP gene expression of all APP
genes assayed, including HLA-A, HLA-B, HLA-C, B2M,
PSMBS, PSMBY, TAPI, and TAP2 (figure 1A). While PR
signaling appears to modestly downregulate the expres-
sion of the APP machinery on its own, pathway-wide atten-
uation of IFNY induction is observed for all genes when
PR signaling is active. Analysis of publically available
Chromatin immunoprecipitation followed by sequencing
(ChIP-seq) data sets'' for PR binding in the presence of
progestins (progesterone or synthetic progestin, R5020,
compared with vehicle control (ethanol; EtOH)) reveals
that some of these genes, namely B2M, TAPI1, and
PSMB9, contain PR binding sites within transcriptional
promoters/enhancers (limited to 10kb up/down from
transcriptional start site) regulating APP gene expression
(figure 1B). These data suggest that APP gene expression
may be regulated directly through PR binding, a finding
similar to what we have previously reported regarding PR
regulation of IFN=stimulated genes, ISGs.” Interestingly,
TAP1 and PSMB9 are clustered together in one locus
(as is observed with many IFN-regulated genes) with a
PR binding site detected in a central location to each
of these genes. These data suggest that one PR binding
event could attenuate transcription of multiple genes
involved in APP. Cumulatively, these data show that PR
signaling attenuates the ability of IFNY to transcription-
ally upregulate APP gene expression.

MHC class | expression is decreased by PR/progesterone in

BC cells

To determine if APP gene downregulation translated
to a difference in MHC class I expression, we measured
total surface MHC class I expression (HLA-ABC) using
flow cytometry in human BC cell lines. Our lab previously
generated and characterized a variant of T47D cells stably
expressing PR knockdown (T47D PR shRNA), or a NS
control (T47D NS shRNA), to correlate gene expression
phenotypes directly with PR expression.”® ** Treatment
with progesterone alone resulted in a modest decrease
in surface MHC class I expression, but only in cells with
robust PR expression (T47D NS shRNA); PR knockdown
cells (PR shRNA) were unresponsive to progesterone
treatment (figure 2). When cells were treated with IFNy +
progesterone, IFNy-induced MHC Class I expression was
downregulated in the presence of progesterone, again
only in cells expressing PR (figure 2). Similar phenotypes
were observed in a second human ER/PR-positive BC
cell line, MCF7 (online supplemental figure 2). These
data demonstrate that PR expression and activation
leads to downregulation of MHC class I and attenuation
of IFNy-mediated upregulation of MHC class I on the
surface of HR+ BC cells.
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PR/progesterone signaling represses interferon response and attenuates APP/MHC class | machinery in human

breast cancer cells. (A) T47D ER/PR positive cells were pretreated with progesterone (P4, or vehicle control) at a concentration
of 100nM for 6 hours, then treated with recombinant human interferon gamma (IFN-vy; or vehicle control) at 1,000 U/mL for

12 hours. Following treatment, the cells were harvested, and the gene expression of APP/MHC class | was measured by
quantitative PCR (n=3) and normalized to an internal control (B-actin). Error bars represent the SEM between replicates.
Statistical differences among the groups were assessed using 2-way ANOVA followed by Tukey’s post hoc tests for pairwise
comparisons; relevant comparisons are highlighted. **p<0.01, **p<0.001, **p<0.01, *p<0.05. (B) Progesterone-induced PR
binding sites in T47D cells shown for APP genes where PR binding was detected within 10kb of the start site of the gene.
ANOVA, analysis of variance; APP, antigen processing and presentation; ER, estrogen receptor; MHC, major histocompatibility

complex; mRNA, messenger RNA; PR, progesterone receptor.

Progesterone-dependent downregulation of MHC class |
expression and protection from immune cell-mediated death
in mouse mammary tumor cell lines

In order to study the effects of MHC class I downregula-
tion on protection from T cell-mediated tumor cell death,
we transitioned our studies to the mouse mammary tumor
cell line, E0771, that has previously been engineered to
express the model antigen, OVA, and luciferase (to use
for tracking cell viability).* Of note, this cell line, like the
vast majority of mouse mammary tumor cell lines, lacks
expression of ER and PR.*** Therefore, in our previous
work, E0771-OVA cells were also engineered to express
mouse PR (mPR) or an empty vector,” in order to study
the effects of direct PR action in these tumor lines. Using
these cell lines, we observed that treatment of E0771-
OVA-mPR cells with progesterone resulted in a decrease
in MHC class I expression, while E0771-OVA-vec cells
exhibited little change (figure 3). Notably, the combined

treatment of progesterone and IFNy in E0771-OVA-mPR
led to lower MHC class I expression compared with IFNy
treatment alone. These phenotypes are most potent in
cells expressing PR. E0771-OVA-vec control cells show
low levels of responses to progesterone, likely due to
their high levels of GR expression (GR can be activated
by progesterone); progesterone-mediated phenotypes in
E0771 are potentiated in the presence of mPR (E0771-
OVA-mPR cells). Importantly, we observed progesterone-
dependent downregulation of MHC class I expression
in a second mouse mammary tumor cell, SSM2 (online
supplemental figure 3), that expresses endogenous PR
and ER.®! Cumulatively, these data demonstrate that
progesterone/PR activation leads to the downregulation
of MHC class I, independent of ER.

To investigate the role the immune system plays in
controlling PR+mammary gland tumor growth, we
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MFI, mean fluorescence intensity; MHC, major histocompatibility complex; PR, progesterone receptor; shRNA, short hairpin
RNA.

performed an immune cell killing assay. For this assay,
E0771-OVA control and PR+cell lines were used. These
cells had been previously modified to express oval-
burnin,43 which permits the presentation of the SIINFEKL
peptide by H-ka, which can be recognized by the TCR
from OT-I transgenic CD8+T cells. Additionally, they were
modified to express luciferase, to allow for tracking cell
Viability.43 E0771-OVA-mPR or vector controls were then
co-cultured with splenocytes derived from OT-I C57BL/6
mice at various effector to target ratios to elicit tumor cell
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was not observed in cells lacking PR expression, indi-
cating that progesterone-mediated protection from death
is intrinsic to PR-expressing tumor cells. Additionally,
tumor cells were not killed in the presence of splenocytes
derived from wt C57BL/6 mice (online supplemental
figure 4), indicating that T cell protection conferred
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Figure 3 PR/progesterone signaling attenuates MHC class | in mouse mammary tumor cells expressing PR. E0771-OVA-vec
and E0771-OVA-mPR cells were treated with progesterone (20 nM; P4) or recombinant mouse interferon gamma (IFN-y; 100 ng/
mL). MHC class | expression was assessed using flow cytometry 48 hours post-treatment (histograms on left, quantified on
right). Error bars represent the SD between replicates. Fold change between relevant treatment groups is shown in text boxes.
Statistical differences among groups were assessed using 2-way ANOVA followed by Tukey’s post hoc tests for pairwise
comparisons. All pairwise comparisons are significant (p<0.05 or less), with the exception of vehicle treatment between cell
lines. ANOVA, analysis of variance; MFIl, mean fluorescence intensity; MHC, major histocompatibility complex; PR, progesterone
receptor.
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Figure 4 PR expression in tumor cells shields from immune-
mediated killing. (A) Splenocytes were isolated from OT-I
C57BL/6 mice and cultured with EO771-OVA-vec or EO771-
mPR for 3days. The media were supplemented with 20nM
progesterone or control. After 72 hours, non-adherent cells
were removed, remaining live cells were lysed, and luciferase
activity was measured. All conditions included n=6 replicates,
with error bars representing the SD. Statistical significance
between groups at each ratio was determined using multiple
t-tests with Bonferroni correction; *p<0.05. (B) Assay
performed as in (A), with E0771-H-2K® expressing E0771
variants. Statistical significance between groups at each

ratio was determined using multiple t-tests with Bonferroni
correction. All comparisons were NS=not significant, with

the exception of two individual data points (these data points
are marked with a star as the data point marker, instead

of a circle, square, or triangle); *p<0.05. PR, progesterone
receptor.

be PR/progesterone was antigen-specific. To verify that
modulation of MHC Class I expression by PR/proges-
terone is responsible for protection from immune cell

killing, we engineered E0771-vec and mPR cells (lacking
OVA) to express a single-chain H-2K"-SIINFEKL construct
(pZIP-MHCI-SIINFEKL, see Methods and online supple-
mental figure 1). In these cells, SIINFEKL expression, the
cognate antigen for OT-I T cells, is driven constitutively
from an engineered plasmid and linked to a single-chain
MHC Class I gene (with B2M). MHC expression from this
construct is not subject to processing and modification
through the APP pathway, and should therefore not be
susceptible to the progesterone-mediated effects on APP
described above. Indeed, in cells constitutively expressing
H-2K"-SIINFEKL, PR expression and progesterone treat-
ment no longer protected E0771 tumor cell variants from
immune cell killing (figure 4B). Cumulatively, these data
show that progesterone treatment, working through PR,
leads to downregulation of MHC class I expression on
PR-expressing tumor cells, which aids in protection from
immune cell-mediated death.

PR-dependent protection from immune-mediated death
requires CD8+ T cells

Using an additional mouse tumor cell line, 67N
(also engineered to express mPR or a matching empty
vector, non-PR-expressing construct; online supple-
mental figure 5), we observed that exogenous expression
of PR led to decreased baseline MHC class I expression
compared with 67NR-vec cells (figure 5A). To determine
whether this downregulation in MHC class I results in
tumor protection, we injected 67NR-mPR, 67NR-vec, or
unmodified parental 67NR cell lines into the mammary
fat pads of immunocompetent BALB/c mice. Following
orthotopic implantation into syngeneic BALB/c mice, we
found that the stable expression of hygromycin or GFP
on a lentiviral vector backbone triggered complete rejec-
tion of these tumors in BALB/c mice, but the expression
of PR permitted tumor growth comparable to parental
(non-xenoantigen-expressing) 67NR cells. Critically,
growth was identical between control or PR-expressing
67NR lines in SCID-beige mice (defective natural killer
cells, and deficient for T and B cells), suggesting that
rejection was immune-mediated (figure 5B). To deter-
mine whether cytotoxic CD8+T cells were responsible for
67NR-vec tumor clearance, 67NR-mPR or 67NR-vec cells
were injected into immune-competent mice that received
anti-CD8 antibodies (or isotype control) to systematically
deplete CD8+T cells (figure 5C and online supplemental
figure 6). Interestingly, depletion of CD8+T cells confers
similar tumor growth between 67NR-mPR and 67NR-vec.
These findings demonstrate that PR signaling in 67NR-
mPR cells plays a crucial role in downregulating MHC
class I expression, thereby inhibiting CD8+T cell recogni-
tion and cytotoxicity, allowing for immune evasion and
tumor growth.

47-49
R

Effective inhibition of PR+ tumor growth by antiprogestins is
immune-mediated

To determine if inhibition of PR activity in our mouse
tumor models would reverse PR+tumor growth, we
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Figure 5 PR-induced MHC | downregulation facilitates immune evasion from CD8+T cells. (A) Flow cytometric analysis of
MHC | expression on untreated 67NR tumor cells stably expressing either empty vector (67NR-vec) or mouse PR (67NR-mPR).
(B) 67NR-vec, 67NR-mPR, or unmodified 67NR parental cells were injected into the mammary fat pads of immunocompetent
BALB/c mice (left panel) or immunocompromised SCID-beige mice (right panel). (C) 67NR-vec or 67NR-mPR cells were injected
into BALB/c mice and treated with either anti-CD8 monoclonal antibodies (mAb) or IgG control biweekly for 4 weeks. Error bars
represent STD. Differences in tumor growth over time among the groups were analyzed using linear mixed models for repeated
measure data using SAS procedure GLIMMIX AR(1) covariance structure (see Methods); *p<0.05, **p<0.01. MHC, major
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treated 67NR-PR-tumor bearing mice (BALB/c) with
two different antiprogestins: mifepristone (RU486) and
onapristone (or placebo control). Mifepristone is the
gold standard antiprogestin, currently used clinically as
an abortifacient.”® While very effective at blocking PR
action, it also has effects on the GR. We also used onapri-
stone, a newly developed antiprogestin that was recently
evaluated in phase II clinical trials for endometrial
cancer, and in window of opportunity trials for BC.”" *
Onapristone demonstrates superior suppression of PR/
progesterone signaling at a molecular level, and thus
may allow for a more favorable therapeutic suppression
of PR signaling with reduced off-target effects.””* When
mice were treated with either antiprogestin, 67NR-PR

tumor growth was completely abrogated (figure 6—left).
We repeated these experiments in SCID-beige mice to
determine the contribution of the immune system to this
phenotype, and observed that antiprogestins could only
block~50% tumor growth in mice lacking an immune
system (figure 6—right). These data suggest that anti-
progestins prevent PR+tumor growth, at least in part,
through an immune-mediated mechanism.

APP genes are lower in patients with PR+ BC

To evaluate if human BCs show similar APP/MHC class 1
downregulation correlated with PR expression, we exam-
ined APP gene expression in 1,460 human BCs from the
METABRIC data set. Analyzed tumor samples were all
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pellets were implanted subcutaneously into the neck of immunocompetent BALB/c mice (left panel) or immunocompromised
SCID-beige mice (right panel). 7 days following pellet insertion, 67NR-mPR cells were injected into the mammary fat pads of
recipient mice, and tumor growth was measured over time. Error bars represent STD. Differences in tumor growth over time
among the groups were analyzed using linear mixed models for repeated measure data using SAS procedure GLIMMIX AR(1)
covariance structure (see Methods); ***p<0.001. PR, progesterone receptor; STD, standard deviation.

positive for ER expression, and were further stratified
based on expression of PR. When combining all APP
genes together into a composite gene score (HLA-A,
HLA-B, HLA-C, NLRC5, B2M, TAPl, TAP2, TAPBP,
PSMBS8, and PSMB9Y), tumors that were ER+/PR+ (posi-
tive for both ER and PR) had a lower APP score (figure 7)
compared with ER+/PR-negative (positive for ER, nega-
tive for PR) tumors. Note that while patient data showed
modest changes in APP/MHC class I, these changes were
widespread across many patients, who may have different
levels of circulating hormones or different menopause
status. Collectively, these data show that PR plays an
important role in downregulating APP machinery and
MHC class I in human HR+BC.

Surface MHC class | expression is lower in patients with
PR+BC

Building on our finding of APP downregulation in human
BCs, we explored the relationship between HLA (surface
MHC expression) and PR status. To determine if there is
a correlation between HLA expression and PR positivity
at the protein level, we examined data from the Carolina
Breast Cancer Study (CBCS). The CBCS is a population-
based study conducted in North Carolina that began in
1993. Briefly, cases of invasive BC between age 20 and
74years were identified using rapid case ascertainment in
cooperation with the NC Central Cancer Registry, with
black and young cases (age 20-49years) oversampled
using randomized recruitment. Study details and sampling
schemes have been described previously.™ For this study,
we selected 992 patients with HR+/HER2- BC who are
classified as PR positive (>10% tumor cells expressing
PR) or PR negative (<1% tumor cells expressing PR), all
ER positive. We found that human BCs expressing both
ER and PR had lower pan-HLA levels (figure 8—left)
and a lower percentage of HLA+ (figure 8—right) cells
when compared with ER+/PR~ tumors (positive for ER,
negative for PR). These findings collectively suggest that
human BCs from a large and diverse study population
exhibit lower MHC expression when PR is expressed.

DISCUSSION

We reveal a novel mechanism by which progesterone
signaling through PR promotes growth in PR+tumors by
modulating the APP/MHC class I machinery, aiding in
evasion from immune-mediated clearance. We demon-
strate that progesterone alone regulates HLA and APP
machinery, but this progesterone-dependent downregula-
tion of MHC class I/APP genes is more pronounced when
combined with IFNYy treatment. We show that knockdown
of PR in T47D BC cells increased APP gene levels/MHC
class I expression, and progesterone treatment decreased
surface MHC class I only in cells with robust PR expres-
sion. Furthermore, in vitro immune killing assays reveal
that E0771-OVA-mPR, when exposed to progesterone,
are protected from immune cell-mediated cytotoxicity.
Moreover, we showed that APP gene expression and
MHC Class I expression were downregulated in PR+pa-
tients, as compared with PR~ patients, in two large clinical
data sets. Together, our data suggest that progesterone
signaling through PR leads to transcriptional downregu-
lation of APP genes and MHC class I expression, leading
to evasion from immune cell killing and subsequent
tumor growth.

Clinical aspect of PR biology

Clinically, PR is used as a surrogate marker for functional
ER and is used to predict response to endocrine therapy.™
This is because canonical ER signaling induces expres-
sion of PR in most BC cells. Therefore, high PR expres-
sion, an indicator of robust ER signaling, is a sign that
women will respond well to antiestrogen or anti-ER-based
endocrine therapies. While robust ER/PR expression is
associated with a better prognosis, we postulate that the
tumor-promoting effects of PR described here may be
stage dependent. PR-specific downregulation of APP/
MHC class I may play a key role in early tumor formation
but also, importantly, metastatic seeding/colonization
and tumor outgrowth by impairing immune surveillance.
Moreover, there have been reports suggesting that PR
is important in early lesion development™®* and is also
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Figure 7 APP gene expression is lower in PR-positive human breast tumors. The antigen processing and presentation (APP)
gene score (see Methods) is shown for all ER-positive tumors in the METABRIC database, sorted by PR positivity; PR-negative
(red) and PR-positive (blue). APP genes included in the composite gene score: HLA-A, HLA-B, HLA-C, NLRC5, B2M, TAP1,
TAP2, TAPBP, PSMB8, and PSMB9). The statistical test was carried out using a Wilcoxon rank-sum test. ER, estrogen receptor;
METABRIC, Molecular Taxonomy of Breast Cancer International Consortium; PR, progesterone receptor.

implicated in early dissemination of tumor cells during
the initial stages of tumor formation.”” Progesterone,
acting through PR, plays a crucial role in the differen-
tiation and proliferation of mammary gland tissue. This
occurs via paracrine signaling, where PR-positive cells
produce RANKL, which then acts on its receptor RANK,
expressed on PR-negative cells. Notably, in both normal
mammary tissue and BC, RANKL expression has been
shown to tightly correlate with serum progesterone
levels.” This strong association underscores a potential
link between progesterone’s effects on mammary gland
development and BC formation, potentially mediated
by RANKIL-dependent proliferative mechanisms.’* ©
Furthermore, Graham et al established a model to better
recapitulate human ER/PR heterogeneity and PR-me-
diated paracrine signaling by using organoids isolated

and generated from reduction mammoplasties. Their
findings demonstrated that progesterone induced the
proliferation of progenitor stem cells (CK5'MUC1p63")
in PR-negative cells, providing compelling evidence that
progesterone exerts its effects indirectly through para-
crine signaling from PR-positive cells.”® ® This mecha-
nistic insight further reinforces the connection between
PR/progesterone signaling and BC incidence, as dysreg-
ulation of this pathway may drive tumor initiation and
progression.

Finally, to determine the role of the PR function, it
is important to control for factors such as tumor stage
and menopause status. For BC to be categorized as
ER/PR positive, at least 1% of cells must express either
receptor. However, a tumor with 1% receptor positivity
differs significantly from one with 90% positivity.” * This
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variability should be controlled for in clinical studies
when investigating the role of PR/progesterone in tumor
development and treatment outcomes. Advances in
spatial technology will provide a better understanding
of how PR expression within the same tumor influences
gene expression and the surrounding immune cell
microenvironment.

Immunosuppressive effects of progesterone

The field of pregnancy research, specifically at the
maternal—fetal interface, has shed light on the important
role sex-steroidal hormones play in modulating various
components of the immune system. Pregnancy is an
interesting time to study the immune system, given
high concentrations of progesterone and estrogen that
last the entire pregnancy and facilitate the rewiring of
the immune system, particularly at the maternal-fetal
interface. During a healthy pregnancy, a critical balance
between immune tolerance and robust immune defense
against pathogens must be established. Without the
ability to establish immune tolerance, the mother’s body
may reject the semiallogeneic fetus. Conversely, if the
mother’s immune response is too weak, she becomes
susceptible to viral infections, which is well-documented
as pregnancy is often considered an immunosuppressive
state with an increased risk of viral infections.”””"* In the
initial stages of an immune response to bacterial or viral
infections, neutrophils and natural killer cells release

type I and II IFNs, creating inflammatory conditions that
activate the immune system. However, excessive inflam-
mation at the maternal—fetal interface can induce miscar-
riage. Our hypothesis suggests that cell-intrinsic steroid
receptor signaling, specifically through PR, may mitigate
this risk by modulating the response to local inflamma-
tion at the maternal-fetal interface, thereby shielding
the fetus against the detrimental effects of IFN signaling.
This concept aligns with our laboratory’s publications
detailing how PR/progesterone signaling can dampen
the impact of IFNs.”® The presence of high endoge-
nous levels of progesterone and estrogen during preg-
nancy helps protect maternal-fetal interface cells from
inflammation, allowing the immune system to effectively
combat pathogens without compromising the fetus. We
propose that ER/estrogen and PR/progesterone play a
pivotal role in facilitating a balanced immune response
that prevents fetal rejection while still controlling infec-
tion, primarily by modulating the effects of type I and
II IFNs. During pregnancy, immune cell functionality
is notably different. For instance, neutrophils isolated
from blood during the first trimester are less responsive
to IFNy and exhibit dysfunctional phagocytic capabilities
and nitric oxide production.””" Moreover, maternal
CD8 T cells are primed against fetal antigens but have
dysfunctional effector functions™™® and the presence
of progesterone increases the proportion of CD4+C-
D25+Foxp3+ Treg cells.® It remains unclear which of the
immunosuppressive mechanisms that occur during preg-
nancy are hijacked to allow the formation of hormone-
driven cancers.

Extensive research on the immunosuppressive effects
of sex-steroidal hormones highlights striking paral-
lels with the immunosuppressive phase of postpartum
mammary gland involution, which may inadvertently
increase BC risk. Postpartum mammary gland involu-
tion, a physiologically normal process involving tissue
remodeling, inflammation, and extracellular matrix
deposition, mirrors pathways observed in wound healing
and has been implicated in the increased risk and poor
prognosis of BC diagnosed within 5-10 years after child-
birth.*  Specifically, involution-associated processes,
including  lymphangiogenesis, = immunosuppressive
macrophage activity, and stromal remodeling, have been
shown to promote metastasis in both preclinical and clin-
ical studies.*** These findings suggest that the hormonal
and immunological adaptations essential during preg-
nancy may inadvertently provide a permissive niche for
the development and dissemination of hormone-driven
cancers.

In this study, we demonstrate that one of the mecha-
nisms progesterone uses to induce immune suppression
in PR+tumors is through the downregulation of APP/
MHC class I machinery. It is well established that various
types of tumors, including head and neck,” colorectal,®
pancreatic,”” melanoma,” * * and lung cancer” use
multiple mechanisms to modulate APP/MHC class I
expression, which has been extensively documented in
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the literature. However, the role of progesterone in regu-
lating immune evasion in the context of HR+BC remains
unknown.

Steroid HRs and control of MHC class |

Previous research from our laboratory demonstrated that
PR/progesterone signaling suppresses type I-II IFNs by
inhibiting STAT1 phosphorylation” and promotes STAT2
degradation® resulting in less ISG transcription.” We
are not the first to publish on the link between steroid
receptors and APP/MHC class ) G 29; however, to the
best of our knowledge, this is the first time PR/proges-
terone has been implicated in the regulation of MHC
class I. A previous study has shown that tumor-intrinsic
signaling of GR in pancreatic ductal adenocarcinoma
leads to the downregulation of APP/MHC class I. This
effect was reversed through genetic knockdown of GR
or pharmacological inhibition using a GR antagonist
(mifepristone). Furthermore, combination therapy with
mifepristone and checkpoint blockade resulted in robust
CD8 T cell-dependent tumor control.¥”’” Additionally,
dexamethasone, a GR agonist, is given for treatment of
autoimmune/inflammatory diseases such as rheumatoid
arthritis, lupus, asthma, and inflammatory bowel disease
(as reviewed in”""**). Moreover, another group conducted
a window of opportunity study to understand the effect
of endocrine therapy in patients with HR+BC. Women
were treated with tamoxifen or letrozole based on their
menopausal status. The study found that after endo-
crine therapy, TIL signatures increased, and B2M levels
rose as a surrogate marker for HLA. However, it remains
unclear whether the modulation in TIL infiltrates or the
increase in HLA was due to decreased ER signaling or
decreased PR signaling, given both were reduced after
endocrine therapy.”® Furthermore, when examining TILs
across different BC subtypes, the HR+/HER2- subtype
exhibits the lowest percentage of TILs compared with
other subtypes.”™” Additionally, studies comparing HLA
expression relative across BC subsets have shown that
HR+/HER2- cancers have lower HLA expression rela-
tive to the other types.”* Our data, along with previous
reports, indicate that these effects may be reversible. For
instance, treating MCF7 cells with fulvestrant, a selec-
tive ER degrader, resulted in an increase in total MHC
class T expression.”” Several clinical trials have explored
the use of pembrolizumab or nivolumab, programmed
cell death protein-1 inhibitors, in combination with
various strategies to enhance antitumor immunity against
HR+BC, including radiation, chemotherapy and adju-
vant endocrine therapy.”* ** ** Based on these novel non-
canonical mechanisms of immune regulation by HRs
we hypothesize that administering neoadjuvant endo-
crine therapy followed by pembrolizumab may improve
patient outcomes. It appears that the pleiotropic role of
steroid receptors varies depending on whether it is tumor
or immune intrinsic signaling. However, they generally
appear to regulate the immune system in various ways.
The expression of APP/MHC class I across tumors may

be one of the mechanisms that tumors broadly use to
impact immunosurveillance. We propose that targeting
both ER and PR may restore immunosurveillance, poten-
tially enhancing the effectiveness of immunotherapies.
While our data demonstrate modest decreases in MHC
class I expression, enhanced protection from immune
cell-mediated killing, and impaired antigen processing, it
is important to note that we did not assess the quality of
antigens presented by MHC class I. This limitation leaves
open the possibility that progesterone signaling might
also affect antigen quality, potentially leading to weak T
cell activation, which warrants further investigation.

Author affiliations

"Department of Cancer Biology, University of Kansas Medical Center, Kansas City,
Kansas, USA

ZBiochemistry and Molecular Biology, University of Kansas Medical Center, Kansas
City, Kansas, USA

3Department of Medicine, Vanderbilt University Medical Center, Nashville,
Tennessee, USA

“Biostatistics and Data Science, University of Kansas Medical Center, Kansas City,
Kansas, USA

SDepartment of Oncological Sciences, University of Utah, Salt Lake City, Utah, USA
®Department of Surgery, Duke University, Durham, North Carolina, USA

"Surgery, Duke University, Chapel Hill, North Carolina, USA

®0regon Health & Science University, Portland, Oregon, USA

%Lineberger Comprehensive Cancer Center, University of North Carolina at Chapel
Hill, Chapel Hill, North Carolina, USA

"Microbiology, Molecular Genetics, and Immunology, University of Kansas Medical
Center, Kansas City, Kansas, USA

"Department of Biochemistry and Molecular Biology, The University of Kansas
Medical Center, Kansas City, Kansas, USA

X Justin M Balko @balkolab and Christy R Hagan @HaganlabKUMC

Contributors Conception and design: JCT, HIS, HM, MAM, ZCH, CRH. Writing: JCT,
HIS, ZCH, CRH. Critical review and editing: all authors contributed to the critical
review and editing of the manuscript. Data acquisition: all authors contributed to
data acquisition in the manuscript. Guarantor author: CRH.

Funding This work was supported by: NCI Cancer Center Support Grant P30
CA168524 (CRH), funds from the University of Kansas School of Medicine (CRH),
NCI R21CA274044 (CRH and ZCH), DOD BC201209 W81XWH-21-1-0349 (CRH),
ACS RSG-23-1152337-01-IBCD (CRH), Breast Cancer Alliance AWD10000196
(CRH), Context Therapeutics (CRH), NCI F30CA271796 (LRW), Susan G Komen
ASPIRE ASP241267015 (JCT), Susan G Komen ASPIRE ASP231051198 (HIS). This
work made use of the University of Kansas Medical Center Flow Cytometry Core
Laboratory, which was started with funds from the NIH/NIGMS COBRE grant P30
GM103326 and is currently partially supported by the NIH/NCI Cancer Center
grant P30 CA168524. Additionally, this work was supported by an Institutional
Development Award (IDeA) from the NIGMS under grant number P20GM103418.
Investigators affiliated with the Carolina Breast Cancer Study (MAT and CP) were
supported by the National Cancer Institute Specialized Program of Research
Excellence (SPORE) in Breast Cancer (NIH/NCI P50-CA058223).

Competing interests CRH received funds from Context Therapeutics (former
developer of onapristone). JMB receives research support from Genentech/Roche
and Incyte Corporation, has received advisory board payments from AstraZeneca,
Eli Lilly, and Mallinckrodt, and is an inventor on patents regarding immunotherapy
targets and biomarkers in cancer. The remaining authors have nothing to
disclose.

Patient consent for publication Not applicable.

Ethics approval The study was approved by the University of North Carolina
Institutional Review Board (IRB 92-0410 and IRB 21-0956) in accordance with US
Common Rule. All study participants provided written informed consent prior to
study entry. This study complied with relevant ethical regulations, including the
Declaration of Helsinki.

Provenance and peer review Not commissioned; externally peer reviewed.

12

Tinoco JC, et al. J Immunother Cancer 2025;13:6010179. doi:10.1136/jitc-2024-010179


https://x.com/balkolab
https://x.com/HaganlabKUMC

Data availability statement Data sharing not applicable as no data sets
generated and/or analyzed for this study.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Julio C Tinoco http://orcid.org/0000-0001-9182-8695

Xiaopeng Sun http://orcid.org/0009-0009-5219-8964

Eilidh | Chowanec http://orcid.org/0000-0002-3319-0256
Amanda Heard http://orcid.org/0000-0002-7150-7998
Prabhakar Chalise http://orcid.org/0000-0001-5581-1220

Justin M Balko http://orcid.org/0000-0002-4263-5974

Zachary Conrad Hartman http://orcid.org/0000-0001-6549-8207
Christy R Hagan http://orcid.org/0000-0003-2524-1815

REFERENCES

1 Cancer facts & figures 2024. Atlanta American Cancer Society; 2024.

2 LiY, Yang D, Yin X, et al. Clinicopathological Characteristics
and Breast Cancer-Specific Survival of Patients With Single
Hormone Receptor-Positive Breast Cancer. JAMA Netw Open
2020;3:¢1918160.

3 A Comparison of Letrozole and Tamoxifen in Postmenopausal
Women with Early Breast Cancer. N Engl J Med 2005;353:2747-57.

4 Hanker AB, Sudhan DR, Arteaga CL. Overcoming Endocrine
Resistance in Breast Cancer. Cancer Cell 2020;37:496-513.

5 Beral V, Study CMW. Breast cancer and hormone-replacement
therapy in the Million Women Study. The Lancet 2003;362:419-27.

6 Walter KR, Balko JM, Hagan CR. Progesterone receptor promotes
degradation of STAT2 to inhibit the interferon response in breast
cancer. Oncoimmunology 2020;9:1758547.

7 Goodman ML, Trinca GM, Walter KR, et al. Progesterone Receptor
Attenuates STAT1-Mediated IFN Signaling in Breast Cancer.

J Immunol 2019;202:3076-86.

8 Walter KR, Goodman ML, Singhal H, et al. Interferon-Stimulated
Genes Are Transcriptionally Repressed by PR in Breast Cancer. Mo/
Cancer Res 2017;15:1331-40.

9 Dersh D, Holly J, Yewdell JW. A few good peptides: MHC class
|-based cancer immunosurveillance and immunoevasion. Nat Rev
Immunol 2021;21:116-28.

10 Pishesha N, Harmand TJ, Ploegh HL. A guide to antigen processing
and presentation. Nat Rev Immunol 2022;22:751-64.

11 Vyas JM, Van der Veen AG, Ploegh HL. The known unknowns
of antigen processing and presentation. Nat Rev Immunol
2008;8:607-18.

12 Jensen PE. Recent advances in antigen processing and presentation.
Nat Immunol 2007;8:1041-8.

13 Simmons DP, Wearsch PA, Canaday DH, et al. Type | IFN drives
a distinctive dendritic cell maturation phenotype that allows
continued class Il MHC synthesis and antigen processing. J Immunol
2012;188:3116-26.

14 Gaczynska M, Rock KL, Goldberg AL. Gamma-interferon
and expression of MHC genes regulate peptide hydrolysis by
proteasomes. Nature New Biol 1993;365:264-7.

15 Neerincx A, Rodriguez GM, Steimle V, et al. NLRC5 controls basal
MHC class | gene expression in an MHC enhanceosome-dependent
manner. J Immunol 2012;188:4940-50.

16 Kobayashi KS, van den Elsen PJ. NLRC5: a key regulator of
MHC class I-dependent immune responses. Nat Rev Immunol
2012;12:813-20.

17 Zhou F. Molecular mechanisms of IFN-gamma to up-regulate MHC
class | antigen processing and presentation. Int Rev Immunol
2009;28:239-60.

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Zebertavage LK, Alice A, Crittenden MR, et al. Transcriptional
Upregulation of NLRC5 by Radiation Drives STING- and Interferon-
Independent MHC-I Expression on Cancer Cells and T Cell
Cytotoxicity. Sci Rep 2020;10:7376.

Uchihara Y, Permata TBM, Sato H, et al. DNA damage promotes HLA
class | presentation by stimulating a pioneer round of translation-
associated antigen production. Mol Cell 2022;82:2557-70.

Zhu K, Wang J, Zhu J, et al. p53 induces TAP1 and enhances the
transport of MHC class | peptides. Oncogene 1999;18:7740-7.
Dejardin E, Deregowski V, Greimers R, et al. Regulation of

major histocompatibility complex class | expression by NF-
kappaB-related proteins in breast cancer cells. Oncogene
1998;16:3299-307.

Dirix LY, Takacs |, Jerusalem G, et al. Avelumab, an anti-PD-L1
antibody, in patients with locally advanced or metastatic breast
cancer: a phase 1b JAVELIN Solid Tumor study. Breast Cancer Res
Treat 2018;167:671-86.

Nanda R, Liu MC, Yau C, et al. Effect of Pembrolizumab Plus
Neoadjuvant Chemotherapy on Pathologic Complete Response

in Women With Early-Stage Breast Cancer: An Analysis of the
Ongoing Phase 2 Adaptively Randomized |-SPY2 Trial. JAMA Oncol
2020;6:676-84.

Rugo HS, Delord J-P, Im S-A, et al. Safety and Antitumor Activity of
Pembrolizumab in Patients with Estrogen Receptor-Positive/Human
Epidermal Growth Factor Receptor 2-Negative Advanced Breast
Cancer. Clin Cancer Res 2018;24:2804-11.

Debien V, De Caluwé A, Wang X, et al. Inmunotherapy in breast
cancer: an overview of current strategies and perspectives. NPJ
Breast Cancer 2023;9:7.

Loi S, Salgado R, Curigliano G, et al. Neoadjuvant nivolumab and
chemotherapy in early estrogen receptor-positive breast cancer: a
randomized phase 3 trial. Nat Med 2025;31:433-41.

Vonderheide RH, Domchek SM, Clark AS. Immunotherapy for Breast
Cancer: What Are We Missing? Clin Cancer Res 2017;23:2640-6.
Hermida-Prado F, Xie Y, Sherman S, et al. Endocrine Therapy
Synergizes with SMAC Mimetics to Potentiate Antigen Presentation
and Tumor Regression in Hormone Receptor-Positive Breast Cancer.
Cancer Res 2023;83:3284-304.

Song IH, Kim Y-A, Heo S-H, et al. The Association of Estrogen
Receptor Activity, Interferon Signaling, and MHC Class | Expression
in Breast Cancer. Cancer Res Treat 2022;54:1111-20.

Werner LR, Gibson KA, Goodman ML, et al. Progesterone promotes
immunomodulation and tumor development in the murine mammary
gland. J Immunother Cancer 2021;9:e001710.

Chan SR, Vermi W, Luo J, et al. STAT1-deficient mice spontaneously
develop estrogen receptor a-positive luminal mammary carcinomas.
Breast Cancer Res 2012;14:R16.

Hagan CR, Regan TM, Dressing GE, et al. ck2-dependent
phosphorylation of progesterone receptors (PR) on Ser81 regulates
PR-B isoform-specific target gene expression in breast cancer cells.
Mol Cell Biol 2011;31:2439-52.

Hagan CR, Knutson TP, Lange CA. A Common Docking Domain

in Progesterone Receptor-B links DUSP6 and CK2 signaling to
proliferative transcriptional programs in breast cancer cells. Nucleic
Acids Res 2013;41:8926-42.

Curtis C, Shah SP, Chin S-F, et al. The genomic and transcriptomic
architecture of 2,000 breast tumours reveals novel subgroups. Nature
New Biol 2012;486:346-52.

Pereira B, Chin S-F, Rueda OM, et al. The somatic mutation profiles
of 2,433 breast cancers refines their genomic and transcriptomic
landscapes. Nat Commun 2016;7:11479.

Cerami E, Gao J, Dogrusoz U, et al. The cBio cancer genomics
portal: an open platform for exploring multidimensional cancer
genomics data. Cancer Discov 2012;2:401-4.

Gao J, Aksoy BA, Dogrusoz U, et al. Integrative analysis of complex
cancer genomics and clinical profiles using the cBioPortal. Sci Signal
2013;6:pl1.

de Bruijn |, Kundra R, Mastrogiacomo B, et al. Analysis and
Visualization of Longitudinal Genomic and Clinical Data from the
AACR Project GENIE Biopharma Collaborative in cBioPortal. Cancer
Res 2023;83:3861-7.

Troester MA, Sun X, Allott EH, et al. Racial Differences in PAM50
Subtypes in the Carolina Breast Cancer Study. J Natl Cancer Inst
2018;110:176-82.

Sun X, Kennedy LC, Gonzalez-Ericsson PI, et al. Associations of
Immune Checkpoint Predictive Biomarkers (MHC-I and MHC-II) with
Clinical and Molecular Features in a Diverse Breast Cancer Cohort.
Clin Cancer Res 2024,;30:4077-81.

Mohammed H, Russell IA, Stark R, et al. Progesterone receptor
modulates ERa action in breast cancer. Nature New Biol
2015;523:313-7.

Tinoco JC, et al. J Immunother Cancer 2025;13:¢010179. doi:10.1136/jitc-2024-010179

13


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-9182-8695
http://orcid.org/0009-0009-5219-8964
http://orcid.org/0000-0002-3319-0256
http://orcid.org/0000-0002-7150-7998
http://orcid.org/0000-0001-5581-1220
http://orcid.org/0000-0002-4263-5974
http://orcid.org/0000-0001-6549-8207
http://orcid.org/0000-0003-2524-1815
http://dx.doi.org/10.1001/jamanetworkopen.2019.18160
http://dx.doi.org/10.1056/NEJMoa052258
http://dx.doi.org/10.1016/j.ccell.2020.03.009
http://dx.doi.org/10.1016/S0140-6736(03)14065-2
http://dx.doi.org/10.1080/2162402X.2020.1758547
http://dx.doi.org/10.4049/jimmunol.1801152
http://dx.doi.org/10.4049/jimmunol.1801152
http://dx.doi.org/10.1158/1541-7786.MCR-17-0180
http://dx.doi.org/10.1158/1541-7786.MCR-17-0180
http://dx.doi.org/10.1038/s41577-020-0390-6
http://dx.doi.org/10.1038/s41577-020-0390-6
http://dx.doi.org/10.1038/s41577-022-00707-2
http://dx.doi.org/10.1038/nri2368
http://dx.doi.org/10.1038/ni1516
http://dx.doi.org/10.4049/jimmunol.1101313
http://dx.doi.org/10.1038/365264a0
http://dx.doi.org/10.4049/jimmunol.1103136
http://dx.doi.org/10.1038/nri3339
http://dx.doi.org/10.1080/08830180902978120
http://dx.doi.org/10.1038/s41598-020-64408-3
http://dx.doi.org/10.1016/j.molcel.2022.04.030
http://dx.doi.org/10.1038/sj.onc.1203235
http://dx.doi.org/10.1038/sj.onc.1201879
http://dx.doi.org/10.1007/s10549-017-4537-5
http://dx.doi.org/10.1007/s10549-017-4537-5
http://dx.doi.org/10.1001/jamaoncol.2019.6650
http://dx.doi.org/10.1158/1078-0432.CCR-17-3452
http://dx.doi.org/10.1038/s41523-023-00508-3
http://dx.doi.org/10.1038/s41523-023-00508-3
http://dx.doi.org/10.1038/s41591-024-03414-8
http://dx.doi.org/10.1158/1078-0432.CCR-16-2569
http://dx.doi.org/10.1158/0008-5472.CAN-23-1711
http://dx.doi.org/10.4143/crt.2021.1017
http://dx.doi.org/10.1136/jitc-2020-001710
http://dx.doi.org/10.1186/bcr3100
http://dx.doi.org/10.1128/MCB.01246-10
http://dx.doi.org/10.1093/nar/gkt706
http://dx.doi.org/10.1093/nar/gkt706
http://dx.doi.org/10.1038/nature10983
http://dx.doi.org/10.1038/nature10983
http://dx.doi.org/10.1038/ncomms11479
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://dx.doi.org/10.1126/scisignal.2004088
http://dx.doi.org/10.1158/0008-5472.CAN-23-0816
http://dx.doi.org/10.1158/0008-5472.CAN-23-0816
http://dx.doi.org/10.1093/jnci/djx135
http://dx.doi.org/10.1158/1078-0432.CCR-24-1286
http://dx.doi.org/10.1038/nature14583

42

43

44

45

46

47

48

49

50

Holloran SM, Nosirov B, Walter KR, et al. Reciprocal fine-tuning of
progesterone and prolactin-regulated gene expression in breast
cancer cells. Mol Cell Endocrinol 2020;511:110859.

Crosby EJ, Wei J, Yang XY, et al. Complimentary mechanisms of dual
checkpoint blockade expand unique T-cell repertoires and activate
adaptive anti-tumor immunity in triple-negative breast tumors.
Oncoimmunology 2018;7:e1421891.

Sugiura K, Stock CC. Studies in a tumor spectrum. I. Comparison of
the action of methylbis (2-chloroethyl)amine and 3-bis(2-chloroethyl)
aminomethyl-4-methoxymethyl -5-hydroxy-6-methylpyridine

on the growth of a variety of mouse and rat tumors. Cancer
1952;5:382-402.

Johnstone CN, Smith YE, Cao Y, et al. Functional and molecular
characterisation of EO771.LMB tumours, a new C57BL/6-mouse-
derived model of spontaneously metastatic mammary cancer. Dis
Model Mech 2015;8:237-51.

Dunham LJ, Stewart HL. A survey of transplantable and
transmissible animal tumors. J Nat/ Cancer Inst 1953;13:1299-377.
Nagler C, Hardt C, Zanker KS, et al. Co-cultivation of murine BMDCs
with 67NR mouse mammary carcinoma cells give rise to highly drug
resistant cells. Cancer Cell Int 2011;11:21.

Simdes RV, Serganova IS, Kruchevsky N, et al. Metabolic plasticity
of metastatic breast cancer cells: adaptation to changes in the
microenvironment. Neoplasia 2015;17:671-84.

Aslakson CJ, Miller FR. Selective events in the metastatic

process defined by analysis of the sequential dissemination

of subpopulations of a mouse mammary tumor. Cancer Res
1992;52:1399-405.

Cadepond F, Uimann A, Baulieu EE. RU486 (mifepristone):
mechanisms of action and clinical uses. Annu Rev Med
1997;48:129-56.

66

67

68

69

70

71

72

73

74

75

Graham JD, Mote PA, Salagame U, et al. Hormone-responsive
model of primary human breast epithelium. J Mammary Gland Biol
Neoplasia 2009;14:367-79.

Graham JD, Mote PA, Salagame U, et al. DNA replication licensing
and progenitor numbers are increased by progesterone in normal
human breast. Endocrinology 2009;150:3318-26.

Hammond MEH, Hayes DF, Dowsett M, et al. American Society

of Clinical Oncology/College of American Pathologists guideline
recommendations for immunohistochemical testing of estrogen and
progesterone receptors in breast cancer (unabridged version). Arch
Pathol Lab Med 2010;134:e48-72.

Hammond MEH, Hayes DF, Dowsett M, et al. American Society

of Clinical Oncology/College Of American Pathologists guideline
recommendations for immunohistochemical testing of estrogen
and progesterone receptors in breast cancer. J Clin Oncol
2010;28:2784-95.

Van der Merwe M, Pather S. Placental Listeriosis: Case Report and
Literature Review. Am J Trop Med Hyg 2023;109:584-6.

Cheng VCC, Woo PCY, Lau SKP, et al. Peripartum tuberculosis as
a form of immunorestitution disease. Eur J Clin Microbiol Infect Dis
20083;22:313-7.

Okoko BJ, Enwere G, Ota MOC. The epidemiology and
consequences of maternal malaria: a review of immunological basis.
Acta Trop 2003;87:193-205.

Price ME, Fisher-Hoch SP, Craven RB, et al. A prospective study
of maternal and fetal outcome in acute Lassa fever infection during
pregnancy. BMJ 1988;297:584-7.

Kang AH, Graves CR. Herpes simplex hepatitis in pregnancy:

a case report and review of the literature. Obstet Gynecol Surv
1999;54:463-8.

Kindzelskii AL, Huang J-B, Chaiworapongsa T, et al. Pregnancy alters

51 Cottu PH, Bonneterre J, Varga A, et al. Phase | study of onapristone, glucose-6-phosphate dehydrogenase trafficking, cell metabolism,
a type | antiprogestin, in female patients with previously treated and oxidant release of maternal neutrophils. J Clin Invest
recurrent or metastatic progesterone receptor-expressing cancers. 2002;110:1801-11.

PLoS One 2018;13:e0204973. 76 Kindzelskii AL, Ueki T, Michibata H, et al. 6-phosphogluconate

52 Kamaraju S, Fowler AM, Tarima S, et al. A Phase Il Trial of dehydrogenase and glucose-6-phosphate dehydrogenase
Onapristone and Fulvestrant for Patients With ER+ and HER2- form a supramolecular complex in human neutrophils that
Metastatic Breast Cancer. Clin Breast Cancer 2024. undergoes retrograde trafficking during pregnancy. J Immunol

53 Wiehle RD, Christov K, Mehta R. Anti-progestins suppress the 2004;172:6373-81.
growth of established tumors induced by 7,12-dimethylbenz(a) 77 Lampé R, Kévér A, Sziics S, et al. Phagocytic index of neutrophil
anthracene: comparison between RU486 and a new 21-substituted- granulocytes and monocytes in healthy and preeclamptic pregnancy.
19-nor-progestin. Oncol Rep 2007;18:167-74. J Reprod Immunol 2015;107:26-30.

54 Knutson TP, Truong TH, Ma S, et al. Posttranslationally modified 78 Lissauer D, Eldershaw SA, Inman CF, et al. Progesterone promotes
progesterone receptors direct ligand-specific expression of breast maternal-fetal tolerance by reducing human maternal T-cell
cancer stem cell-associated gene programs. J Hematol Oncol polyfunctionality and inducing a specific cytokine profile. Eur J
2017;10:89. Immunol 2015;45:2858-72.

55 loffe OB, Zaino RJ, Mutter GL. Endometrial changes from short- 79 Barton BM, Xu R, Wherry EJ, et al. Pregnancy promotes tolerance to
term therapy with CDB-4124, a selective progesterone receptor future offspring by programming selective dysfunction in long-lived
modulator. Mod Pathol 2009;22:450-9. maternal T cells. J Leukoc Biol 2017;101:975-87.

56 Wiehle R, Lantvit D, Yamada T, et al. CDB-4124, a progesterone 80 Szekeres-Bartho J, Kilaf F, Falkay G, et al. The mechanism of the
receptor modulator, inhibits mammary carcinogenesis by inhibitory effect of progesterone on lymphocyte cytotoxicity: I.
suppressing cell proliferation and inducing apoptosis. Cancer Prev Progesterone-treated lymphocytes release a substance inhibiting
Res (Phila) 2011;4:414-24. cytotoxicity and prostaglandin synthesis. Am J Reprod Immunol

57 Clare SE, Gupta A, Choi M, et al. Progesterone receptor blockade Microbiol 1985;9:15-8.
in human breast cancer cells decreases cell cycle progression 81 Green ES, Moldenhauer LM, Groome HM, et al. Regulatory T cells
through G2/M by repressing G2/M genes. BMC Cancer are paramount effectors in progesterone regulation of embryo
2016;16:326. implantation and fetal growth. JCI Insight 2023;8:e162995.

58 Lee O, Choi M-R, Christov K, et al. Progesterone receptor 82 Borges VF, Lyons TR, Germain D, et al. Postpartum Involution and
antagonism inhibits progestogen-related carcinogenesis and Cancer: An Opportunity for Targeted Breast Cancer Prevention and
suppresses tumor cell proliferation. Cancer Lett 2016;376:310-7. Treatments? Cancer Res 2020;80:1790-8.

59 Osborne CK, Schiff R, Arpino G, et al. Endocrine responsiveness: 83 Lefrere H, Lenaerts L, Borges VF, et al. Postpartum breast
understanding how progesterone receptor can be used to select cancer: mechanisms underlying its worse prognosis, treatment
endocrine therapy. Breast 2005;14:458-65. implications, and fertility preservation. Int J Gynecol Cancer

60 Allred DC, Mohsin SK, Fuqua SA. Histological and biological 2021;31:412-22.
evolution of human premalignant breast disease. Endocr Relat 84 Lyons TR, Schedin PJ, Borges VF. Pregnancy and breast cancer:
Cancer 2001;8:47-61. when they collide. J Mammary Gland Biol Neoplasia 2009;14:87-98.

61 Mote PA, Bartow S, Tran N, et al. Loss of co-ordinate expression 85 Meissner M, Reichert TE, Kunkel M, et al. Defects in the human
of progesterone receptors A and B is an early event in breast leukocyte antigen class | antigen processing machinery in head and
carcinogenesis. Breast Cancer Res Treat 2002;72:163-72. neck squamous cell carcinoma: association with clinical outcome.

62 Boyle DP, Mullan P, Salto-Tellez M. Molecular mapping the presence Clin Cancer Res 2005;11:2552-60.
of druggable targets in preinvasive and precursor breast lesions: 86 Maleno I, Cabrera CM, Cabrera T, et al. Distribution of HLA class |
a comprehensive review of biomarkers related to therapeutic altered phenotypes in colorectal carcinomas: high frequency of HLA
interventions. Biochim Biophys Acta 2013;1835:230-42. haplotype loss associated with loss of heterozygosity in chromosome

63 Hosseini H, Obradovi¢ MMS, Hoffmann M, et al. Early dissemination region 6p21. Immunogenetics 2004;56:244-53.
seeds metastasis in breast cancer. Nature New Biol 2016;540:552-8. 87 Deng, Xia X, Zhao Y, et al. Glucocorticoid receptor regulates PD-L1

64 Tanos T, Sflomos G, Echeverria PC, et al. Progesterone/RANKL and MHC-I in pancreatic cancer cells to promote immune evasion
is a major regulatory axis in the human breast. Sci Trans/ Med and immunotherapy resistance. Nat Commun 2021;12:7041.
2013;5:182ra55. 88 Benitez R, Godelaine D, Lopez-Nevot MA, et al. Mutations of the

65 CaoY, Luo JL, Karin M. IkappaB kinase alpha kinase activity is beta2-microglobulin gene result in a lack of HLA class | molecules
required for self-renewal of ErbB2/Her2-transformed mammary on melanoma cells of two patients immunized with MAGE peptides.
tumor-initiating cells. Proc Nat/ Acad Sci U S A 2007;104:15852-7. Tissue Antigens 1998;52:520-9.

14 Tinoco JC, et al. J Immunother Cancer 2025;13:6010179. doi:10.1136/jitc-2024-010179


http://dx.doi.org/10.1016/j.mce.2020.110859
http://dx.doi.org/10.1080/2162402X.2017.1421891
http://dx.doi.org/10.1002/1097-0142(195203)5:2<382::aid-cncr2820050229>3.0.co;2-3
http://dx.doi.org/10.1242/dmm.017830
http://dx.doi.org/10.1242/dmm.017830
https://pubmed.ncbi.nlm.nih.gov/13035452
http://dx.doi.org/10.1186/1475-2867-11-21
http://dx.doi.org/10.1016/j.neo.2015.08.005
https://pubmed.ncbi.nlm.nih.gov/1540948
http://dx.doi.org/10.1146/annurev.med.48.1.129
http://dx.doi.org/10.1371/journal.pone.0204973
http://dx.doi.org/10.1016/j.clbc.2024.11.019
https://pubmed.ncbi.nlm.nih.gov/17549364
http://dx.doi.org/10.1186/s13045-017-0462-7
http://dx.doi.org/10.1038/modpathol.2008.204
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0244
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0244
http://dx.doi.org/10.1186/s12885-016-2355-5
http://dx.doi.org/10.1016/j.canlet.2016.04.010
http://dx.doi.org/10.1016/j.breast.2005.08.024
http://dx.doi.org/10.1677/erc.0.0080047
http://dx.doi.org/10.1677/erc.0.0080047
http://dx.doi.org/10.1023/a:1014820500738
http://dx.doi.org/10.1016/j.bbcan.2013.01.004
http://dx.doi.org/10.1038/nature20785
http://dx.doi.org/10.1126/scitranslmed.3005654
http://dx.doi.org/10.1073/pnas.0706728104
http://dx.doi.org/10.1007/s10911-009-9160-6
http://dx.doi.org/10.1007/s10911-009-9160-6
http://dx.doi.org/10.1210/en.2008-1630
http://dx.doi.org/10.5858/134.7.e48
http://dx.doi.org/10.5858/134.7.e48
http://dx.doi.org/10.1200/JCO.2009.25.6529
http://dx.doi.org/10.4269/ajtmh.23-0029
http://dx.doi.org/10.1007/s10096-003-0927-1
http://dx.doi.org/10.1016/s0001-706x(03)00097-4
http://dx.doi.org/10.1136/bmj.297.6648.584
http://dx.doi.org/10.1097/00006254-199907000-00026
http://dx.doi.org/10.1172/JCI15973
http://dx.doi.org/10.4049/jimmunol.172.10.6373
http://dx.doi.org/10.1016/j.jri.2014.11.001
http://dx.doi.org/10.1002/eji.201445404
http://dx.doi.org/10.1002/eji.201445404
http://dx.doi.org/10.1189/jlb.1A0316-135R
http://dx.doi.org/10.1111/j.1600-0897.1985.tb00334.x
http://dx.doi.org/10.1111/j.1600-0897.1985.tb00334.x
http://dx.doi.org/10.1172/jci.insight.162995
http://dx.doi.org/10.1158/0008-5472.CAN-19-3448
http://dx.doi.org/10.1136/ijgc-2020-002072
http://dx.doi.org/10.1007/s10911-009-9119-7
http://dx.doi.org/10.1158/1078-0432.CCR-04-2146
http://dx.doi.org/10.1007/s00251-004-0692-z
http://dx.doi.org/10.1038/s41467-021-27349-7
http://dx.doi.org/10.1111/j.1399-0039.1998.tb03082.x

89

90

o1

92

93

94

95

Lauss M, Donia M, Harbst K, et al. Mutational and putative
neoantigen load predict clinical benefit of adoptive T cell therapy in
melanoma. Nat Commun 2017;8:1738.

Suraweera A, O’Byrne KJ, Richard DJ. Combination Therapy With
Histone Deacetylase Inhibitors (HDACI) for the Treatment of Cancer:
Achieving the Full Therapeutic Potential of HDACi. Front Oncol
2018;8:92.

De A, Blotta HM, Mamoni RL, et al. Effects of dexamethasone on
lymphocyte proliferation and cytokine production in rheumatoid
arthritis. J Rheumatol 2002;29:46-51.

Kasturi S, Sammaritano LR. Corticosteroids in Lupus. Rheum Dis
Clin North Am 2016;42:47-62.

Katz JA. Treatment of inflammatory bowel disease with
corticosteroids. Gastroenterol Clin North Am 2004;33:171-89.

Covar RA. Pivotal efficacy trials of inhaled corticosteroids in asthma.

Ann Allergy Asthma Immunol 2016;117:582-8.
Lee HJ, Song IH, Park IA, et al. Differential expression of major
histocompatibility complex class | in subtypes of breast cancer

96

97

98

99

is associated with estrogen receptor and interferon signaling.
Oncotarget 2016;7:30119-32.

Denkert C, von Minckwitz G, Darb-Esfahani S, et al. Tumour-
infiltrating lymphocytes and prognosis in different subtypes of breast
cancer: a pooled analysis of 3771 patients treated with neoadjuvant
therapy. Lancet Oncol 2018;19:40-50.

Chung W, Eum HH, Lee H-O, et al. Single-cell RNA-seq enables
comprehensive tumour and immune cell profiling in primary breast
cancer. Nat Commun 2017;8:15081.

Sinn BV, Weber KE, Schmitt WD, et al. Human leucocyte antigen
class | in hormone receptor-positive, HER2-negative breast

cancer: association with response and survival after neoadjuvant
chemotherapy. Breast Cancer Res 2019;21:142.

Taylor BC, Sun X, Gonzalez-Ericsson PI, et al. NKG2A Is a Therapeutic
Vulnerability in Immunotherapy Resistant MHC-| Heterogeneous Triple-
Negative Breast Cancer. Cancer Discov 2024;14:290-307.

Tinoco JC, et al. J Immunother Cancer 2025;13:¢010179. doi:10.1136/jitc-2024-010179

15


http://dx.doi.org/10.1038/s41467-017-01460-0
http://dx.doi.org/10.3389/fonc.2018.00092
https://pubmed.ncbi.nlm.nih.gov/11824970
http://dx.doi.org/10.1016/j.rdc.2015.08.007
http://dx.doi.org/10.1016/j.rdc.2015.08.007
http://dx.doi.org/10.1016/j.gtc.2004.02.002
http://dx.doi.org/10.1016/j.anai.2016.07.035
http://dx.doi.org/10.18632/oncotarget.8798
http://dx.doi.org/10.1016/S1470-2045(17)30904-X
http://dx.doi.org/10.1038/ncomms15081
http://dx.doi.org/10.1186/s13058-019-1231-z
http://dx.doi.org/10.1158/2159-8290.CD-23-0519

	Progesterone receptor-­dependent downregulation of MHC class I promotes tumor immune evasion and growth in breast cancer
	Abstract
	Introduction﻿﻿
	Material and methods
	Cell lines and treatments
	Quantitative RT-PCR
	Flow cytometry
	67NR tumor growth experiments
	In vivo depletion
	Splenocyte killing assay
	Immunoblotting
	METABRIC APP gene expression analysis
	MHC class I expression in the CBCS cohort
	Statistical analysis

	Results
	APP gene expression is downregulated by PR/progesterone in BC cells
	MHC class I expression is decreased by PR/progesterone in BC cells
	Progesterone-dependent downregulation of MHC class I expression and protection from immune cell-mediated death in mouse mammary tumor cell lines
	PR-dependent protection from immune-mediated death requires CD8+ T cells
	Effective inhibition of PR+ tumor growth by antiprogestins is immune﻿﻿-﻿﻿mediated
	APP genes are lower in patients with PR+ BC
	Surface MHC class I expression is lower in patients with PR+BC

	Discussion
	Clinical aspect of PR biology
	Immunosuppressive effects of progesterone
	Steroid HRs and control of MHC class I

	References


