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SUMMARY

Immune tolerance mechanisms are shared in cancer and pregnancy. Through cross-analyzing single-cell
RNA-sequencing data from multiple human cancer types and the maternal-fetal interface, we found B7-H4
(VTCNT1) is an onco-fetal immune tolerance checkpoint. We showed that genetic deficiency of B7-H4 resulted
inimmune activation and fetal resorption in allogeneic pregnancy models. Analogously, B7-H4 contributed to
MPA/DMBA-induced breast cancer progression, accompanied by CD8" T cell exhaustion. Female hormone
screening revealed that progesterone stimulated B7-H4 expression in placental and breast cancer cells.
Mechanistically, progesterone receptor (PR) bound to a newly identified —58 kb enhancer, thereby mediating
B7-H4 transcription via the PR-P300-BRD4 axis. PR antagonist or BRD4 degrader potentiated immuno-
therapy in a murine B7-H4* breast cancer model. Thus, our work unravels a mechanistic and biological
connection of a female sex hormone (progesterone) to onco-fetal immune tolerance via B7-H4 and suggests
that the PR-P300-BRD4 axis is targetable for treating B7-H4* cancer.

INTRODUCTION

Immune checkpoint blockade (ICB) induces durable responses
across diverse cancers.'™ However, most cancer patients do
not respond to current immunotherapy. Key immune-regulatory
mechanisms foster suppressive networks in the tumor microen-
vironment (TME), leading to cancer immune evasion and thera-
peutic resistance to ICB.*® While immune tolerance toward
genetically mutated cancer cells is detrimental to the host, im-
mune tolerance toward normal cells from a semi-allogeneic fetus

during pregnancy is beneficial—making pregnancy an ideal
physiological model to explore immune-tolerance mechanisms.
As immune tolerance is critical for both cancer progression dur-
ing oncogenesis and fetal development during pregnancy,® '°
it is not surprising that several shared immunosuppressive
pathways, like PD-L1 (B7-H1, CD274)>>'" HLA-G,"'>"®
indoleamine  2,3-dioxygenase (IDO),>'*'® and regulatory
T cells (Tregs),'”'® are activated in the TME and placenta. In
this work, we explored immune regulatory molecules and path-
ways shared by the TME and placenta and found that B7-H4
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Figure 1. B7-H4 is an onco-fetal immune tolerance checkpoint

(A and B) Gene expression score (Z score) of B7 family members, TNF family members, major histocompatibility complex (MHC) molecules, and other typical
inhibitory and co-stimulatory molecules in tumor and trophoblast cells (for datasets see STAR Methods). Average scores from multiple datasets were shown

in (B).
(C) Gene expression of VTCN1 and CD274 in different immune cell subsets across different cancers (TISCH2).
(D) Gene expression of VTCN1 across different cancers in The Cancer Genome Atlas (TCGA) data.
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(VTCNT1) (also known as B7x, B7S1) is a potential shared onco-
fetal immune-tolerance checkpoint.

B7-H4 has been identified as an inhibitory B7 family mem-
ber’°? and is thought to be an immune checkpoint molecule
in the context of tumor immunity.?*® High B7-H4 expression
often correlates with shorter cancer patient survival.”” >° Howev-
er, animmune inhibitory role of endogenous B7-H4 in tumor cells
remains elusive in the immune competent system in vivo. In the
context of pregnancy, it has been reported that B7-H4 is ex-
pressed in trophoblast cells and decidual macrophages,®®~>*
and its expression is associated with pregnancy complica-
tions.®%*> However, whether B7-H4 plays an active immunolog-
ical role in maternal-fetal tolerance remains unclear. Further-
more, it is unknown whether and how environmental cues
regulate B7-H4 expression in non-immune cells, including
trophoblast cells in the placenta and tumor cells in the TME. In
this work, we studied the role of endogenous B7-H4 inaninduced
breast cancer model and multiple pregnancy models.

Crosstalk between the immune system and other systems, like
the nervous and endocrine systems, is crucial for generating
appropriate immune responses.®*~*° Recent studies on the inter-
section of endocrine and immune systems have shed light on a
role of androgen, a male sex hormone, in regulating T cell func-
tion in cancers, including prostate cancer.*’~*® However, it
is poorly understood if and how female sex hormone(s) alter
T cell-mediated anti-tumor immunity in women with cancer. To
fill this knowledge gap, we discovered the effect of female hor-
mones on B7-H4 expression in the placenta and breast cancer
and dissected the underlying molecular mechanisms and poten-
tial translation.

RESULTS

B7-H4 is an onco-fetal immune tolerance checkpoint

To explore previously unappreciated onco-fetal immune toler-
ance mechanism(s), we cross-analyzed 14 single-cell RNA-
sequencing (scRNA-seq) datasets from multiple human tumor
microenvironment (TME)**°" and placenta,®* " focusing on
the “non-self” cellular components of tumor cells and tropho-
blast cells. Given the importance of the major histocompatibility
complex (MHC) and the co-accessary molecules in immune
response, we assessed the expression patterns of MHC, key
B7 family members, and TNF family members. Our analysis
confidently recapitulated previously reported key genes ex-
pressed in tumor and trophoblast cells (Figures 1A, 1B, S1A,
and S1B). For instance, we found high Fibrinogen-like protein 1
(FGL1) expression in tumor cells®® and high HLA-G expression
in trophoblast cells in the placenta.”'*"® Interestingly, B7-H4
(VTCNT1) was ranked as the top 1 and 2 genes highly expressed
in tumor cells in the TME and trophoblast cells in the placenta,
respectively (Figures 1A and 1B). Thus, B7-H4 transcripts are ex-
pressed in the major cellular components of both TME and
placenta.
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We extended our analysis to the Tumor Immune Single-cell
Hub 2 (TISCH2) database®® and compared the expression
pattern of B7-H4 to that of PD-L1 (B7-H1, CD274). Again, B7-
H4 was mainly expressed by tumor cells, while PD-L1 was widely
expressed by different types of cells, including myeloid cells (Fig-
ure 1C). Interestingly, among many cancer types, the highest
levels of B7-H4 transcripts were in cancers originating from fe-
male reproductive organs, such as breast and ovarian cancers.
This scRNA-seq data analysis was in line with the bulk RNA-
seq data in TCGA (Figure 1D), showing the highest levels of
B7-H4 transcripts in breast, ovarian, and endometrial cancers.
We detected high levels of B7-H4 protein in breast and endome-
trial cancers (Figure S1C). Notably, intermediate levels of B7-H4
transcripts were detected in cervical cancer (Figure 1D). Hence,
B7-H4 transcript and protein are highly expressed in pan-gyne-
cological cancers.

At the maternal-fetal interface, B7-H4 was mainly expressed
by trophoblast cells (Figure S1D). Human trophoblast cells
consist of anatomically and functionally different subsets,
including extravillous trophoblast cells (EVTs), villous cytotro-
phoblast cells (VCTs), and syncytiotrophoblast (SCT).” We
analyzed the expression of B7-H4 transcripts in trophoblast sub-
sets from human first-trimester pregnancies, which is a critical
stage for establishing maternal-fetal immune tolerance. In the
scRNA-seq datasets®” >’ we found that HLA-G expression
was mainly detected in EVTs, CD274 expression was in EVTs
and SCT, and VTCN1 was in all three subsets of trophoblast cells
(Figure S1E). VTCN1 transcripts were detected in the in vitro
differentiated EVTs (Figure S1F). We next evaluated the expres-
sion of B7-H4 protein in trophoblast subsets from human first-
trimester gestations. To this end, we performed immunohisto-
chemistry (IHC) staining in products of conception (POCs) from
human first-trimester pregnancies. Using a series of consecutive
tissue sections, we showed that EVTs expressed HLA-G (Fig-
ure S1G), VCTs were Cadherin-1 (CDH1)-expressing inner liner
cells of villi (Figure 1E), and SCT was Syndecan-1 (SDC1)-ex-
pressing cells arrayed in a continuous layer overlying the VCTs
and surrounding the villi (Figure 1F). It was evident that HLA-G™*
EVTs expressed B7-H4 protein in placental tissues from POCs
(Figure S1G). Multiplex IHC staining revealed concurrent expres-
sion of B7-H4 and HLA-G in EVTs (Figure 1G). In line with this,
the trophoblast cell line JEG-3 expressed both HLA-G and B7-
H4 (Figure S1H). VCTs expressed different levels of B7-H4 pro-
tein across different villi and within the same villi (Figures 1E
and S1G, arrows). SCT also expressed different levels of B7-
H4 protein among different villi (Figure 1F). Consistent with pre-
vious reports,®® amnion epithelial cells also expressed B7-H4
(Figures S1l and S1J), providing an additional B7-H4* cell type
at the human maternal-fetal interface.

We next evaluated B7-H4 expression in the mouse placenta.
In line with human data, the scRNA-seq analysis showed that
high B7-H4 gene expression was detected in syncytiotropho-
blast layer Il (SynTIl) cells (Figures S1K and S1L).°" Then, we

(E-G) Representative immunohistochemistry (IHC) (E and F) and multiplex IHC (G) staining of CDH1, B7-H4, SDC1, and HLA-G in human first-trimester products

of conception (POCs). Scale bar, 50 pm.

(H) Representative IHC staining of B7-H4 in mouse placenta. Scale bar, 1 mm. Data are presented as mean + SD (A). Each dot represents a dataset (C) or a tumor

sample (D) for violin plots. See also Figure S1.
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performed IHC to assess B7-H4 protein at the mouse maternal-
fetal interface. IHC detected B7-H4 protein in the labyrinth (the
interface for fetal and maternal blood exchange in the mouse
placenta), decidua basalis, endometrial epithelium, yolk sac
cells, and trophoblast giant cells (TGCs) (Figure 1G). TGCs are
the counterparts of human EVTs. Western blotting validated
B7-H4 protein expression in these tissues (Figure S1M). More-
over, IHC demonstrated B7-H4 expression in murine (Fig-
ure STN) and human®? (Figure S10) endometrial glandular cells.
Thus, B7-H4 is expressed by cells and tissues of both maternal
and fetal origin, and its expression pattern is conserved in human
and mouse. B7-H4 may serve in junction with PD-L1 and HLA-G
to safeguard the fetus via fostering an immunosuppressive
network. Given that B7-H4 mediates immune suppression in
the TME® and is highly expressed in cancer types of female
reproductive organ origin, we suggest that B7-H4 is a potential
onco-fetal immune tolerance checkpoint.

B7-H4 supports the maternal-fetal immune tolerance

To explore whether B7-H4 plays an active immunological role in
maternal-fetal immune tolerance, we bred B7-H4 knockout (B7-
H4~7)%® and wild-type (WT) C57BL/6 (B6) female mice with
BALB/c male mice for allogeneic mating. As expected, the
expression levels of B7-H4 protein were largely decreased at
the maternal-fetal interface in B7-H4~/~ female mice, while B7-
H4 expression remained detectable at the maternal-fetal inter-
face due to fetal-originated trophoblast cells with B7-H4*'~ ge-
notype (Figure S2A). Surprisingly, despite similar fetus numbers,
there were more resorbed fetuses in pregnant B7-H4~'~ mice
than in pregnant WT mice (Figures 2A-2C). This difference held
true in pregnant mice from allogeneic mating, but not from syn-
geneic mating (Figures S2B and S2C). The data suggest that B7-
H4 regulates allogeneic mating-associated immune activation.
In support of this possibility, there were higher levels of T cells
infiltrating the placental and decidual areas of the resorbed fe-
tuses (Figures 2D and 2E). We detected higher levels of activa-
tion markers (such as CD25, CD44, and CD69) in T cells from
the placental and decidual tissues of the resorbed fetuses as
compared to healthy fetuses (Figure 2F). We also observed
higher levels of chemokines, CXCL9 and CXCL10, and cyto-
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kines, such as IFN-y and TNF-a, in placental and decidual tis-
sues of the resorbed fetuses (Figure S2D). This is consistent
with a previous report showing that IFN-y and TNF-a can induce
chemokine expression in the decidual stromal cells.®* Moreover,
there were more IFN-y*CD8™" T cells in the uterus-draining lymph
nodes (LNs) from pregnant B7-H4~'~ mice than WT mice (Fig-
ure 2G). Interestingly, natural killer (NK) cells expressed higher
levels of activating receptors, including Ly49D and Ly49H
(Figures 2H and 2l), and comparable levels of inhibitory recep-
tors, including Ly49A, Ly49C, and Ly49G2 (Figure S2E) in
placental and decidual tissues from B7-H4~~ mice compared
to WT mice.®® Therefore, increased fetus resorption in B7-
H4~~ mice is accompanied by immune activation. To determine
whether T cells were involved in fetus resorption, we bred B7-
H4~~ mice with RAG1™~ mice to generate T cell-deficient
B7-H4~’~ (RAG1~/"B7-H4~/") mice. Then, female RAG1~/"B7-
H4~'~ mice were mated with male BALB/c mice. We observed
comparable levels of fetus resorption in female RAG1~/~B7-
H4~~ and RAG1™"~ mice (Figure 2J). However, the levels of
Ly49D and Ly49H expression on NK cells were comparable in
placental and decidual tissues from RAG1~~B7-H4~~ and
RAG1~~ mice (Figure S2F), suggesting that elevated expression
levels of these activating receptors on NK cells in B7-H4~/~ mice
were dependent on adaptive immunity. In addition, we treated
B7-H4~/~ mice with anti-CD4 monoclonal antibody (mAb) or
anti-CD8 mAb to deplete CD4" or CD8" T cells (Figures 2K,
S2G, and S2H). Depletion of CD8" T cells, but not CD4*
T cells, resulted in reduced fetus resorption (Figure 2K). Thus,
the data suggest that activated CD8" T cells contribute to fetus
resorption in B7-H4~'~ mice.

In further support of this possibility, in the human first-
trimester POC samples, we observed considerable amount of
CD8* cells infiltrating the decidua with implantation, where
HLA-G* EVTs were localized (Figure S2I). Moreover, CD8" cells
were located at the anchoring sites and the invasive front of
B7-H4" EVTs (Figures 2L, S2J, and S2K). Multiplex IHC staining
demonstrated that most CD8* cells were CD3* T cells in the
decidua with implantation (Figure 2M, arrows). Notably, some
CD8" T cells were in close contact with B7-H4"HLA-G* EVTs
(Figure 2M). Altogether, the data suggest that CD8" T cells

(
(
(
(
(

C) The number of surviving pups from setup in (A). WT, n = 29 litters; B7-H4~/~, n = 31 litters.

D-F) Representative IHC staining of CD8 (D and E) and immune phenotyping of CD8* T cells (F) at the maternal-fetal interface of healthy and resorbed fetuses
from the B7-H4~/~ mating group. (E) Healthy, n = 16; resorbed, n = 16. (F) Healthy, n = 32; resorbed, n = 9. Scale bar, 1 mm.

G) IFN-y*CD8* T cells in uterus-draining lymph nodes from pregnant WT (n = 8) and B7-H4 '~ (n = 8) mice.

H and 1) Frequency of Ly49D* and Ly49H* NK cells in placental and decidual tissues from pregnant WT (n = 26) and B7-H4 "~ (n = 11) mice.

J) Mating strategy and statistics for RAG1~/"B7H4** (n = 17) and RAG1~/"B7H4~'~ (n = 19) mice mated with male BALB/c mice.

(K) Effect of CD4 and CD8 depletion on fetus resorption in female B7-H4~~ mice mated with male BALB/c mice. IgG (n = 27), anti-CD8 (n = 17), or anti-CD4
(n=10).

(L and M) Representative IHC (L) and multiplex IHC (M) staining of B7-H4, HLA-G, CD8, and CD3 in human first-trimester POCs. Arrow: CD8*CD3* T cells. Scale
bars, 20 um.

(N and O) Female CBA/J B7-H4*~ mice mated male C57BL/6 B7-H4*'~ mice. Comparison of fetus resorption between B7-H4*~ and B7-H4 /~ fetuses from the
same uterus (O).

(P and Q) Strategy for embryo transfer and representative images of the resorbed fetus (arrows) (P). Statistical data were pooled from 4 independent experiments
(Q). WT embryos were collected from n = 30 WT (B6) mice and transferred to n = 9 recipient CBA/J mice. B7H4~/~ embryos were collected from n = 35 B7TH4 '~
(B6) mice and transferred to n = 14 recipient CBA/J mice.

Data are presented as violin plots (B-G, J, K, O), mean + SD (H, I, M), min to max (Q). Each dot represents a litter (B, C, J, K, O, Q), amouse (G), a fetus (E, F, H, I), or
a high-magnification field (M). ***p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant; by unpaired t test (B-J, Q), one-way ANOVA (K, compared to
1gG) and paired t test (O). See also Figure S2.
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may interact with B7-H4* EVTs during the first trimester of hu-
man pregnancy.

We further examined the MHC-I expression on mouse tropho-
blast cells. We detected a subset of trophoblast cells expressing
H-2K (both maternal and paternal) but not H-2D molecules
(Figures S2L and S2M). This is consistent with previous reports
that TGCs express H-2K but not H-2D.%° The percentage of
H-2K* trophoblast cells was comparable in placental and
decidual tissues from WT and B7-H4 '~ mice (Figures S2L and
S2M). Moreover, H-2K* trophoblast cells also expressed B7-
H4 (Figure S2N), suggesting a potential immune regulatory role
of B7-H4 in this subset during pregnancy.

To overcome the limitation of using whole-body knockout
mice and further demonstrate the role of fetal B7-H4 in fetus
resorption, we first bred B7-H4~/~ mice with CBA/J mice to
generate B7-H4~/~ CBA/J mice. Then, we used B7-H4~/~
CBA/J female mice and B7-H4*~ B6 males as mating pairs (Fig-
ure 2N). In the maternal-fetal interface from these mating pairs,
maternal B7-H4 was deficient, while fetal B7-H4 comprised
two genotypes: B7-H4*'~ and B7-H4~/~ (Figures 2N and S20).
This experimental setting allowed us to evaluate the role of fetal
B7-H4 by comparing the fetus-resorption outcome of B7-H4 "/~
and B7-H4*'~ fetuses within the same uterus (the same maternal
immune environment). We observed more resorption of B7-
H4~/~ fetuses than B7-H4*/~ fetuses (Figure 20). Furthermore,
we performed embryo transfer experiments. WT female B6
mice and WT male CBA/J mice were mated to generate WT em-
bryos on a BECBAF1 background (Figure 2P). B7-H4~/~ female
B6 mice and B7-H4~~ male CBA/J mice were mated to
generate B7-H4~'~ embryos on a BECBAF1 background. Given
that female CBA/J mice ovulate limited numbers of eggs and are
not ideal for superovulation,®” we used female B6 mice for this
mating strategy. WT and B7-H4~'~ embryos on BECBAF1 back-
ground were collected and transferred to the same pool of fe-
male CBA/J mice (Figure 2P). B7-H4~'~ embryos developed
more fetus resorption than WT embryos, while the total numbers
of implantation sites were comparable between these two
groups (Figures 2P and 2Q). Consistent with previous data,
T cells expressed higher levels of the activation marker CD44
in placental and decidual tissues from resorbed fetuses
compared to healthy ones (Figure S2P). The well-established fe-
tuses in WT and B7-H4~/~ groups had comparable weights and
showed similar histology (Figures S2Q and S2R). These data
demonstrate a protective role of fetal B7-H4. Considered
together, the data suggest that B7-H4 expression supports the
maternal-fetal immune tolerance via potentially keeping CD8*
T cells in check.

Progesterone promotes B7-H4 expression in cancer and
placenta

B7-H4 is highly expressed in the maternal-fetal interface and
pan-gynecological cancers. This phenomenon prompted us to
explore environmental cues capable of stimulating B7-H4
expression. We hypothesized that female hormones regulate
B7-H4 expression in the placenta and cancer. To test this hy-
pothesis, we tested the response of T-47D, a human breast can-
cer cell line, to three major types of female hormones: sex hor-
mones (i.e., estrogen and progesterone), pregnancy-related
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hormones (i.e, human chorionic gonadotropin [nCG] and human
placental lactogen [hPL]), and menstrual cycle-related hormones
(i.e., luteinizing hormone [LH] and follicle-stimulating hormone
[FSH]). Interestingly, treatment with progesterone, but not other
hormones, dramatically increased B7-H4 protein expression
(Figure 3A). Two progesterone receptor (PR) agonists, medroxy-
progesterone acetate (MPA) and levonorgestrel (LNG), pro-
moted B7-H4 expression (Figures 3B and 3C). RU486 (mifepris-
tone), an antagonist of PR, abolished the effect of progesterone
on B7-H4 expression (Figure 3D). Progesterone treatment upre-
gulated B7-H4 expression in hormone-receptor-positive breast
cancer cells, including ZR-75-1, UACC-812, and CAMA-1
(Figures S3A-S3C), but not in hormone-receptor-negative breast
cancer cells, such as MDA-MB-231 and 4T1 (Figures S3D and
S3E). These data indicate that progesterone promotes B7-H4
expression in a PR-dependent manner. Moreover, progesterone
treatment upregulated B7-H4 expression in OVKATE, an ovarian
cancer cell line (Figure S3F), but not in LNCaP, a prostate cancer
cell line (Figure S3G). Progesterone-mediated B7-H4 expression
occurred in the absence and presence of B-Estradiol in T-47D
and UACC-812 cells (Figures S3H and S3l). We extended our
study to additional relevant cell types. Treatment with progester-
one resulted in an increase in B7-H4 expression in JEG-3 cells
(@ human trophoblast cell line) (Figure 3E), primary human endo-
metrial epithelial cells (Figure 3F), and mouse endometrial
epithelial cells (Figure 3G). As a control, progesterone and
MPA failed to affect PD-L1 expression in T-47D and JEG-3 cells
(Figures S3J and S3K). Moreover, we treated mice with RU486,
which has been studied in patients with breast cancer,®® and
observed reduced B7-H4 expression in endometrial epithelial
cells in vivo (Figures 3H and 3I). RNA-seq data from paired
pre- and post-treatment breast cancer samples showed that
RU486 treatment resulted in decreased B7-H4 transcripts in 6
out of 8 patients (Figure 3J).°® Thus, progesterone promotes
B7-H4 expression in human breast cancer cells and cells at
the maternal-fetal interface.

B7-H4 promotes breast cancer progression by inhibiting
CD8* T cells

The immunological role of progesterone signaling in breast can-
cer progression and its potential mechanistic connection with
B7-H4 are unknown. Despite its reported immune inhibitory
role,’°?*?" the immunological effect of tumor-intrinsic B7-H4
is not fully understood in the syngeneic immune-competent
model in vivo. Breast cancer cells express the highest levels of
B7-H4 (Figures 1C and 1D). Progesterone promotes B7-H4
expression in breast cancer cells (Figures 3A and S3A-S3C).
We hypothesized that progesterone promotes cancer immune
evasion by controlling B7-H4 expression. To test this hypothesis,
we employed a mouse breast cancer model induced by MPA, a
synthetic progestogen associated with a potential risk for breast
cancer,’®’? and DMBA (7,12-dimethyl-1,2-benz[a]anthracene),
a mutagen and carcinogen (Figure 4A).”""? In line with this, we
observed an increase in breast cancer rate and progression in
WT mice receiving MPA plus DMBA compared to mice receiving
DMBA alone (Figures 4B-4E). Although MPA plus DMBA
induced breast cancer in both WT and B7-H4~/~ mice, B7-
H4~/~ mice had fewer tumor nodules (Figure 4B), manifested
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Figure 3. Progesterone promotes B7-H4 expression in cancer and placenta

(A) B7-H4 expression in T-47D treated with different hormones. FSH, follicle-stimulating hormone; LH, luteinizing hormone; hCG, human chorionic gonadotropin;
hPL, human placental lactogen.

(B and C) B7-H4 expression in T-47D cells treated with medroxyprogesterone acetate (MPA) and levonorgestrel (LNG).

(D) Western blot of T-47D cells treated with progesterone (0, 1, 10, 100 nM) and the indicated concentrations of RU486.

(E) Western blot of JEG-3 cells treated with progesterone from 0, 1, 10, 100, 500, or 1,000 nM.

(F and G) B7-H4 expression in primary human endometrial epithelial cells (HEECs) and mouse endometrial epithelial cells (MEECs) treated with 100 nM
progesterone.

(H and I) B7-H4 protein levels in MEEC isolated from mice treated either with vehicle (n = 17) or RU486 (n = 13).

(J) VTCNT gene expression in breast cancer tissues from patients treated with RU486 (GEO: GSE212690). Cells were treated for 48 h in vitro.

Representative data from three independent experiments are shown (A-l). Data are presented as violin plot (I). Each dot represents an individual mouse (l).
**p < 0.01; by unpaired t test (I). See also Figure S3.

In line with this notion, high B7-H4 expression was detected in
tumor tissues compared to normal mammary fat pad tissues
(Figure 4F). IHC staining demonstrated that tumor cells ex-
pressed B7-H4 in the TME (Figure 4G). MPA treatment upregu-
lated B7-H4 expression in tumor cell clones (4H11 and 3E10) iso-
lated from primary tumors induced by MPA plus DMBA

slower tumor progression (Figures 4C and 4D), and experienced
longer survival as compared to WT mice (Figures 4D and 4E).
Notably, this difference was not observed in WT and B7-H4~/~
mice that received DMBA alone (Figures 4B—4E). The results
suggest that progesterone and B7-H4 act together to enhance
breast tumor development and progression.
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Figure 4. B7-H4 promotes breast cancer progression by inhibiting CD8" T cells
(A-G) The spontaneous breast cancer model induced by MPA plus DMBA (A). The number of evaluable tumor nodules per mouse (B), tumor growth curves (C),
tumor-free survival (D), and overall survival (E) were presented. Western blot and IHC staining of B7-H4 from the indicated tumor samples (F and G). MFP,
mammary fat pad; T, tumor. WT, MPA plus DMBA, n = 22; B7-H4~/~, MPA plus DMBA, n =23; WT, DMBA, n = 14; B7-H4~/~, DMBA, n = 12. Scale bar, 1 mm G).
(H) Western blot of MPA-treated 4H11 and 3E10, clones derived from primary tumor cells from (A).
(I-K) CyTOF analysis of cells isolated from tumors in WT or B7-H4~/~ mice. Subsets of CD8* T cells (I) and statistics are shown (J). UMAP plots showing PD-1 and
TIM-3 expression in concatenated WT and B7-H4~~ samples (K). WT, n = 9 tumors; B7-H4~~, n = 5 tumors.
(L) The spontaneous breast cancer model in RAG1~/~B7-H4** (n = 9) and RAG /" B7-H4 '~ (n = 8) mice.
(M-Q) Coculture of OT-I cells with B7-H4*"* (sgCTRL) or B7-H4~'~ (BKO) 4H11 tumor cells. The proliferation (M), transcription factor expression (N, O), and
cytokine expression (P, Q) of OT-I cells were examined by flow cytometry. Data are presented as mean + SEM (B, C, L), violin plot (J), or mean + SD (M-Q).
****p < 0.0001; **p < 0.001; *p < 0.05; ns, not significant; by two-way ANOVA (B, C, L), log rank test (D, E, L), unpaired t test (J), or one-way ANOVA (M-Q). See also

Figure S4.
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Figure 5. PR signaling promotes B7-H4 transcription via binding to the —58 kb enhancer

(A) mRNA level of B7-H4 in T-47D cells treated with 100 nM progesterone for 24 h.

(B and C) PR ChlP-seq signal tracks and enrichment scores at the indicated region in T-47D cells.

(D) H3K27ac, H3K4me1, and H3K4me3 ChIP-seq and ATAC-seq signal tracks in T-47D cells.

(E) Hi-C and H3K27ac ChlIP-seq signal tracks in T-47D cells treated with R5020.

(F) 3C-gPCR for the promoter and putative enhancers in T-47D cells with or without progesterone treatment. P3 is the anchor primer.
(G) Luciferase-reporter assay in HEK293T showing increased transcription by adding the putative enhancer to the promoter region.
(H) B7-H4 expression after progesterone treatment (100 nM) in T-47D clones with or without —58 kb enhancer region.

(I) H3K27ac and PR ChlIP-seq signal tracks in ZR-75-1 cells.

(J) H3K27ac ChlP-seq signal tracks in human cancer tissues.

(K) H3K27ac and H3K4me1 ChiIP-seq and ATAC-seq signal tracks in human placental tissues.

(legend continued on next page)
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(Figure 4H). These data suggest that MPA stimulates tumor B7-
H4 expression, thereby contributing to breast cancer progres-
sion. To determine the role of B7-H4 in tumor immune response,
we used mass cytometry (CyTOF) to analyze immune cell
subsets in the TME. We detected similar percentages of tu-
mor-infiltrating immune cell subsets in WT and B7-H4~'~ mice,
including T cells, B cells, NK cells, dendritic cells (DCs), macro-
phages, and neutrophils (Figures S4A-S4C). However, there
were fewer Tim-3*PD-1*CD8* (exhausted) T cells, but more acti-
vated CD8" T cells in B7-H4 '~ tumors compared to WT tumors
(Figures 41-4K and S4D). The levels of CD4* T cells and Foxp3*
Treg cells were comparable in B7-H4~'~ tumors and WT tumors
(Figures S4E-S4G). To directly explore the role of tumor-intrinsic
B7-H4 in controlling adaptive immune response, we evaluated
breast tumors induced by MPA plus DMBA in RAG1™/~ mice
and RAG1~/"B7H4~~ mice. Despite high levels of B7-H4
expression in tumors in RAG1~/~ mice (Figure S4H), we
observed comparable tumor loads and similar survival in
RAG1~~ mice and RAG1/"B7H4~~ mice (Figure 4L). The
data suggest that B7-H4 targets adaptive immunity to mediate
a protumor role in vivo. To further validate this notion, we estab-
lished B7-H4** (sgCTRL) and B7-H4~/~ (BKO) tumor cells from
clone 4H11 (Figure S4l), which was isolated from primary tumors
induced by MPA plus DMBA. Then, we co-cultured OT-I cells
with 4H11 tumor cells. OT-I cells showed reduced proliferation
(Figure 4M), decreased TCF1 expression (Figure 4N), increased
TOX expression (Figure 40), and diminished expression of
effector cytokines and granzyme B (Figures 4P and 4Q) when
cultured with B7-H4*"* 4H11 tumor cells as compared to B7-
H4~~ 4H11 tumor cells. When 4H11 tumor cells and T cells
were cultured in transwell settings, B7-H4** 4H11 tumor cells
failed to inhibit T cell proliferation (Figure S4J). There was no
detectable soluble B7-H4 in this coculture system (Figure S4K).
Thus, consistent with its immune tolerogenic role in pregnancy,
B7-H4 enhances breast cancer progression via inhibiting T cell
activation and promoting T cell exhaustion.

PR signaling promotes B7-H4 transcription via binding
to the —58 kb enhancer

We next explored how progesterone-PR signaling regulates B7-
H4 expression at the molecular level. Progesterone treatment
increased B7-H4 mRNA expression (Figure 5A), suggesting a
transcriptional regulation. As a nuclear receptor, PR can function
as a transcription factor via binding to the regulatory elements,
thereby altering gene expression. Unexpectedly, chromatin
immunoprecipitation (ChlP)-seq showed only a modest binding
of PR to the plausible promoter region of B7-H4 upon treatment
with progesterone or R5020 (also known as promegestone, a PR
agonist) in T-47D cells (Figures 5B and 5C). In sharp contrast,
there was a strong PR-binding peak at the —58 kb region
(Figures 5B and 5C). ChIP-gPCR validated the PR binding to
the —58 kb region in T-47D cells in response to progesterone
(Figure S5A). This region and the promoter region of B7-H4

Cell

had high chromatin accessibilities as shown by ATAC-Seq
(assay for transposase-accessible chromatin using sequencing)
and harbored histone modification marks for enhancers,
including H3K27ac and H3K4me1 (Figure 5D). Published Hi-C
(Figure 5E) and 3C-gPCR data generated in-house (Figures 5F
and S5B) demonstrated that this —58 kb region directly inter-
acted with the promoter region of B7-H4, while progesterone
treatment enhanced their interaction (Figures 5F and S5B).
Thus, this —58 kb region is a putative enhancer for B7-H4. To
explore whether this putative enhancer can regulate the tran-
scriptional activity of the B7-H4 promoter, we cloned the B7-
H4 promoter region with or without the —58 kb putative enhancer
region and established a reporter system to assess the B7-H4
promoter activity in PR-expressing HEK293T cells. We found
that progesterone treatment enhanced the B7-H4 promoter ac-
tivity in the presence of the —58 kb putative enhancer (Figure 5G).
Moreover, we used CRSPR-Cas9 to genetically delete the —58
kb putative enhancer region in T-47D cells. This deletion abol-
ished the effect of progesterone on B7-H4 expression
(Figures 5H and S5C). PR also bound to the enhancer region in
progesterone-treated ZR-75-1, UACC-812, and CAMA-1 cells
(Figures 51 and S5D). As a control, ChlP-seq data showed that
PR failed to bind to the promoter and enhancer regions of PD-
L1 in T-47D cells (Figure S5E).”*"° Thus, the —58 kb region is
the specific enhancer for B7-H4 and contributes to progester-
one-mediated B7-H4 transcriptional regulation.

We next asked whether this enhancer is active in tissues orig-
inating from the reproductive organs in women. Indeed, the —58
kb enhancer exhibited H3K27ac and H3K4me1 signals in
human breast cancer, endometrial cancer, ovarian cancer, and
placental tissues (Figures 5J and 5K). PR ChlP-seq data showed
a strong binding peak at the —58 kb enhancer region in human
endometrial tissues (Figure 5L). Single-cell ATAC-Seq’® results
demonstrated that the —58 kb enhancer region had higher chro-
matin accessibility in trophoblast cells, including VCTs/SCT and
EVTs, compared to endothelial cells and fibroblasts in the
placenta (Figure 5M). Moreover, based on Cicero analysis,””"®
the —58 kb enhancer region had co-accessibility with the B7-
H4 promoter region in trophoblast cells, but not in stromal, endo-
thelial, or muscle cells (Figure 5N). We also found a series of
putative enhancer regions demonstrating histone marks of en-
hancers and PR-binding peaks in mouse uterus (Figure S5F).
Hi-C data indicated that these enhancers could directly interact
with the B7-H4 promoter region (Figure S5G). Moreover, treat-
ment with progesterone enhanced the interaction between these
enhancers and the B7-H4 promoter region (Figure S5H). Taken
together, these data support the conclusion that PR promotes
B7-H4 transcription through the specific —58 kb enhancer.

Progesterone promotes B7-H4 expression via the PR-
P300-BRD4 axis

PR regulates gene transcription by recruiting epigenetic modi-
fiers.”® Indeed, upon treatment with progesterone and R5020,

(L) PR ChlIP-seq in human endometrium.

(M) ATAC-seq signal tracks in different human placental cells. Tracks are shown in the same data range.
(N) Cicero analysis of co-accessibility score between —58 kb enhancer and the B7-H4 promoter region in trophoblast cells.
All datasets used are listed in the STAR Methods. Data are presented as mean + SD (A, C, F, G). ***p < 0.0001; by unpaired t test. See also Figure S5.
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Figure 6. Progesterone promotes B7-H4 expression via the PR-P300-BRD4 axis

H) BRD4 ChlIP-seq signal tracks in T-47D cells.

L and M) B7-H4 expression in 4H11 cells.
N and O) B7-H4 expression in JEG-3 cells.

histone acetyltransferase P300 showed enhanced binding to the
—58 kb enhancer region (Figures 6A and 6B). This was consistent
with the enhanced H3K27ac signal at the enhancer region
(Figures 6C and 6D). Treatment with P300 inhibitors L002
and CCS1477 inhibited B7-H4 protein expression in a dose-
dependent manner in multiple breast cancer cell lines

A-D) P300 (A and B) and H3K27ac (C and D) ChIP-seq signal tracks and enrichment scores in T-47D cells.
E-G) B7-H4 expression in T-47D cells with indicated treatments. 50 nM progesterone, 4 uM L002, and 500 nM CCS1477 were used in (G).

1-K) B7-H4 expression in T-47D cells. 50 nM progesterone, 1,000 nM JQ1, and 1,000 nM ARV-825 were used in (J).

P and Q) B7-H4 expression in HEECs (RSRSR#01441) cells. Cells were treated for 48 h. Representative data from three independent experiments are shown
E-G and |-Q). Data are presented as mean + SD (B). **p < 0.01; *p < 0.05; by one-way ANOVA. See also Figure S6.

(Figures 6E, 6F, and S6A-S6C) and largely impaired the stimula-
tory effect of progesterone on B7-H4 in T-47D and UACC-812
(Figures 6G and S6D) cells. The data indicate that P300 regulates
B7-H4 expression mediated by progesterone.

Epigenetic readers recognize histone modifications and
recruit transcriptional activation or repression complexes to
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Figure 7. Targeting the regulatory axis of B7-H4 potentiates ICB efficacy
(A-C) Syngeneic tumors were established with primary tumor cells derived from MPA+DMBA breast cancer model. Mice were treated with RU486, anti-PD-L1, or
their combination. Tumor growth curves (A and B) and mouse survival (C) were presented. n = 16 tumors per group.
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regulate downstream genes.®® Bromodomain-containing protein
4 (BRD4) is an epigenetic reader for H3K27ac and is important
for enhancer functions.?® BRD4 had a strong binding peak at
—58 kb enhancer region in T-47D cells (Figure 6H). JQ1, a potent
BET inhibitor, largely impaired the binding of BRD4 to this region
in T-47D cells and downregulated B7-H4 expression in multiple
breast cancer cell lines (Figures 6H, 61, and S6E-S6G). Treat-
ment with JQ1 largely impaired the stimulatory effect of proges-
terone of B7-H4 in T-47D and UACC-812 cells (Figures 6J and
S6D). ARV-825, a PROTAC degrader for BRD4," also downre-
gulated B7-H4 expression and impaired progesterone or MPA-
induced B7-H4 expression in human breast cancer cell line
T-47D cells (Figures 6J, 6K, and S6H), mouse breast cancer
cell clone 4H11 (Figures 6L and 6M), human trophoblast JEG-3
(Figures 6N and 60), and human endometrial epithelial cells
(HEECs) (Figures 6P and 6Q). Inhibition of BRD4 also downregu-
lated B7-H4 expression in ovarian cancer cell line OVCAR-3
(Figures S6l and S6J). Taken together, B7-H4 expression is regu-
lated by the PR-P300-BRD4 axis.

Targeting the regulatory axis of B7-H4 potentiates ICB
efficacy

Patients with breast cancer and ovarian cancer are often poorly
responsive to ICB. Given high levels of B7-H4 expression in
these patients, we sought to target B7-H4 to improve ICB effi-
cacy. For this purpose, we established a primary PR*ER* breast
cancer model in syngeneic WT mice using cells isolated from B7-
H4* primary tumors induced by MPA plus DMBA (Figures 4F and
S7A). We first treated tumor-bearing mice with RU486 (a PR
antagonist), anti-PD-L1, and their combination. RU486 or anti-
PD-L1 alone resulted in moderate suppressive effects on tumor
progression; their combination enhanced this tumor inhibition
and prolonged mouse survival (Figures 7A-7C). We next used
BD-9136, a highly selective BRD4 degrader we previously syn-
thesized,®” to target B7-H4. We treated T-47D breast cancer
cells with BD-9136. As expected, treatment with BD-9136 effec-
tively reduced B7-H4 expression in a dose-dependent manner
(Figure S7B). We then treated mice bearing syngeneic B7-H4*
tumors with BD-9136, anti-PD-L1, and their combination. Treat-
ment with BD-9136 reduced B7-H4 protein expression in tumor
tissues (Figures 7D and 7E). BD-9136 alone moderately inhibited
tumor growth, and the combination with anti-PD-L1 further
enhanced this inhibition (Figures 7F and 7G). In line with this,
we detected higher levels of CD8" T cells in tumor tissues
in the combination group as shown by CyTOF analysis
(Figures 7H, 71, S7C, and S7D) and IHC (Figures 7J and 7K).
Furthermore, there were more polyfunctional CD8* T cells ex-
pressing IFN-y and TNF-a in the TME (Figure 7L) and tumor-
draining lymph nodes (Figure S7E) from mice treated with com-
bination therapy. Taken together, the data suggest that targeting
the regulatory axis of B7-H4 with PR antagonist or BRD4
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degrader can potentiate the therapeutic efficacy of ICB in B7-
H4* breast cancer model.

DISCUSSION

Immune tolerance acts as a key mechanism for cancer progres-
sion and resistance to ICB'™® and is critical for successful fetal
development during pregnancy.” '° Several immunosuppres-
sive pathways (such as PD-L1, HLA-G, IDO, and Tregs) are
shared in the TME and placenta, two anatomically different loca-
tions.>>"~"° Here, we demonstrate that B7-H4 is a previously
unappreciated onco-fetal immune tolerance checkpoint,
contributing to both cancer immune evasion and maternal-fetal
immune tolerance. Interestingly, the progesterone signal
drives B7-H4 expression to support local immune suppression
inthe TME and at the maternal-fetal interface. This microenviron-
mental B7-H4 regulation results in immune compartmentaliza-
tion, ensuring that the TME and placenta are immune-privileged
sites during cancer progression and pregnancy. Moreover,
this molecular regulation is part of a cellular immunosuppressive
network, consisting of key cellular components in the
TME'® and at the maternal-fetus interface.” '° Like the TME,
T cells,® #1983 NK cells,”'%848¢ DCs,'*®” and macrophages®®
participate in the establishment of maternal-fetal tolerance.
Trophobilast cells, including VCTs, EVTs, and SCT, are the major
cell types of fetal origin located at the maternal-fetal interface.
Trophoblast cells critically contribute to immune tolerance to
the fetus.” In addition to the unique HLA expression pattern,
trophoblast cells express immune inhibitory molecules—such
as B7-H4 (this work), HLA-G, and PD-L1.”%"21:89 We find that
B7-H4 is expressed in human EVTs which are exposed to the
maternal immune system. We also find that CD8" T cells are in
close contact with B7-H4* EVTs at the anchoring sites of villi
and the EVT invasive front in the decidua with implantation.
Notably, although murine and human placenta are structurally
different and composed of different subsets of trophoblast cells,
mouse TGCs, which resemble human EVTs, also express B7-H4.
Consistent with previous reports,®* limited CD8* T cells are
found in normal mouse placental and decidual area. Interest-
ingly, the deficiency of B7-H4 leads to more fetus resorption
and increased CD8* T cells infiltrating the placental and decidual
area of the resorbed fetuses. In line with this, we have detected
elevated T cell-attracting chemokines, such as CXCL9 and
CXCL10, and elevated IFN-y and TNF-«, which can induce che-
mokine expression in myometrial and decidual stromal cells as
previously reported.®® These data suggest the possibility of
B7-H4 as a “tolerogenic” molecule and the potential involve-
ment of CD8" T cells in B7-H4-mediated tolerance, adding an
additional layer of immune compartmentalization at cellular
levels, to safeguard the fetus in both humans and mice. Further
studies are warranted to investigate the functional outcomes of

(D-L) Syngeneic tumors were established as in (A). Mice were treated with BD-9136, anti-PD-L1, or their combination. B7-H4 expression in tumors treated with or
without BD-9136 (D and E). Tumor growth (F), CyTOF analysis of tumor-infiltrating immune cells (H and 1), IHC staining of CD8 (J and K), and cytokine production of

tumor-infiltrating CD8* T cells (L) were presented.

Data are presented as mean + SEM (A, F, and K) and violin plots (E, |, and L). Each dot represents an individual tumor sample (E, |, and L) or a high-magnification
field (K). ***p < 0.0001; **p < 0.001; **p < 0.01; *p < 0.05; ns, not significant; by two-way ANOVA (A, F), log rank test (C), unpaired t test (E), and one-way ANOVA (I,

K, and L; compared to Vehicle + IgG). See also Figure S7.
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the interactions between B7-H4* EVTs and maternal immune
cells. Notably, the human trophoblast organoid culture system
has been employed to investigate the impact of cytokines
derived from immune cells on trophoblast cell differentiation.®°
Utilizing this system to directly simulate the immunobiological
communication between trophoblast cells and specific maternal
immune cell subsets (such as CD8" T cells) from the same
placenta poses both technical and ethical challenges due to
the inaccessibility of fresh maternal-fetal interface samples early
in human gestation.”® Nonetheless, the exploration of immune
regulatory molecules in different cells shared by the TME and
maternal-fetal interface not only provides insight into how
different immune inhibitory pathways function in the TME but
also provides the rationale for immune combination therapy.

Crosstalk between the immune system and other systems,
including the endocrine system, modulates immune responses
in infectious immunity, autoimmunity, and tumor immunity.*¢~*°
Recent studies examining the intersection of the endocrine
and immune systems have shed light on the role of androgen,
a male sex hormone, in regulating T cell exhaustion in the
TME.*'=*® Along this line, we demonstrate that progesterone,
a female sex hormone, dampens T cell immunity to both cancer
and fetus via induction of B7-H4 expression. It appears that
progesterone signaling promotes B7-H4 expression, contrib-
uting to T cell exhaustion and cancer progression. Thus, we
fill an important knowledge gap regarding if and how a female
sex hormone affects T cell function in the context of tumor and
reproductive immune responses. Low levels of serum proges-
terone are associated with high risk for pregnancy loss and
supplementation of progesterone may improve the pregnancy
outcome in patients with a history of recurrent pregnancy
loss.?'~°® Our work provides a possible immunological mecha-
nism underlying these experimental and clinical observations.
Thus, progesterone signaling controls B7-H4 expression and
plays an immunological role in breast cancer progression and
pregnancy.

B7-H4 acts as a negative regulator of T cell-mediated immune
responses.’%?? B7-H4 overexpression in tumors is often associ-
ated with poor prognosis and decreased patient survival.”>=? Its
expression on antigen-presenting cells can mediate immuno-
suppression and can be regulated by the tumor microenviron-
mental factors.”® However, the functional receptor(s) of B7-H4
has not been identified. Prior to our current work, it was unknown
if and how environmental cues, such as progesterone, regulate
B7-H4 expression in non-immune cells, including tumor cells.
Our observations suggest that B7-H4 expression can be regu-
lated by different factors in different cell types in the TME.
Furthermore, given the lack of understanding of tumor B7-H4
regulation, there was no well-established system to study an im-
mune inhibitory role of autologous B7-H4 in tumor in the im-
mune-competent model in vivo. These deficiencies impede the
clinical development of agents that directly target B7-H4 and
its related pathway. Hence, it may be unsurprising that clinical
trials using potential monoclonal antibodies against B7-H4
have not produced an impactful anti-tumor effect.’* An alterna-
tive translational strategy is to use B7-H4 as a molecular marker
for delivery system to target B7-H4* tumor cells.>"°® Our study
has identified a cis-regulatory element, the —58 kb enhancer,
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and unraveled related trans-regulatory elements, which control
B7-H4 transcription via the PR-P300-BRD4 axis. PR antagonist
and BRD4 inhibitors are pursued clinically in different disease in-
dications.®®°" As proof of principle, we demonstrate that the PR
antagonist RU486 and the BRD4 degrader BD-9136%° can
reduce B7-H4 expression in breast cancers in vivo and sensitize
tumor response to ICB in a preclinical model. Thus, although it
will not be specific to B7-H4, targeting the PR-P300-BRD4
axis, including repurposing PR antagonists and BRD4 inhibitors,
may be a reasonable strategy to treat B7-H4* cancers, espe-
cially breast cancer and several types of gynecological cancers.

In summary, we demonstrate that B7-H4 acts as a previously
unappreciated immune tolerance mechanism shared by cancer
and pregnancy and is regulated by the PR-P300-BRD4 axis
through a newly identified —58 kb enhancer. Thus, hormonal
signal-mediated B7-H4 regulation and immunosuppression
add a previously unknown component to the recently proposed
onco-fetal ecosystem.?®° Our findings generate insight into
how endocrine and immune systems cooperatively support
physiological and pathological immune tolerance. We suggest
that targeting the PR-P300-BRD4 axis is a potential modality
to treat patients with B7-H4* cancers.

Limitations of this study

We have shown that loss of B7-H4 at the maternal-fetal interface
causes immune activation and fetus resorption in mice. Since
B7-H4 expression was observed in multiple cell subsets, further
studies are needed to ascertain the contribution of B7-H4 ex-
pressed by different cell subsets in maternal-fetal immune toler-
ance. Given that the receptor(s) of B7-H4 are not identified yet,
the direct cellular target of B7-H4 remains to be defined in
both mice and humans. We demonstrate that genetic deficiency
of B7-H4 leads to CD8"* T cell activation at the maternal-fetal
interface and that CD8* T cell depletion and removal of adaptive
immunity (in RAG1 ™/~ models) largely reverse fetal resorption
caused by B7-H4 deficiency. Our work reveals the involvement
and necessity of CD8" T cells in B7-H4-regulated fetal immune
tolerance. However, despite years of extensive research
showing that maternal CD8" T cells can respond to fetal anti-
gen, %79 poth our work and current literature have not deter-
mined whether endogenous alloantigen-specific CD8* T cells
directly recognize and kill fetal antigen-expressing trophoblast
cells, thereby causing fetal loss. Moreover, we have observed
a close contact between CD8" T cells and B7-H4* EVTs in hu-
man POC tissues and enhanced CD8" T cell activation as well
as high levels of IFN-y and TNF-« in B7-H4~~ mouse placental
and decidual tissues. Altogether, our mouse and human comple-
mentary and confirmatory results are in line with the notion that
aberrant immune activation signals at the maternal-fetal inter-
face can contribute to fetus resorption.”:% 1107114
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Antibodies

Anti-human HLA-G Abcam Clone MEM-G/1; RRID: AB_306053
Anti-human CDH1 GeneTex GTX100443; RRID: AB_10729586
Anti-human SDCH1 Biolegend Clone MI15; RRID: AB_2561790
Anti-human CD3 Agilent A0452; RRID: AB_2335677
Anti-human CD8 Agilent M7103; RRID: AB_2075537
Anti-human HLA-G Abcam Clone 4H84; RRID: AB_880552

Anti-mouse CD8 AF700
Anti-mouse CD90 FITC
Anti- mouse CD4 APC

Anti- mouse CD44 BV786
Anti- mouse CD69 PE/CY7
Anti- mouse CD25 APC
Anti- mouse CD45 BUV395
Anti-mouse CD3 FITC
Anti-mouse IFN-y BV786
Anti-mouse TNF-a. PE/Cy7
Anti-mouse NK1.1 BV605
Anti-mouse Ly49D FITC
Anti-mouse Ly49H PE-Cy7
Anti-mouse Ly49A PE
Anti-mouse Ly49C FITC
Anti-mouse Ly49G2 PE/Cy7
Anti-mouse H-2D° PE/Cy7
Anti-mouse H-2D® APC
Anti-mouse H-2K° APC
Anti-mouse H2KY PE-Cy7
Anti-mouse CK7 PE
Anti-B7-H4 Alexa Fluor 594
Anti-mouse TCF-1 PE
Anti-TOX BV515
Anti-human Granzyme B PE
Anti-mouse Foxp3

1gG (Blocking)

Anti-mouse PD-L1 (Blocking)
Anti-mouse CD4 (Depleting)
Anti-mouse CD8 (Depleting)
Anti-mouse Foxp3
Anti-mouse CD8 (IHC)
Anti-human CD8 (IHC)
Anti-B7-H4

Anti-human PD-L1
Anti-human BRD4

Actin

BD Biosciences

BD Biosciences

Thermo Fisher

BD Biosciences

Thermo Fisher

BD Biosciences

BD Biosciences

Thermo Fisher

BD Biosciences

BD Biosciences

BD Biosciences
Biolegend

Biolegend

Thermo Fisher

Leinco

BD Biosciences
Biolegend

Biolegend

Biolegend

Biolegend

Abcam

Abcam

BD Biosciences

Miltenyi Biotec

Thermo Fisher

BD Biosciences

BioXCell

BioXCell

BioXCell

BioXCell

Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Thermo Fisher

Cell Signaling Technology
Cell Signaling Technology

Clone 53-6.7; RRID: AB_396959
Clone 53-2.1; RRID: AB_465151
Cat# 551980; RRID: AB_398521
Clone IM7; RRID: AB_2738395

Cat# 561930; RRID: AB_394508
Clone PC61.5; RRID: AB_469366
Cat#564279; RRID: AB_2651134
Cat#16-0031-82; RRID: AB_464882
Cat#563773; RRID: AB_2738419
Cat#557644; RRID: AB_396761
Cat#563220; RRID: AB_2738077
Cat#138303; RRID: AB_10588709
Cat#144706; RRID: AB_2561674
Cat#12-5856-82; RRID: AB_1311270
Clone 4L0O3311; RRID: N/A
Cat#560730; RRID: AB_1727551
Cat#111516; RRID: AB_2565863
Cat#114714; RRID: AB_2734174
Cat#116518; RRID: AB_10568693
Cat#116622; RRID: AB_2562733
Cat#ab213193; RRID: N/A
Cat#ab277937; RRID: N/A
Cat#564217; RRID: AB_2687845
Cat#130-129-208; RRID: AB_2922006
Cat#25-8898-82; RRID: AB_10853339
Cat#563101; RRID: AB_2738006
Cat#BE0090; RRID: AB_1107780
Cat#BE0101; RRID: AB_10949073
Cat#BE0003-1; RRID: AB_1107636
Cat#BE0117; RRID: AB_10950145
Cat#12653; RRID: AB_2797979
Cat#98941; RRID: AB_2756376
Cat# ab17147; RRID: AB_443686
Cat#ab209242; RRID: AB_2801513
Cat#PA5-20343; RRID: AB_11153819
Cat#13440; RRID: AB_2687578
Cat#4967s; RRID: AB_330288
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GAPDH Cell Signaling Technology Cat#97166; RRID: AB_627678

Anti-mouse Progesterone receptor
Anti-human Progesterone receptor

Santa Cruz
Cell Signaling Technology

Cati#tsc-810; RRID: AB_628172
Cat#8757s; RRID: AB_2797144

Chemicals, peptides, and recombinant proteins

Phorbol 12-myristate 13-acetate (PMA) STEMCELL Technologies Cat#74042
lonomycin STEMCELL Technologies Cat#73724
Brefeldin A STEMCELL Technologies Cat#73014
Monensin STEMCELL Technologies Cat#100-1162
Progesterone Cayman Chemical Cat#15876
B-Estradiol Cayman Chemical Cat#10006315
Follicle-stimulating hormone (FSH) Sigma Cat#F4021
Luteinizing hormone (LH) Sigma Cat#L6420
Human chorionic gonadotropin (hCG) Sigma Cat#CG10
Human placental lactogen (hPL) Sigma Cat#SRP4869
Medroxyprogesterone (MPA) Cayman Chemical Cat#23664
MPA pellet Innovative Research of America Cat#NP-161
RU486 pellet Innovative Research of America Cat#X-999
Levonorgestrel (LNG) Cayman Chemical Cat#10006318
RU486 Cayman Chemical Cat#10006317
Dimethyl Benz anthracene (DMBA) Sigma Cat#D3254
L002 Cayman Chemical Cat#17778
CCS1477 Cayman Chemical Cat#34546
JQ1 Cayman Chemical Cat#11187
ARV-825 Sigma Cat#SML-3423
BD-9136 Hu et al.”” N/A

Critical commercial assays

Mouse CXCL9/MIG DuoSet ELISA R&D Systems Cat#DY492
Mouse CXCL10/IP-10/CRG-2 DuoSet ELISA R&D Systems Cat#DY466
Mouse IFN-y DuoSet ELISA R&D Systems Cat#DY485
Mouse TNF-a DuoSet ELISA R&D Systems Cat#DY410
Mouse/Rat B7-H4 ELISA Kit Abcam Cat#ab263879
Simple ChIP Enzymatic Chromatin IP Kit (Magnetic Beads) Cell Signaling Technology Cat#9003
Rapid Detection of Firefly Luciferase Activity Promega Cat#E1500
OPAL-3-plex detection kit AKOYA NEL810001KT
OPAL 620 reagent AKOYA FP1495001KT
Deposited Data

Human breast cancer (BRCA) scRNA-seq dataset | Gao et al.*® GSE148673
Human BRCA scRNA-seq dataset I Bhupinder et al.“® GSE161529
Human BRCA scRNA-seq and bulk RNA-seq dataset Bassez et al.*® EGADO00001006608
Human ovarian, colorectal and breast cancer scRNA-seq dataset Qian et al.*® E-MTAB-8107
Human endometrial cancer scRNA-seq dataset Guo et al.** PRJNA650549
Human ovarian cancer scRNA-seq dataset Shih et al.”" GSE118828
Human lung carcinoma scRNA-seq dataset Lambrechts et al.”° E-MTAB-6149
Human and mouse lung carcinoma scRNA-seq dataset Zilionis et al.*’ GSE127465
scRNA-seq of fetal-maternal interface in human first trimester Vento-Tormo et al.*” E-MTAB-6701
Human first trimester placenta and decidua scRNA-seq dataset Suryawanshi et al.*® PRJNA492324
Human first trimester placenta villi scRNA-seq dataset Sun et al.** GSE131696
Human first trimester placenta scRNA-seq dataset Han et al.>® GSE134355
Human first trimester placenta and decidua scRNA-seq dataset Zheng et al.>® GSE174399

e2  Cell 187, 4713-4732.e1-e9, August 22, 2024

(Continued on next page)



Cell

¢? CellPress

OPEN ACCESS

Continued
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Human first trimester placenta villi scRNA-seq dataset Shannon et al.®’ GSE174481
Bulk RNA-seq human breast cancer treated with RU486 Elia et al.®® GSE212690
PR ChiP-seq in T-47D Mohammed et al.”'® GSE68359
ATAC-seq and H3K ChlIP-seq in T-47D Chanetal.'"® GSE107176
Hi-C of T-47D Le Dily etal.""” GSE53463
H3K27ac ChIP-Seq in ZR-75-1 Bietal.'"® GSE128460
PR ChIP-Seq in ZR-75-1 Need et al.”"® PRJNA252531
H3K27ac ChlIP-Seq in human tumor tissues Singh et al.’*® GSE114737
H3K27ac ChlIP-Seq in human tumor tissues Reddy et al.’?’ GSE152885
H3K27ac and H3K4me1 ChIP-Seq in Human placenta Schultz et al.'?? GSE18927
PR ChIP-Seq in human endometrium La Greca et al.’*® GSE132713
H3K27ac ChIP-seq in T-47D Takaku et al.’** GSE130703
BRD4 ChIP-Seq in T47D Shu et al.'*® GSE63584
Bulk RNA-seq of trophoblast cells Kallol et al.'*® GSE216484
Bulk RNA-seq of trophoblast cells Liu et al."” GSE150616
Single nuclei RNA-seq of mouse placental labyrinth Marsh et al.®’ GSE152248
Experimental Models: Cell Lines

HEK293T ATCC CRL-3126
JEG-3 ATCC HTB-36
T-47D ATCC HTB-133
ZR-75-1 ATCC CRL-1500
UACC-812 ATCC CRL-1897
CAMA-1 ATCC HTB-21
MDA-MB-231 ATCC CRM-HTB-26
4T-1 ATCC CRL-2539
OVKATE AcceGen ABC-TC0882
OVCAR-3 ATCC HTB-161
LNCaP ATCC CRL-1740
3E10 This paper N/A

4H11 This paper N/A

4H11 sgCTRL This paper N/A

4H11 B7-H4~/~ This paper N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J
Mouse: OT-I
Mouse: BALB/c
Mouse: B7-H4~"~
Mouse: RAG1~/~
Mouse: CBA/J

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
Zhu et al.®®

The Jackson Laboratory
The Jackson Laboratory

Stock No: 000664
Stock No: 003831
Stock No: 000651
N/A

Stock No: 002216
Stock No: 000656

Mouse: RAG1~/~B7-H4~/~ This paper N/A

Mouse: CBA/J B7-H4~/~ This paper N/A

Software and Algorithms

Prism 9.0 https://www.graphpad.com Commercial

Rstudio 3.6.0 https://rstudio.com RStudio Team (2020). RStudio:
Integrated Development for
R. RStudio, PBC, Boston, MA

Seurat 2.3.4 https://satijalab.org/seurat/ Satija et al.'*®

UMAP 0.3.9 https://github.com/Imcinnes/umap  Mclnnes et al.'*®

Enrichr https://maayanlab.cloud/Enrichr/  Kuleshov et al.'°
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GSEA 3.0 https://www.gsea-msigdb.org/ Subramanian et al.'®’
gsea/index.jsp
QuPath https://qupath.github.io/ N/A
Fiji https://imagej.net/software/fiji/ Schindelin et al.”®?
Flowjo 10.8.1 https://www.flowjo.com/ Commercial
Cytobank https://premium.cytobank.org Commercial
Image Lab Software https://www.bio-rad.com/en-us/ Commercial
product/image-lab-software?ID=
KRE6P5E8Z
IGV 2.16.1 https://www.igv.org/ Commercial
BioRender https://www.biorender.com/ Commercial

RESOURCE AVAILABILITY

Lead contact
Further information and requests for materials should be directed to the lead contact: Weiping Zou (wzou@umich.edu).

Materials availability
Request for cell lines and plasmids generated from this manuscript should be directed to the lead contact.

Data and code availability
o Data used in this manuscript are all publicly available with accession number indicated in the key resources table.
® This paper does not report original code.
® Any additional information is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human studies

Human breast cancer tissues were reported before.'®® Human endometrial cancer tissue samples used for initial diagnosis were
collected from patients recruited at the First Department of Oncologic Gynecology and Gynecology, Medical University of Lublin,
Poland. Declaration of Helsinki and approved by the Institutional Ethics Committee of the Medical University of Lublin (registration
no. KE-0254/270/2021). Human endometrial epithelial cells (HEECs) were collected for Reproductive Subject Registry and Sample
Repository (RSRSR) study managed by the Department of Obstetrics and Gynecology in Michigan Medicine, under the
IRB#REP00000077 and HUMO00195340. Human amniotic epithelial cells (7110) and human amniotic mesenchymal stromal cells
(7140) were purchased from ScienCell. The human products of conception (POCs) were collected for “Biomarker analysis and mo-
lecular characterization of gynecologic neoplasms and non-neoplastic processes of interest” study managed by the Department of
Pathology in Michigan Medicine, under the IRB#HUMO00054493. POCs from elective abortion in first trimester were used for the pre-
sent study.

Animals

C57BL/6 (Stock#000664), BALB/c (Stock#000651), CBA/J (Stock#000656), Rag1 KO (Stock#002216), and OT-1 (Stock#003831)
mice (aged 6-8 weeks) were obtained from the Jackson Laboratory. B7-H4~'~ mice on B6 background were reported previously.®®
C57BL/6 mice were bred in-house to generate age-matched wild-type (WT) control mice for B7-H4~'~ mice. B7-H4~/~ mice were
bred with CBA/J mice to generate B7-H4~'~ mice on CBA/J background. B7-H4~/~ mice were bred with RAG1 KO mice to generate
RAG1~~B7-H4~'~ mice. RAG1~~ mice were bred in-house to get age-matched control (RAG1~/~B7-H4*/*) mice for RAG1~/~B7-
H4~/~ mice. Six- to twenty-week-old female mice were age-matched in different groups and used for pregnancy and tumor models.
All mice were maintained under pathogen-free conditions and housing with a maximum of five mice per cage. Animal studies were
conducted under the approval of the Institutional Animal Care & Use Committee (IACUC) at the University of Michigan
(PRO00010169).

Cell lines

Human breast cancer cell lines T-47D, ZR-75-1, CAMA-1, UACC-812, MDA-MB-231, mouse breast cancer cell line 4T1, human
trophoblast cell line JEG-3, human embryonic cell ine HEK293T, human ovarian cell line OVCAR-3 and OVKATE, and human prostate
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cancer cell line LNCaP were purchased from the American Type Culture Collection (ATCC). 4H11 and 3E10 cells were two clones
isolated from spontaneous breast tumor induced by MPA plus DMBA in C57BL/6 mice. HEK293T luciferase expression cells
were established by transfection with the pGL3-basic or modified plasmids. All the cell lines in culture were regularly tested to be
mycoplasma-free every 2 weeks.

Pregnancy models

Female and male mice were mated late in the afternoon. Vaginal plug check was performed in the morning of the following day. If the
plug was present, the mouse was considered as gestational day 0.5. To examine the fetus resorption, pregnant mice were euthanized
at indicated gestational days. Embryo transfer experiments were performed in the Transgenic Animal Model Core as previously
described."®* 3-4 week-old female mice were treated with PMSG and hCG, and then mated with male mice. Embryos were collected
and transferred to pseudo-pregnant CBA/J mice. Pregnancy outcome was evaluated 13.5-14.5 days post embryo transfer.

Tumor models

The spontaneous breast cancer model was induced by MPA plus DMBA as reported previously.” "> Number of evaluable tumor nod-
ules, tumor size, tumor-free survival and overall survival of mice were monitored. Transplant mouse tumor model was established
using primary tumor cells derived from spontaneous breast tumor induced by MPA plus DMBA. Primary tumor cells were first isolated
from the spontaneous tumor induced in C57BL/6 mice and then passaged in vivo in C57BL/6 mice for further expansion. Primary
tumor cells from the second in vivo passage were used to establish transplant tumors for therapy models.

METHOD DETAILS

Animal studies

The spontaneous tumor model was induced by MPA plus DMBA as reported.”":"? Briefly, age-matched female WT and B7-H4~/~
mice were implanted with a pellet containing 50-mg-90 days-slow-releasing MPA (Innovative Research of America, NP-161) subcu-
taneously. Then, mice were administered 6 doses of 1 mg 7,12-dimethylbenz[a]anthracene (DMBA; Millipore Sigma, D3254) weekly
by oral gavage. DMBA was dissolved in corn oil (Millipore Sigma, C8267) at 5 mg/mL. After the last dose of DMBA, the mice were
routinely checked for the appearance of tumor growth. Evaluable tumor numbers were recorded. Tumor length and width were
measured with a caliper. The tumor area was calculated as (length x width) x 7/4. Tumor-free survival and overall survival of mice
were monitored. To establish transplantable tumors, primary cells were isolated from 9 individual tumor nodules from 2 tumor-
bearing WT mice through enzymatic digestion. Freshly isolated primary cells (1 x 10 cells) were inoculated into WT mice subcuta-
neously for in vivo passage and expansion. Primary cells (1 x 107 cells) from the second passage were used to establish subcutane-
ous transplant tumors for therapy models using RU486, BD-9136 or anti-PD-L1. For RU486 and anti-PD-L1 combination therapy,
mice were randomized to 4 experimental groups (Placebo and IgG, RU486 and IgG, Placebo and anti-PD-L1, RU486 and anti-
PD-L1) 7 days post-tumor inoculation. Each treatment group has 8 mice with bilateral subcutaneous tumors. Anti-PD-L1 (100 ng,
BioXCell, BEO101) was given to mice intraperitoneally every 3 days, starting from 7 days post-inoculation. Placebo or RU486 pellets
were implanted on 8 days post-inoculation. For BD-9136 and anti-PD-L1 combination therapy, mice were randomized to 4 exper-
imental groups (vehicle and IgG, BD-9136 and IgG, vehicle and anti-PD-L1, BD9136 and anti-PD-L1) at 3 days post-tumor inocula-
tion. Each treatment group had 5 mice with bilateral subcutaneous tumors. BD-9136 was dissolved at 2 mg/mL in 20% PEG400
(Sigma,91893), 6% Kolliphor EL (Sigma, C5135), and 74% PBS. BD-9136 (20 mg/kg) was given to tumor-bearing mice intraperito-
neally 3 times per week, starting from 3 days post-inoculation. Anti-PD-L1 (100 pg, BioXCell, BEO101) was given to mice intraperi-
toneally every 3 days, starting from 4 days post-inoculation. Tumor-free survival and overall survival of mice were monitored. To
examine B7-H4 expression on mouse endometrial epithelial cells (MEECs), RU486 (10 mg/kg) was given to WT mice subcutaneously
every two days. Mice were euthanized 6 days after the first dose and the uteri were harvested for isolation of MEECs.

Pregnancy models

Female and male mice were mated late in the afternoon. Age-matched female C57BL/6 (WT) and B7-H4~~ mice were mated with
male BALB/c mice for allogeneic mating. Age-matched female C57BL/6 (WT) and B7-H4 '~ mice were mated with male C57BL/6
mice for syngeneic mating. Age-matched female RAG1~/~B7-H4** and RAG1~/~B7-H4~'~ mice were mated with male BALB/c
mice for allogeneic mating. Female B7-H4 '~ CBA/J mice were mated with male B7-H4*/~ C57BL/6 mice to examine the role of fetal
B7-H4. Vaginal plug check was performed in the morning of the following day. If the plug check was positive, the mouse was consid-
ered as gestational day 0.5. To examine the fetus resorption, pregnant mice were euthanized at gestational day 13.5 unless otherwise
specified. The number of all fetuses and resorbed fetuses were recorded. The fetus resorption rate was calculated as (Number of
resorbed fetuses)/(Number of all fetuses) x 100. For depletion of CD4 and CD8 T cells, anti-CD4 (200 pg, BioXCell, BEO003-1)
and anti-CD8 (200 ng, BioXCell, BEO117) were given intraperitoneally on gestational days 3.5 and 8.5. The depletion efficiency
was confirmed at gestational day 13.5 by flow cytometry in spleen, uterus-draining lymph nodes (LNs), and placental and decidual
tissues. Embryo transfer was done as described previously.''® Briefly, 3-4 week-old age-matched WT and B7-H4 ™/~ female mice
(C57BL/6 background) were treated with PMSG (5 I.U., intraperitoneally, 3 days before embryo collection) and hCG (5 I.U., intraper-
itoneally, 1 day before embryo collection), and then mated with WT and B7-H4~/~ male mice (CBA/J background) respectively.
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Two-cell embryos from the donors of the indicated genetic backgrounds were collected by dissecting oviducts and ampullae. The
eggs were transferred to a dish with M2 medium (MR-106, Sigma). After anesthesia of the recipient mice at the 0.5-day pseudopreg-
nant stage, a standard surgical procedure was implemented in which 20 eggs were microinjected into the oviduct of the recipient. The
transfer was done bi-laterally. The pregnancy outcome was examined at gestational day 13.5 or 14.5.

Cell culture

T-47D, ZR-75-1, CAMA-1, UACC-812, OVKATE, OVCAR-3, LNCaP, 4T1 cells, primary tumor cells and isolated mouse breast cancer
clones 4H11 and 3E10 were cultured in RPMI 1640 medium. MDA-MB-231 was cultured in DMEM medium. JEG-3 cells were
cultured in EMEM medium. HEK293T cells were cultured in DMEM medium. Human Endometrium Epithelial Cells (HEECs) and
Mouse Endometrial Epithelial Cells (MEECs) were cultured in DMEM/F12 medium. Primary human amniotic epithelial cells were
cultured in Epithelial Cell medium (ScienCell, 4101) and amniotic mesenchymal stromal cells were cultured in Mesenchymal Stem
Cell Medium (ScienCell, 7501). For OVCAR-3 cells, the culture medium was supplemented with 20% fetal bovine serum (FBS)
and Penicillin-Streptomycin (1x). For other cells, the culture medium was supplemented with 10% FBS and Penicillin-
Streptomycin (1x). HEK293T luciferase expression cells were established by transfection with the pGL3-basic plasmid (Promega,
E1751). For in vitro treatments, ZR-75-1, UACC-812, CAMA-1, JEG-3, OVKATE and primary MEECs were treated with progesterone
in RPMI 1640 medium without phenol red supplemented with 10% charcoal-stripped FBS. 4H11 cells were treated with MPA in RPMI
1640 medium without phenol red supplemented with 10% charcoal stripped FBS. All cell lines were regularly tested to be myco-
plasma-free every 2 weeks.

Flow cytometry

To prepare cells for flow cytometric analysis, tumor tissues, LNs, spleen, placental and decidual tissues were cut into small pieces
and physically passed through 100 um strainers. Immune cells were enriched by density gradient centrifugation with Ficoll (StemCell,
07851). Cells were collected, washed and then stained with fluorescently conjugated antibodies. For cytokine detection, cell suspen-
sions were incubated in culture medium containing PMA (5 ng/mL), ionomycin (500 ng/mL), Brefeldin A (1:1,000) and Monensin
(1:1,000) at 37 °C for 4 h. Extracellular staining using the antibodies listed below was performed for 30 min, then the cells were
washed and resuspended in 500 L of freshly prepared Fixation/Permeabilization solution (Invitrogen, 00-5523-00) at 4 °C overnight.
After being washed with Permeabilization/Wash buffer the cells were stained with intracellular antibodies listed below. Data collec-
tion and analysis were performed on a LSRFortessa using BD FACS Diva software. Fixable viability stain 575V was purchased from
BD Biosciences (565694). The following antibodies were used: CD45 (Clone 30-F11, BD Biosciences), CD90 (Clone 53-2.1, BD Bio-
sciences), CD3 (Clone 145-2C11, Thermo Fisher Scientific), CD8 (Clone 53-6.7, BD Biosciences), CD4 (Clone RM4-5, Thermo Fisher
Scientific), CD44 (Clone IM7, BD Biosciences), CD69 (Clone H1.2F3, Thermo Fisher Scientific), CD25 (Clone 7D4, BD Biosciences),
IFN-y (Clone XMG1.2, BD Biosciences), TNF-a (Clone MP6-XT22, BD Biosciences), granzyme B (Clone GB11, BD Biosciences),
TCF-1 (Clone S33-966, BD Biosciences), TOX (Clone REA473, Miltenyi), NK1.1 (PK136, BD Biosciences), Ly49A (A1/Ly49A, Bio-
legend), Ly49C (4LO3311, Leinco Technologies), Ly49D (4E5, Biolegend), Ly49H (3D10, Biolegend), Ly49G2 (4D11, eBioscience),
CK7 (EPR17078, Abcam), H-2KP (AF6-88.5.5.3, eBioscience), H-2DP (KH95, Biolegend), H-2K® (SF1-1.1, Biolegend), H-2D®
(34-2-12, Biolegend).

Mass cytometry CyTOF

CyTOF procedures, including antibody generation, antibody staining and data acquisition were performed as previously reporte:
CD11c (N418), CD69 (H1.2F3), CD45 (30-F11), CD11b (M1/70), CD19 (6D5), CD25 (3C7), CD3 (145-2C11), TER-119 (TER119), CD62L
(MEL-14), CD8a. (53-6.7), TCR (H57-597), NK1.1 (PK136), CD44 (IM7), CD4 (RM4-5), B220 (RA3-6B2) were purchased from Fluid-
igm. Ly6G (1A8), Ly6C (HK1.4), I-A/I-E (M5/114.15.2), Ly49 (14B11), NKp46 (29A1.4), TIM-3 (RMT3-23), NKG2D (CX5), PD-1 (RMP1-
30), F4/80 (BM8) were conjugated with metal in house. CyTOF data analyses were performed using the Cytobank platform.

135
d.

ELISA

Mouse placental and decidual tissues were collected after the pregnant mice were euthanized, weighed, and stored at —80°C. Tis-
sues were homogenized with Dounce homogenizer in RIPA buffer to extract total tissue protein. The lysates were then centrifuged at
8,000 g at 4°C to remove cell debris and dead cells, and supernatants were collected. CXCL9 (DY492), CXCL10 (DY466), IFN-y
(DY485), and TNF-a (DY410) ELISA sets from R&D Systems were used according to the manufacturer’s instructions. Mouse B7-
H4 ELISA set (ab263879) was used to detect the soluble B7-H4 in the culture supernatant of OT-1 and 4H11 cells.

OT-I coculture experiments

OT-I splenocytes were isolated by passing through 100 um strainers and subsequent density gradient centrifugation with Ficoll. OT-I
splenocytes (2 x 10°%) were cocultured with 4H11 tumor cells (1 x 10% in the presence of 1 uM ovalbumin peptide (SIINFEKL), 5 ng/mL
IL-2, and 55 uM B-mercaptoethanol (B-ME) in 96-well plates for 3 days. To evaluate the proliferation of OT-I cells, OT-I splenocytes
were stained with 1 uM CFSE prior to coculture with tumor cells and examined for proliferation based on CFSE dilution on day 2. To
evaluate transcription factor expression and cytokine production, cells were stained for flow cytometry on day 3. For transwell
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experiments, a 6.5-mm insert in 24-well plate with a pore size of 0.4 um was used (Sigma, CLS3397). OT-1 splenocytes (2 x 10°) were
seeded in the insert, and 4H11 tumor cells (1 x 10%) were seeded in the bottom plate.

Reagents

Follicle-Stimulating Hormone (FSH, F4021), Luteinizing Hormone (LH, L6420), Chorionic gonadotropin human (hCG, CG10),
Placental Lactogen human (hPL, SRP4869), 7,12-Dimethylbenz[alanthracene (DMBA, D3254), OVA peptide (SIINFEKL; S7951),
ARV-825 (SML-3423), PMSG (G-4877), and HCG (CG-5) were purchased from Sigma. MPA pellets (50 mg, 90 days slow-releasing,
NP-161), RU486 pellets (15 mg, 21 days slow-releasing, X-999) and placebo pellets (C-111) were purchased from Innovative
Research of America. Progesterone (15876), Medroxyprogesterone 17-acetate (MPA, 23664), Levonorgestrel (LNG, 10006318),
17B-Estradiol (10006315), Mifepristone (RU486, 10006317), CCS1477 (34546), JQ1 (11187), and LO02 (17778) were purchased
from Cayman Chemical. BD-9136 was provided by Dr. Shaomeng Wang. CFSE was purchased from Invitrogen (C34570). IgG
(BE0090), anti-mouse PD-L1 (BE0101), anti-mouse CD4 (BE0003-1), and anti-mouse CD8 (BEO117) were purchased from BioXCell.

Isolation of mouse endometrial epithelial cells (MEECs)

Isolation of MEECs was performed as described previously.'*® Briefly, mouse uterine horns were harvested after euthanasia. Adi-
pose and connective tissues were removed carefully in HBSS buffer. The uterine horns were cut open longitudinally to expose
the uterine lumen, washed in HBSS gently, and then transferred to a 15 mL canonical tube containing 2.5% pancreatin (Sigma,
P3292) and 0.25% trypsin in 5 mL HBSS. These were incubated on an orbital shaker for 60 min at 4 °C at 50 rpm, 45 min at room
temperature, and then 15 min at 37°C. After incubation, the uteri were carefully transferred into the cold DMEM/F12 medium with
10% FBS for 5 min to stop digestion. Then the uteri were transferred to cold HBSS, and vortexed to release the epithelial sheets.
Epithelial cells were then collected by centrifuging at 500 x g for 5 min and cultured in DMEM/F12 medium with 10% FBS for
further use.

Immunohistochemistry

Tumor and fetal tissues were fixed in formalin and embedded in paraffin. Tissues were sectioned on a rotary microtome at 4 um
thickness and mounted on glass slides. Slides from the embedded tissues were baked for 60 min at 60°C, deparaffinized in
xylene, and rehydrated in graded concentrations of ethanol in water. Heat-induced antigen epitope retrieval was performed.
AR9 Buffer (pH 9, AKOYA) was used for B7-H4 staining. Diva Decloaking Buffer (pH 6.2, Biocare Medical) was used for other stain-
ings. The slides were then blocked and incubated with mouse CD8 (CST, 98941), human CD8 (Abcam, ab17147), HLA-G (Abcam,
ab7759), human SDC1 (Biolegend, 356502), CDH1 (GeneTex, GTX100443), and B7-H4 (Abcam, ab209242), mouse Foxp3 (CST,
12653) primary antibodies at 1:200 dilution overnight at 4°C. Secondary antibody (Rabbit on Rodent HRP-Polymer, Biocare Med-
ical, RMR622) was stained for 30 min at room temperature. The slides were then developed with fresh DAB substrate (Vector, SK-
4700) or Metal Enhanced DAB Substrate Kit (Thermo, 34065) under a microscope, washed, counterstained with hematoxylin,
mounted with permanent mounting medium and coverslipped. Slides were scanned with Leica Aperio AT2 and images were
analyzed with the software QuPath. For multi-color IHC staining, OPAL-3-plex detection kit (AKOYA, NEL810001KT), OPAL 620
reagent (AKOYA, FP1495001KT), anti-HLA-G (Abcam, ab52455), anti-human CD3 (Agilent, A0452), anti-human CD8 (Agilent,
M7103), and anti-B7-H4 (Abcam, ab209242) were used for staining. Stained slides were scanned on the Mantra Automated Quan-
titative Pathology Imaging System and analyzed using Inform software (AKOYA). For immunofluorescent staining, mouse uterus
tissues were embedded in the optimal cutting temperature compound (OCT) to produce cryosections at 10 um. Slides were fixed
with 4% paraformaldehyde (PFA) for 15 min at room temperature, blocked with 1% BSA for 1 h at 37°C, and stained with anti-B7-
H4 overnight at 4°C. The slides were then stained with PE-conjugated anti-Rabbit IgG for 30 min at 37°C, counterstained with
DAPI, mounted with ProLong Gold Antifade mountant (Invitrogen, P36930) and analyzed with a confocal microscope (Nikon,
A1). Images were analyzed using Imaged.

Western blotting

For tissue protein samples, tissues were lysed in 1x RIPA lysis buffer (Thermo Fisher, 89900) containing 1x protease and phos-
phatase inhibitor cocktail (Thermo Fisher, 78468) with a Dounce homogenizer. For in vitro cultured cell samples, cells were washed
in PBS and lysed in RIPA lysis buffer containing protease and phosphatase inhibitor cocktail. Protein concentration was quantified
using the BCA protein assay kit (Thermo Fisher, 23225). Protein samples were added with sample buffer (Bio-Rad, 1610747) and
denatured at 95°C for 5 min. An equivalent amount of total protein was loaded and separated by SDS-PAGE and transferred to a
nitrocellulose membrane (Bio-Rad, 1620146). Membranes were blocked with 5% nonfat dry milk for 1 h at room temperature,
incubated with primary antibodies overnight at 4°C and then incubated with HRP-conjugated secondary antibodies (Vector Lab-
oratories, PI-9400-1 or PA-9200-1.5) for 1 h at room temperature. Membranes were then developed using Clarity Western ECL
Substrate (Bio-Rad,1705060) and captured using ChemiDoc Imaging System (Bio-Rad). Antibodies used were anti-B7-H4
(1:1000, Abcam, ab209242), anti-PD-L1 (1:1000, Thermo Fisher, PA5-20343), anti-PR (1:200, Santa Cruz, sc-810), anti-ER«
(1:1000, CST, 8644), anti-HLA-G (1:1000, Abcam, ab7759), anti-BRD4 (1:1000, CST, 13440), and anti-Actin (1:1000, CST,
4967), anti-GAPDH (1:1000, CST, 97166).
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Generation of knockout cells

Gene targeting by lentiCRISPR V2 vector (Addgene, 52961) was accomplished as previously described.'®” Briefly, lentiviruses were
produced in HEK293T cells. Targeting cells (5 x 10°%) were infected with viruses expressing CRISPR sgRNA. Transduced cells were
selected with (puromycin 3 pg/mL) and single clones were seeded into 96-well plates. Single clones were grown and expanded for
validation of genetic knockout. For knocking-out of B7-H4 in mouse breast cancer cell 4H11, the following guide sequences targeting
mouse B7-H4 were used: sg1-F CACCGTCAACGGCATCGTCATCCAG; sg1-R AAACCTGGATGACGATGCCGTTGAC; sg2-F
CACCG-ATCGCACTCATCATTGGCTT; sg2-R AAACAAGCCAATGATGAGTGCGATC; 4H11 cells were transduced with lentiviruses
expressing each CRISPR sgRNA or a lentiCRISPR V2 containing a nonspecific sgRNA (GFP) as control. Knock-out clones were vali-
dated by Western blotting. At least five individual clones were generated from one or two independent sgRNAs for further experi-
ments. Mixed clones of the nonspecific sgRNA (GFP) were randomly chosen as control cells. For knocking-out of —58 kb enhancer
region of B7-H4 in human breast cancer cell T-47D, the following guide sequences were used: sg1-F CACCGGTATTACGAA
GGAGTTTTCT; sg1-R AAACAGAAAACTCCTTCGTAATACC; sg2-F CACCGAGGTTCACTTTGTTGTGATA; sg2-R AAACTATCACAA
CAAAGTGAACCTC; sg3-F CACCGAGGGGGTCTTACGGAAATGC; sg3-R AAACGCATTTCCGTAAGACCCCCTC; sg4-F CACCGC
CACAGCTGCTAAACCAAGC; sg4-R AAACGCTTGGTTTAGCAGCTGTGGC. T-47D cells were transduced with lentiviruses express-
ing four sgRNAs. Knock-out clones were validated by PCR using primers: CAAGTTGGCCTTCTCATAGAGGT (forward) and
GCCCAAGAGATACAGGGCCA (reverse). The expected wild-type band should be 3628 bp, and the knock-out bands should be be-
tween 530 and 720 bp. Clones identified with a wild-type genotype were used for control cells for further experiments.

PCR for genotyping

For the genotyping of mouse fetuses, genomic DNA was extracted from fetal tissues using DNeasy Blood & Tissue Kit (Qiagen,
69506). PCR was performed to examine the genotype of the tissues. WT bands were detected using CCTACAGCCTTCAGTAT
GCCAGAGA (P1) and GTTAGATAGGGTCTCACTGGGTAGC (P2), sized 900 bp. KO bands were detected using AGACTAGTGAG
ACGTGCTACTTCCA (P3) and GTTAGATAGGGTCTCACTGGGTAGC (P2), sized 692 bp. PCR cycles were set as: 93°C 3 min; 35 cy-
cles: 94°C 1 min, 58°C 1min, 72°C 1min; 72°C 10 min.

RT-qPCR

Total RNA was extracted using TRIzol Reagent (Invitrogen, 15596026) according to the manufacturer’s instructions. cDNA synthesis
was performed with 0.5-1 mg of total RNA using Revert Aid RT Reverse Transcription Kit (Invitrogen, K1691). Messenger RNA levels
were measured with gene-specific primers using the SYBR Green PCR Master Mix (Invitrogen, 4309155) on a QuantStudio 3 Real-
Time PCR System (Thermo Fisher Scientific). Fold changes in mRNA expression were calculated with the AACt method using B-actin
as an endogenous control. The results are expressed as fold changes normalized to the controls. The following primers were used:
human B7-H4, forward GCAGATCCTCTTCTGGAGCATAA, reverse CCGACAGCTCATCTTTGCCTT. Human B-actin forward:
AGAGCTACGAGCTGCCTGAC, reverse AGCACTGTGTTGGCGTACAG.

ChIP-qPCR

ChlIP assay was performed according to the SimpleChIP Enzymatic Chromatin IP Kit manufacturer instructions (CST, 9003). In brief,
cells with or without progesterone treatment were fixed with formaldehyde and lysed, and chromatin was fragmented by partial
digestion with Micrococcal Nuclease to obtain chromatin fragments of 1-5 nucleosomes. ChIP was performed using antibodies
against PR (CST, 8757) and IgG control (CST, 2729), and ChIP-Grade Protein G Magnetic Beads. After reversal of protein-DNA
cross-links, the DNA was purified using DNA purification spin columns, ChIP-enriched chromatin was used for real-time PCR. Rela-
tive expression levels were normalized to input. Two pairs of primers were used for PCR to detect the enhancer region: P1-forward
TTGTTTTCGATTCCTTTTGTC, P1-reverse ATGGAAAGAATGGACAAGGC; P2-forward AGTATGGCAGGCTGGCTCCA, P2-reverse
CCTGGAGTCAATCCCAGGTCT. Primers targeting the ESR1 enhancer region was used as positive control: forward GGAAAGCCG
GCAGTTACA, reverse GGAGGCATGAAAGCCCTA. Non-targeting primers were used as negative control: forward CATGGACTGGC
AGAGCATAA, reverse CCCAACATATTGAAGGTGTGC.

3C-gPCR

T-47D cells were treated with DMSO or 10 nM progesterone for 24 h. 3C-gPCR method was adapted from previous publica-
tions. %139 Briefly, 1 x 107 cells were cross-linked with 2% formaldehyde for 10 min and quenched with a final concentration of
0.125 mM ice-cold glycine for 5 min. Cells were lysed with 500 puL 1 x cold lysis buffer (10 mM Tris-HCI pH 8.0, 10 mM NaCl,
0.2% Igepal CA630) including 1 x protease inhibitor (Thermo Fisher, 78429) for at least 15 min on ice. Cell nuclei were pelleted,
washed twice with 500 pL ice-cold 1x EcoRI buffer (NEB, R0O101T), and then re-suspended in 500 pL 1x EcoRI buffer with 0.3%
SDS and incubated for 1 h at 37°C, followed by adding 1% Triton X-100 and incubated for another 1 h to sequester the SDS.
Each sample was digested overnight with 600 U restriction enzyme at 37°C. To stop the restriction digestion, 1.6% SDS (final con-
centration) was added, and samples were incubated at 65 °C for 20 min. Ligation was performed at 16°C for 4 h in 15 mL tubes con-
taining 745 uL 10 x T4 ligase Buffer (Thermo Fisher, B69), 10% Triton X-100, 80 uL 10 mg/mL BSA, 6 mL water, 575 uL of cell lysate,
10 pL 1U/pL T4 ligase (Themro Fisher, ELO011). The crosslinks were reversed with Proteinase K (Thermo Fisher, 25530049) at 65°C
overnight. 3C samples were then purified using phenol-chloroform extraction. A control template that contains all ligation products in
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equal amounts was used to optimize PCRs and to establish the minimal amount of ligation product that can still be quantified reliably.
Four bacterial artificial chromosome (BAC) clones (RP-11-88D6, RP11-73E16, RP11-237E5, RP11-194B2) were used to prepare the
PCR control template. The following primers were used for 3c-qgPCR:

P1, CCTGGGCTTGCTTAGGTCAC; P2, TCCACAGGCTGCAGCTAATTC; P3, TAGTGTGTTGAGGCCGGGAG; P4, CCCCAAGTA
CTGGAATTACAGG; P5, ACAACCTTCCCAAATAGAGGAGA; P6, CAGGCTCTTAGAATCTAGCCTGG; P7, CCTCCTGGAAGGGT
CCATAG; P8, TGATGACCTTCGCACTGCTT; P9, ACCAACCCAAGCTATGGTATTGGCACA; P10, TGGCTTTGTGATCCCTGCTGG;
P11, TGGCACTACTTTGGGTTGGA; P12, TCGATGACTCCTTGATTGGAGA; P13, ACAATAAAGCTTCTGGCAGA.

Luciferase activity assay

To validate the function of the putative enhancer of B7-H4 under the treatment of progesterone, the promoter of human VTCN17 was
cloned with primer pair B7P_Fwd/Rev and inserted into pGL3-basic at the site of Xhol and Bglll. The enhancer of VTCN17 was cloned
with primer pair B7E_Fwd/Rev into pGL3-basic at the site of Kpnl and Mlul. An enhancer, together with promoter construct, was also
generated.

B7P_Fwd: AGACGCGTGCTAGCCCGGGCTCGAGTGCTGCTGAAGGCCTGG;

B7P_Rev: CCAAGCTTACTTAGATCGCAGATCTGGCTGGGGAAGGTTCCCA;

B7E_Fwd: ATTTCTCTATCGATAGGTACCTAGTGGCATAATCTCGGC;

B7E_Rev: CACTCGAGCCCGGGCTAGCACGCGTCTATTATGGTTTCTAAATAAAGAGC.

The lentivirus expression plasmid with human PR (NM_000926.4) with C-terminal 3XFlag was ordered from VectorBuilder. The
plasmid was sequenced, and the expression of PR was validated by Western blotting. To perform luciferase activity assay,
HEK293T cells with stable expression of PR were transfected with pGL3-Basic, pGL3-promoter, and pGL3-promoter-enhancer
for 24 h. Then the transfected cells were treated with DMSO or progesterone (500 nM) for an additional 48 h. Luciferase activity
for firefly luciferase was measured using the Rapid Detection of Firefly Luciferase Activity (Promega, E1500). Relative firefly luciferase
activity was normalized to the luciferase activity of the DMSO-treated group.

Data analysis

scRNA-seq datasets were obtained from Gene Expression Omnibus (GEO) or TISCH2 (Tumor Immune Single-cell Hub 2)** data-
bases with indicated accession numbers. UMI counts, gene information, and barcodes were used for downstream analysis following
the pipeline of Seurat (version 4)."*° Cell populations were annotated using markers defined in individual studies. The gene list for
Major Histocompatibility Complex molecules, co-accessory molecules and other inhibitory molecules was obtained from the Molec-
ular Signatures Database (MSigDB)."®" Violin plots were used to visualize gene expression level using the function of VinPlot in
Seurat. The normalized expression level of each gene was extracted from each dataset in the slots of “subject@assays$RNA”.
The averaged normalized expression level was calculated in each cell population in individual dataset. Z-scores for each gene
were calculated by subtracting the average among cell types. Then, the averaged Z-scores with standard deviation for tumor cell
from 8 datasets and trophoblast from 2 datasets were used for further visualization through scatterplot or heatmap using
GraphPad Prism and Excel. Gene expression data of VTCN1 (B7-H4) and CD274 (PD-L1) at single-cell level were acquired from
TISCH2 database. TCGA data for VTCN1 gene expression were obtained through HPA. Gene expression data for breast cancer sam-
ples from patients pre- and post-RU486 treatment were obtained from GSE212690. Gene expression data for in vitro differentiated
trophoblast cells were from GSE216484 and GSE150616. ChIP-seq, ATAC-seq data were obtained from the indicated accession
number and analyzed with Integrative Genomics Viewer (IGV). Hi-C data were analyzed with WashU Epigenome Browser.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t tests were used to compare two independent groups. One-way ANOVA tests were used for multiple comparisons. two-
way ANOVA tests were used for comparing tumor growth curves. Survival functions were estimated by the Kaplan-Meier methods
and compared using the log rank test. All analyses were done using GraphPad Prism 8. p < 0.05 was considered significant. Sample
size was determined at the basis of animal experimental trials and in consideration of previous publications on similar experiments to
allow for confident statistical analysis. Unless noted, samples were independent biological replicates.
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Figure S1. B7-H4 is an onco-fetal immune tolerance checkpoint, related to Figure 1

(A and B) Gene expression of B7 family members, TNF family members, major histocompatibility complex (MHC) molecules, and other typical inhibitory and co-
stimulatory molecules in tumor and trophoblast cells (Datasets see STAR Methods). VCT, villous cytotrophoblast; EVT, extravillous trophoblast; SCT,
syncytiotrophoblast.

(C) Representative IHC staining of B7-H4 in human breast and endometrial cancer samples. Scale bar, 50 um.

(D) Expression of VTCNT1 in different types of cells at the maternal-fetal interface. (Datasets: see STAR Methods).

(E) Expression of VTCN1, CD274, and HLA-G in trophoblast subsets. (Datasets: see STAR Methods).

(F) RNA-sequencing data showing gene expression of VTCNT1 in in vitro differentiated EVTs.

(G) Representative IHC staining of HLA-G and B7-H4 in human first-trimester POCs. Scale bar, 50 um.

(H) B7-H4 and HLA-G protein expression in JEG-3 cells.

(I and J) Representative IHC staining of B7-H4 in human amnion tissues (I) and B7-H4 expression in primary human amniotic epithelial and mesenchymal stromal
cells (J). Scale bar, 250 pm.

(K'and L) Vtcn1 expression in mouse trophoblast cells. Violin plot (K) and UMAP (L) were presented.

(M) Western blot detection of B7-H4 in mouse labyrinth, decidua, uterus, and yolk sac.

(N) Representative IHC staining of B7-H4 in mouse uterus. Scale bar, 200 pm.

(O) Representative IHC staining of B7-H4 in human endometrium (data from Human Protein Atlas). Scale bar, 200 um.

Data are presented as min to max (D, E), mean + SD (F), violin plot (K). Each dot represents a dataset (D, E), a sample (F), or a cell (K).
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Figure S2. B7-H4 supports the maternal-fetal immune tolerance, related to Figure 2

(A) B7-H4 expression in placenta and decidua from allogeneic mating in Figure 2A.

(B) Syngeneic mating strategy for WT and B7-H4~'~ on C57BL/6 background. The resorption rate, number of resorbed, and total fetuses were presented.

(C) The number of surviving pups of syngeneic breeding.

(D) Soluble CXCL9, CXCL10, IFN-y, and TNF-a. in homogenates of placental and decidual tissues from healthy or resorbed fetuses.

(E) Frequency of Ly49A*, Ly49C* and Ly49G2* NK cells in placental and decidual tissues from pregnant WT and B7-H4 ™/~ mice mated with male BALB/c mice.
(F) Frequency of Ly49D* and Ly49H* NK cells in placental and decidual tissues from pregnant RAG1~/~B7-H4** and RAG1~/"B7-H4 ™/~ mice mated with male
BALB/c mice.

(G and H) CD4 and CD8 depletion in female B7-H4 /~ mice mated with male BALB/c mice (G). Depletion efficacy was examined (H).

(I-K) Representative IHC staining of HLA-G, CD8, or B7-H4 in decidua with implantation and anchoring villi of human first-trimester POCs. Scale bars, 200 um (l) or
20 um (J and K).

(L and M) H-2K and H-2D expression in CD45~CK7* trophoblast cells from WT and B7-H4~/~ mice mated with male BALB/c mice.

(N) B7-H4 expression on H-2K* trophoblast cells.

(O) Representative B7H4~/~ genotyping of fetus and positive control with known B7H4~/~, B7H4*'~, and B7H4** samples.

(P) The frequency of CD44*CD8* T cells in the maternal-fetal interface of healthy and resorbed fetuses from Figure 2P. Healthy, n = 5; resorbed, n = 7.

(Q) Weight of non-resorbed WT and B7-H4 '~ fetuses at gestational day 13.5 and 14.5 after embryo transfer (Figure 2P).

(R) Histology analysis of non-resorbed WT and B7-H4 '~ fetuses at gestational day 13.5 after embryo transfer (Figure 2P). Scale bar, 1 mm. Data are presented as
violin plots (B, C, P and Q), mean + SD (D-F, M, N). ***p < 0.0001; ***p < 0.001; **p < 0.01; ns, not significant; by unpaired t test (B-Q).
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Figure S3. Progesterone promotes B7-H4 expression in cancer and placenta, related to Figure 3
(A-G) B7-H4 expression in ZR-75-1, UACC-812, CAMA-1, MDA-MB-231, 4T1, OVKATE, and LNCaP cells treated with progesterone. 50 nM progesterone was

used in (A-C).

(H and l) B7-H4 expression in T-47D and UACC-812 cells treated with progesterone and B-Estradiol in RPMI medium without phenol red and supplemented with

charcoal-stripped FBS. 100 nM B-Estradiol was used.

(J) PD-L1 expression in T-47D cells treated with progesterone at indicated concentration. Cells were treated for 48 h.
(K) B7-H4 and PD-L1 expression in JEG-3 cells treated with 50 nM MPA.Cells were treated for 48 h.
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Figure S4. B7-H4 promotes breast cancer progression by inhibiting CD8* T cells, related to Figure 4

(A-F) CyTOF analysis of immune cells from the spontaneous breast cancer model. UMAP plots showing major immune populations in concatenated WT and B7-
H4~/~ samples (A), frequency of major immune population (B), expression of key markers in the concatenated sample (C), phenotypic markers in CD8* (D) and
CD4* T cells (E), and the frequency of subpopulations in CD4* T cell (F).

(G) Representative image and statistics for IHC staining of Foxp3 in WT and B7-H4 '~ tumors. Scale bar, 20 um.

(H) B7-H4 expression in tumor tissues from RAG1~/~B7-H4*"* and RAG ~/~B7-H4 '~ mice induced with MPA plus DMBA.
(I) B7-H4 expression in B7-H4*/* (sgCTRL) or B7-H4~/~ (BKO) 4H11 tumor cells.

(J) Representative histograms and statistics of OT-I cell proliferation.

(K) Soluble B7-H4 in the supernatant of OT-I co-culture assay. Data are presented as violin plots (B, F, G), mean + SD (J, K).
unpaired t test (B, F, G), one-way ANOVA (J).

****p < 0.0001; ns, not significant; by
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Figure S5. PR signaling promotes B7-H4 transcription via binding to the -58 kb enhancer, related to Figure 5

(A) T-47D cells were treated with 100 nM progesterone for 4 h. ChIP-gPCR was performed to examine PR binding to the putative B7-H4 enhancer region. Two
pairs of primers were designed to detect the putative enhancer region of B7-H4. Primers targeting ESR7 enhancer region were used as positive control. Random
primers were used as negative control.

(B) Schematic picture describing 3C-qgPCR method. The EcoRl restriction fragments are indicated. EcoRI fragments are numbered from fragment 1 to 26. Blue
box indicates the promoter of B7-H4. Black box represents the putative —58 kb enhancer of B7-H4. Primers used for the 3C-PCR are indicated accordingly. Note
P3 and P4 were in the promoter region, while P9 and P10 were in the putative enhancer region. P3 was used as the anchor primer for PCR analysis.

(C) Four gRNAs were used to knock out the putative enhancer region indicated by H3K27ac binding signal (left). Genomic DNA was extracted from different T-47D
clones established after CRISPR-cas9 mediated genome editing. Genotyping of the putative enhancer region was performed. Representative genotypes are
shown (right).

(D) ChIP-gPCR targeting enhancer region of B7-H4 in UACC-812 and CAMA-1 treated with or without 50 nM progesterone.

(E) Overlayed PR ChIP-seq and H3K27ac signal tracks in T-47D cells with reported promoter and enhancers of PD-L1 (CD274). The data range of PR ChIP-seq is
the same as in Figure 5B.

(F) H3K4me1, H3K27ac, and PR ChlIP-seq signal tracks in mouse uterus tissue. Four putative enhancers (#1, #2, #3, and #4) of B7-H4 were highlighted.

(G and H) Hi-C data from mouse uterus tissue showing the interaction (G) and score (H) of the 4 putative enhancers with the promoter region of B7-H4 (arrows).
Data are presented as mean + SD (A and D). ***p < 0.0001; ***p < 0.001; **p < 0.01; ns, not significant; by one-way ANOVA (A and D).
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Figure S6. Progesterone promotes B7-H4 expression via the PR-P300-BRD4 axis, related to Figure 6
(A-C) B7-H4 expression in UACC-812, ZR-75-1 and CAMA-1 cells treated with CCS1477.
(D) B7-H4 expression in UACC-812 cells treated with progesterone together with CCS1477 (500 nM) or JQ1 (500 nM).
(E-G) B7-H4 expression in UACC-812, ZR-75-1 and CAMA-1 cells treated with JQ1.

(H) BRD4 and B7-H4 expression in T-47D cells treated with ARV-825.

(I and J) B7-H4 expression in OVCAR-3 cells treated with JQ1 and ARV-825.Cells were treated for 48 h.
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Figure S7. Targeting the regulatory axis of B7-H4 via RU486 and BRD4 degrader potentiates ICB efficacy, related to Figure 7

(A) PR and ER expression in syngeneic tumors from primary tumor cells isolated from spontaneous breast cancers induced by MPA and DMBA.

(B) B7-H4 expression in T-47D cells treated with BD-9136 for 48 h.

(C and D) CyTOF analysis of immune cells from syngeneic tumors in Figure 7F. The expression of key phenotypic markers for major immune populations (C), and

percentages of CD8" T cells among CD45* cells are presented (D).
(E) Frequency of IFN-y*TNF-o.*CD8* T cell in tumor-draining lymph nodes (LNs). Data are presented as mean + SD (D), violin plots (E). ****p < 0.0001; **p < 0.01;

ns, not significant; by one-way ANOVA (D and E).
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