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Chapter I: INTRODUCTION

Breast cancer subtypes and standards of care

Breast cancer (BC) is the leading cause of new cancer cases among women and the
second leading cause of cancer related deaths in women?. It is a heterogeneous disease that
can be classified into several subtypes based on the molecular profiling of the tumor cells.
Breast cancer treatment and outcome largely depends on tumor subtype. BC can be divided
into two histological or four molecular subtypes based on whether the cancer cells are invasive
and the expression or lack thereof of specific hormone receptors and proteins, respectively.
About 25% of breast cancers are preinvasive and classified as ductal carcinoma in situ (DCIS —
about 80%) or lobular carcinoma in situ (LCIS — about 20%) depending on whether the cells are
found in the milk ducts or lobular units (Figure 1.1). The remaining 75% of breast cancers are
invasive ductal carcinoma (IDC) or invasive lobular carcinoma (ILC) with IDC making up the
majority of invasive BC.

Invasive BC is further classified to molecular subtypes. These subtypes have different
biological features and clinical behaviors, which have significant implications for diagnosis,
treatment, and prognosis. Broadly, BC can be divided into luminal and basal categories based
on the expression of epithelial and mesenchymal markers and additional cellular markers. BC
can also be divided into three common breast cancer subtypes including hormone receptor-
positive (HR+), HER2-amplified (HER2+), and triple-negative breast cancer (TNBC) (Figure
1.1).

Hormone receptor-positive breast cancer, also known as estrogen receptor-positive
(ER+) and/or progesterone receptor-positive (PR+), is the most common subtype,
accounting for approximately 70% of all breast cancer cases?. These cancers are also referred

to as luminal breast cancer and can be further divided into luminal A and luminal B subtypes.



Luminal breast cancer is characterized by the expression of luminal/epithelial markers, such as
cytokeratin 8 (CK8) and cytokeratin 18 (CK18), and have a well-differentiated morphology, with
cells arranged in a glandular pattern. These tumors express high levels of ER and/or PR, which
promote cell growth and proliferation in response to estrogen and progesterone. ER+ breast
cancers (Luminal A) are usually slow-growing and have a favorable prognosis, as they are
responsive to hormonal therapies such as tamoxifen and aromatase inhibitors (Figure 1.2).
However, Luminal B cancers that express PR are characterized by a high proliferative rate and
poorer prognosis®. Luminal breast cancers are associated with mutations or alterations in genes

involving estrogen signaling, such as ER and GATA3".
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Figure I.1. Breast cancer histological and molecular subtypes. Figure adapted from Sarvari
et al. 2022 and Lee et al. 2020. Figure made using Biorender.com®®,

HER2-amplified (HER2+) breast cancer is characterized by the overexpression or
amplification of the HER2 gene, which encodes a cell surface receptor that promotes cell growth
and survival. HER2+ tumors account for approximately 15-20% of all breast cancer cases’.
These tumors are often aggressive and have a poor prognosis, as they are resistant to
hormonal therapies. However, the development of targeted therapies such as trastuzumab and

pertuzumab has significantly improved outcomes for HER2+ breast cancer patients.
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Figure 1.2. Breast cancer treatment and prognosis is informed by hormone receptor
status. ER-, PR-, and HER2- BC is called triple-negative breast cancer (TNBC) and lacks
specific targeted therapies. Figure made using Biorender.com.

Triple-negative breast cancer (also referred to as basal-like breast cancer) is a subtype
that lacks expression of ER and PR, and lacks HER2 amplification and activating mutations,
accounting for approximately 10-15% of all breast cancer cases®. TNBC tumors are highly
heterogeneous, are characterized by the expression of basal cell markers such as cytokeratin 5
(CKDb), cytokeratin 17 (CK17), and epidermal growth factor receptor (EGFR), and can be further
classified into different molecular subtypes based on gene expression profiling®®. Basal tumors
also exhibit high expression of mesenchymal markers, such as vimentin and N-cadherin?®.
TNBC is often aggressive, with a higher risk of recurrence and metastasis, and a poorer
prognosis compared to other subtypes®. TNBC patients do not benefit from hormonal or

targeted therapies, and chemotherapy remains the mainstay of treatment. These tumors are



typically more immunogenic, and as such have been a focus of experimental immunotherapies
(Figure 1.2).

The formation of these breast cancer subtypes is a complex process involving multiple
genetic and epigenetic alterations. For example, the development of ER+ breast cancer is
associated with mutations or alterations in the genes encoding ER and/or PR, as well as other
genes involved in estrogen signaling pathways?!!. Similarly, HER2+ breast cancer is associated
with amplification of the HER2 gene, as well as mutations or alterations in other genes involved
in HER2 signaling pathways*2. In contrast, TNBC is associated with mutations or alterations in
genes involved in DNA repair pathways, cell cycle regulation, and other cellular processes
including mutations to the BRCA1/2 genes**.

Genetic mutations, like those in BRCA1/2, have been identified as one of the major
causes of breast cancer. Mutations in these genes can lead to a loss of protein function, which
can increase the risk of breast and ovarian cancer. It is estimated that women with a BRCA1 or
BRCA2 mutation have a 60-85% lifetime risk of developing breast cancer, compared to a 12%
risk in the general population®. In addition, mutations in other genes, such as TP53, PTEN, and
PALB2, have also been linked to an increased risk of breast cancer®®. TP53 is a tumor
suppressor gene that helps to prevent the development of cancer by regulating cell growth and
division. Mutations in TP53 can lead to a loss of this regulatory function, increasing the risk of
breast and other types of cancer. TP53 mutations are relatively rare in the general population
but are more common in individuals with a family history of breast cancer?.

PTEN is another tumor suppressor gene that helps to prevent the development of
cancer by regulating cell growth and division. Mutations in PTEN can also lead to an increased
risk of breast cancer, as well as other types of cancer such as endometrial and thyroid cancer?®.
PALB?2 is a gene that helps to repair DNA damage in cells. Mutations in PALB2 can lead to an

increased risk of breast cancer, as well as an increased risk of ovarian and pancreatic cancer2®.



The molecular subtype of BC and/or the genetic mutation status can both determine
treatment strategy. Immune infiltration can also be a prognostic marker, particularly for novel
therapeutic combinations of chemotherapy and immunotherapies (as in TNBC), which will be

discussed further below.

The tumor-immune microenvironment (TIME)

Cancer cells and tumor cells are constantly interfacing so as to overcome the other. The
cancer immunity cycle begins when cancer cells die and release antigens (Figure 1.3). This is
often initiated through chemotherapy. Antigen presenting cells (APCs) such as dendritic cells
pick up antigens released by dying cancer cells and bring them to the lymph nodes to present to
T cells. When they are activated, the T cells traffic back to the tumor as cytotoxic T lymphocytes
that are clonally expanded to the cancer antigens. Once the T cells recognize the cancer cells
through MHC, they kill the cancer cells through cytokine release, granzymes, and recruiting

additional immune cells such as proinflammatory macrophages.
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Figure 1.3. The cancer immunity cycle. Figure adapted from Chen and Mellman, 2013*’.



The tumor microenvironment (TME) is a complex network of cells and extracellular
matrix consisting of fibroblasts, immune cells, endothelial cells, and other stromal components.
The tumor-immune microenvironment (TIME) is a subset of the TME that includes immune cells
and their interactions with tumor cells. In breast cancer, the TIME can promote or inhibit cancer
progression. Tumor infiltrating lymphocytes (TILs) have been shown to be a prognostic factor in
breast cancer, in which higher levels of TILs are associated with better outcomes!®?1, These
TILs can include CD4+ T cells, CD8+ cytotoxic T cells, B cells, and myeloid cells that initiate
antitumor immunity. However, the TIME can also contain pro-tumor immune cells such as
regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs).

Differences in the TIME between BC subtypes

Breast cancer subtypes have variation in the amount of immune infiltration. HR+
cancers, which are the most common, tend to have low levels of immune infiltration. HER2+
breast cancer tends to have higher levels of TILs compared to HR+ cancers and thus may be
more responsive to immunotherapies. TNBC is characterized by typically high levels of immune
infiltration and expression of checkpoint molecules, like PD-L1. However, in some of these
tumors, the TIME is immunosuppressive, with high levels of MDSCs and Tregs. Figure 1.2
summarizes the increasing abundance of TILs from HR+ cancers to TNBC. In all three subtypes
of BC, immune abundance was a prognostic factor for neoadjuvant chemotherapy, and was
associated with survival in HER2+ and TNBC8. The degree of TIL infiltration has been
hypothesized to reflect the level of tumor mutation burden (TMB), which is higher in TNBC and
HER2+ cancers?.

In additional to TILs, PD-L1 expression can be used as a prognostic marker in some
BCs. As PD-L1 expression is often influenced by the abundance of TILs, testing for both is
underway in some cases®?~?*. Immune abundance and/or PD-L1 expression in the TIME has

strong influence on the success of immunotherapies. As TNBC lacks therapeutic targets, has



unmet clinical need, and tends to have higher levels of TILs in some cases, so it has been the

focus of immunotherapies?.

An introduction to immune checkpoint ligands

Immune checkpoint inhibitors (IClI), including anti-PD-1/anti-PD-L1 monoclonal
antibodies, have become a staple in the clinical treatment of many cancer types?®. The immune
system is highly regulated to promote protective responses against pathogens and cancer,
while also inhibiting adverse inflammation and autoimmunity. Effector lymphocytes of the
immune system therefore express immunosuppressive proteins, such as CTLA-4 and PD-1, that
bind to their respective ligands, CD80/86 and PD-L1 to inhibit exacerbated inflammation.
Cancer cells and other cells in the tumor microenvironment can express T cell co-inhibitory
molecules of the B7 family, like PD-L1, to evade or suppress adaptive immunity. Together,
these proteins work to downregulate inflammation and induce an immunosuppressive
environment in tumors?’=°,

Many types of immune cells infiltrate tumors, including T cells and myeloid cells, to
induce a proinflammatory, anti-tumor response. However, tumor cells or other
microenvironmental cells expressing PD-L1 or other co-inhibitory ligands, can engage infiltrating
T cells and suppress T cell activation?®*°, Therefore, infiltrating lymphocytes in PD-L1* tumors
are likely unable to eradicate the tumor. Currently approved ICls target the immune system by
preventing inhibitory interactions between these suppressive cells and infiltrating lymphocytes,
to reinvigorate a proinflammatory response®3t,

ICI has seen broad success in several cancer types, including breast cancer3?3, Breast
cancer remains one of the leading causes of new cancer diagnoses and cancer-related
deaths®*. Furthermore, triple negative breast cancer (TNBC) is one of the more difficult subtypes
to treat and as such is a candidate for novel cancer therapies, like immunotherapy®. TNBC
patients have been the focus of immunotherapy treatment due to abundant tumor infiltrating

immune cells, high tumor mutation burden, and their lack of target-specific therapies compared



to other breast cancer subtypes. Many patients have had favorable outcomes with anti-PD-
1/anti-PD-L1 modalities®**3¢-%2, As such, pembrolizumab is now approved in combination with
neoadjuvant chemotherapy (NAC) in early-stage, high-risk TNBC regardless of PD-L1 status,
and in combination with chemotherapy patients with metastatic PD-L1+ TNBC tumors3237:41.43-46,
However, a gap in knowledge persists in predicting those patients most likely to respond to ICI
therapy.

There are very few usable clinical biomarkers to identify responders versus non-
responders. For example, many breast cancer cells or infiltrating immune cells do not express
PD-L1, and those that do still fail to respond to PD-1/PD-L1-targeted ICI. Since immune evasion
is a hallmark of cancer, this suggests the action of alternative inhibitory pathways in many
breast cancers and the potential to identify additional tumor biomarkers to predict response to
ICI*’. One potential mechanism of resistance is the presence of additional immune checkpoint
ligands that may override the PD-1/L1 pathway.

The role of alternate immune checkpoint ligands in breast cancer

In additional to PD-L1, alternative immune checkpoint ligands, including B7-H3, B7-H4,
and B7-H4/VISTA, have emerged as important players in breast cancer by suppressing
antitumor immune responses. Like other members of the B7 family, these ligands are
transmembrane proteins that bind to cognate receptors. B7-H3 is expressed on various cells,
including tumor cells and immune cells, and its overexpression has been associated with poor
prognosis and resistance to chemotherapy in breast cancer®®4°. B7-H4 is expressed in breast
cancer cells (among other cancer types) and tumor-infiltrating immune cells and has been
shown to inhibit T cell responses and promote tumor growth and metastasis®®->3. B7-H5 is a
immune checkpoint molecule that is expressed on immune cells and can suppress T cell
responses in breast cancer®®.

The expression of alternate immune checkpoint ligands in breast cancer is regulated by

various signaling pathways, including the PI3BK/AKT/mTOR and NF-kB pathways. These



pathways are frequently dysregulated in breast cancer, leading to the upregulation of alternative
immune checkpoint molecules®®. As such, some targeted therapies, such as PI3K inhibitors
have been tested in clinical trials to sensitize tumors to ICI.

The blockade of alternative immune checkpoint ligands has emerged as a promising
therapeutic strategy in breast cancer. Preclinical studies have shown that the blockade of these
molecules can induce antitumor immune responses and improve outcomes in breast cancer
models®”%8, However, further research is needed to evaluate the safety and efficacy of these
therapies in clinical trials. One of the immune checkpoint ligands that is of particular interest to
the field of BC therapeutics is B7-H4. Unlike other ligands, B7-H4 is almost exclusively
expressed on tumor cells vs. healthy breast cells, and recent research suggests it could be a
biomarker of therapy response or the target for novel immunotherapies®®. The following section
will discuss this molecule in detail, while the discussion includes current clinical trials targeting

B7-H4 in breast cancer.

An introduction to B7-H4

B7-H4 (encoded by VTCNL1) is an immune checkpoint ligand in the CD28/B7 family of
molecules characterized by sequence similarity to other B7 family proteins and is expressed in
several human tumor types, including breast cancer®9-61:57.62.50.6351 |t j5 g type | transmembrane
protein of 297 amino acids. It has a single N-terminal extracellular domain and a very short two-
amino acid C-terminal intracellular domain, that lacks any known signaling motifs°. The
extracellular domain consists of two immunoglobulin-like domains, IgV and IgC, that are
connected by a flexible hinge region. The IgV domain is responsible for binding to its yet
unidentified receptor. The human and mouse orthologs share about 90% homology, particularly
in the IgV binding domain, suggesting this molecule is highly conserved.

B7-H4 and PD-L1 (Programmed-death-ligand-1) are both members of the B7 family of
co-stimulatory and co-inhibitory molecules and share a similar structure. PD-L1 is also a

transmembrane protein with the IgV and IgC extracellular domains. The IgV domain of PD-L1



binds to its receptor PD-1 (Programmed-death-1) and exerts inhibitory effects on T cells. The
intracellular domain of PD-L1 contains a signaling motif that interacts with the cytoplasmic tail of
PD-L1, thus leading to inhibition of T cell activation®. The lack of signaling motifs in the B7-H4
intracellular domain raises questions about its binding partner and putative functions.

The initial discovery of B7-H4 was accompanied by functional studies of the molecule.
Both initial papers published side by side in Cell Immunity show inhibition of activated T cells
and suppression of IL-2 function in vitro®*%2, B7-H4 was found to be expressed on B cells and
macrophages. It was later found to be expressed in several cancers, particularly breast, ovarian,
and lung cancer. Several studies have suggested that B7-H4 has a co-inhibitory role on tumor
lymphocytes®25961.636566 |ts receptor has not yet been identified but is thought to be expressed
on activated, but not resting, T lymphocytes based on initial published functional studies®%625,
B7-H4 expression is associated with “immune cold” TNBC tumors that lack infiltrating and
activated immune cells and is correlated with worse patient outcome>’:61.6367.68 |n contrast, PD-
L1 is often expressed on highly immunogenic tumors®®°-"1, Furthermore, published literature
has shown an inverse correlation between breast tumors expressing B7-H4 and PD-L1, though
no mechanism for this reciprocal pattern has been established®®6167, We sought to understand
the expression and regulation of B7-H4 in breast cancers to determine whether it could be a
mechanism of immune suppression and therefore a mechanism of resistance to current
immunotherapies.
Study aims and hypothesis

Patients with early-stage TNBC are eligible to receive neoadjuvant anti-PD-1
(pembrolizumab) with neoadjuvant chemotherapy323744, Additionally, patients with late-
stage/metastatic TNBC have also shown response to anti-PD-1 treatment with
chemotherapy?*36. However, currently available ICls are ineffective in subsets of patients with
no identifiable biomarker to distinguish these patients from those that respond robustly.

Because of the proposed immunosuppressive function of B7-H4 within the TIME and because

10



immune evasion is a hallmark of cancer, we propose the function of alternative checkpoint
ligands as a potential mechanism of immunotherapy resistance in breast cancers. In the present
study, we aimed to identify mechanisms driving B7-H4 expression and regulation in breast
cancer. We also designed murine in vivo tumor models to test whether manipulation of B7-H4
status influenced therapy response to ICls. Finally, we assessed available clinical trial data by
B7-H4 status to determine any association with B7-H4 expression and resistance to currently
available ICls. Specifically, in Chapter Ill, we established B7-H4 is preferentially expressed on
epithelial cell types in immune cold tumors. In Chapter IV, we tested whether B7-H4
overexpression induced ICI resistance and explored a paradoxical phenotype of resistance in
murine tumors but lack of association in human BC. Finally, in Chapter V, we identified that B7-
H4 was regulated by PI3K signaling, unlike PD-L1, which is regulated by IFN and we explore
potential mechanisms for B7-H4 inhibition of immune cells based on our findings in vivo. These
studies have exposed important differences between murine and human tumors regarding B7-
H4 biology and have implications for the field in identifying appropriate therapeutic targets for
patients resistant to ICls.

T Cell Tumor cell

o
Granzymes, Perforin, PY
IL-2, IFN-y, TNF-a ® Anti-tumor immunity
® [ ]

Figure 1.4. Hypothesis for B7-H4 function within the tumor microenvironment. B7-H4 binds
to an as yet unknown receptor, leading to downregulation of proinflammatory signaling and
reduced anti-tumor immunity.
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Chapter Il: MATERIALS AND METHODS

Patient samples

Clinical specimens used for characterization of B7-H4 expression were surgically resected
tumor samples collected retrospectively from 77 patients with TNBC and residual disease after
neoadjuvant chemotherapy, diagnosed and treated at the Instituto Nacional de Enfermedades
Neoplésicas under INEN 10-018 and 348 patients with ER+HER2- and TNBC diagnosed and
treated at VUMC under NCT00899301 and NCT00651976. We assessed B7-H4 correlation with
survival in 91 patients (with B7H4 mIF data) from the TBCRC 043 clinical trial’> (NCT03206203)
and in 151 patients (with reverse phase protein array, RPPA, data) in the ISPY2 clinical trial*®
(NCT01042379). For TBCRCO043 trial 106 patients with metastatic TNBC were randomized into
two groups receiving carboplatin or carboplatin + atezolizumab, however only 91 had viable
samples for biomarker analysis of B7-H4 and were included in the analysis. For the |-SPY2 trial
dataset, 151 patients were assessed that had accompanying reverse phase protein array
(RPPA) expression data and randomized into paclitaxel control treatment (n = 85) or paclitaxel +
pembrolizumab treatment (n = 66). Of the 151 patients, 62 were HR-negative and 89 were HR-

positive.

Cell lines and tissue culture

Murine mammary cancer cell lines EMT6 and E0771 were obtained from ATCC. EMT6 cells
were grown in DMEM/F12 (Gibco) supplemented with 10% fetal bovine serum (FBS) (Life
Technologies). Murine B7-H4+ cell lines were generated using retroviral transduction with the
pBabe-puro plasmid (Addgene). Positive cells were collected by fluorescence activated cell
sorting to obtain a pure positive population. Cell expression was regularly validated by flow

cytometry.
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Human breast cancer cell lines MDA-MB-468 (DMEM + 10% fetal bovine serum; FBS) were
obtained from ATCC. MMTV-neu cells (DMEM-F12 + 10% FBS + EGF 20 ng/mL +
Hydrocortisone 0.5 pg/mL + Insulin 10 pg/mL) were derived from a spontaneous tumor within
the FVB/N-Tg (MMTV-neu) 202 Mul/J mouse. All cells were routinely tested for mycoplasma
contamination. Cells were treated with 50nM trametinib (SelleckChem) or 1uM buparlisib

(SelleckChem).

Viral transduction

Murine B7-H4 (Genecopoeia) was cloned into pBabe-puro (Addgene) vector by restriction
digest. Retroviral particles were produced by transfecting Phoenix packaging cells using
Lipofectamine 3000 (Life Technologies). Target cells were transduced in the presence of
polybrene and selected by puromycin resistance. pBabe-puro was a gift from Hartmut Land &
Jay Morgenstern & Bob Weinberg (Addgene plasmid #1764; http://n2t.net/addgene:1764 ;

RRID:Addgene_1764)".

Immunoblotting

Cells were lysed in 1x RIPA buffer (0.1% SDS detergent, 50 mM Tris pH 7.4, 150 mM NacCl,
1.0% NP-40, 0.5% deoxycholic acid, 1 mM EDTA, 1 mM EGTA, 5 mM sodium pyrophosphate,
50 mM NaF, 10 mM b-glycerophosphate) with added phosphatase inhibitors (PhosSTOP,
Roche) and protease inhibitors (cOmplete, Roche). Lysates were sonicated and incubated on
ice for 15 min before centrifugation at 13,000 x g for 10 min at 4 °C. Protein concentrations of
the lysates were determined by BCA assay (Thermo). Samples were separated on NuPage 4%-
12% BisTris gels (Invitrogen) and transferred to nitrocellulose membranes. Membranes were
blocked with 5% nonfat dry milk or 5% BSA in tris-buffered saline (TBS) with 0.1% Tween-20 for
1 h at room temperature and then incubated overnight at 4 °C with the appropriate antibody in
blocking buffer as indicated. Following incubation with appropriate horseradish peroxidase-

conjugated secondary antibodies, proteins were visualized using an enhanced
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chemiluminescence detection system (Thermo). This study was performed using the following
antibodies: Vinculin from Santa Cruz (#73614), and ERK1/2 (#9102), p-ERK1/2 (#4370), AKT
(#2920), p-AKT (#4060), and B7-H4 (#14572) all of which were purchased from Cell Signaling

Technologies.

Flow cytometry

Cancer cells were washed in phosphate-buffered saline (PBS) and harvested with TrypLE (Life
Technologies) for 10 min at 37 °C. Dissociated cells were washed once in PBS and incubated
with respective flow antibodies at 4 °C for 20 min in the dark for surface staining and 30 minutes
for intracellular staining. Flow cytometry of cancer cells was performed using the following
antibodies: B7-H4 (BioLegend #103132, 1:100 dilution), EpCAM (BioLegend #118216,1:2000
dilution), and CD44 (BioLegend #103028, 1:1500 dilution). Flow cytometry of tumor dissociates
was performed using the following antibodies: CD45 (BioLegend #109822), TCRB (Invitrogen
#48-5961-82), CD8 (Invitrogen #MA5-16759), FOXP3 (Invitrogen #12-5775-82), CD44
(BioLegend #103036), PD-1 (BioLegend #135241), Granzyme B (Invitrogen #35-8898-82),
Nkp46 (BioLegend #137637), CD11b (BioLegend #101263), F4/80 (BioLegend #123120),
CD206 (BioLegend #141721), Argl (Invitrogen #12-3697-82), and Nos2 (Invitrogen #58-5920-
82). Zombie Violet (Thermo) or dye EF780 (eBioscience #65-0865-14) was used as viability
dyes for dead cell exclusion. Samples were analyzed on an Attune NXT flow cytometer (Life

Technologies) or CyTEK Aurora and analyzed by FlowJo Version 10.

Mice

All mice were housed at the Vanderbilt University Medical Center vivarium, which is accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC). Mouse procedures and studies were approved by the Vanderbilt Division of Animal
Care and Institutional Animal Care and Use Committee (IACUC). C57BL/6J and BALB/c mice

were purchased from Envigo (Indianapolis, IN) and allowed to acclimatize for at least one week
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before tumor implantation and experimentation. For all experiments, 6- to 8-week-old female

mice with 100-200 mm? tumors were stratified into specific treatment groups.

Tumor implantation and treatment strategy

For mammary tumor models, 5 x 10* EMT6 were orthotopically injected into the fourth left
mammary fat pad of female BALB/c mice. 1 x 10° MMTV-neu (epithelial or mesenchymal) cells
were injected into the fourth left mammary fat pad of female NUDE mice. Cells were tested for
mycoplasma contamination prior to each experiment using the e-Myco Mycoplasma PCR
Detection Kir (LiliF Diagnostics). Following the establishment of tumors (~100-200mm?) mice
were stratified prior to therapy administration. BALB/c mice were treated via intraperitoneal (IP)
injection with isotype 1gG1 control (BioXcell, clone BE0083) or anti-PD-L1 (Genentech, clone
6E11) dosing at 200pg for the first treatment and 100ug for two subsequent treatments at one-
week intervals. For chemotherapy experiments, tumors were treated with paclitaxel (200ug or
400ug) or doxorubicin (200ug or 100ug) once weekly for four weeks. Drug was administered
either via intravenous or intraperitoneal routes as indicated in figure legends. For tumor growth
analysis, tumors were measured 2-3 times weekly with calipers, and volume was calculated in
mm? using the formula (length x width x width/2). Mice were humanely euthanized at defined

end points or when the tumor volume reached 2000mm? or tumor ulceration.

Tumor dissociation and immune cell isolation

EMT6 tumors were harvested from mice at either 500mm? or one-week post-treatment as
indicated in figure legends and dissociated using the Mouse Tumor Dissociation Kit (Miltenyi
Biotec) according to manufacturer’s specifications with the gentleMACs Octo dissociator
(Miltenyi Biotec) default tumor protocol (40 minutes at 37°C under constant agitation). The
dissociate was then passed through a 70um filter, washed with 20-30mL of PBS, and ACK

lysed. The single cell suspension was then subjected immediately to antibody staining for flow
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cytometry as described above, or cell sorting by magnetic bead isolation. Dead cells were
excluded using the Dead Cell Removal Kit (Miltenyi Biotec). Additional cell isolation was

performed using CD45 (TIL) mouse microbeads (Miltenyi Biotec).

RNA isolation

After dissociation and CD45+ cell isolation, RNA was harvested from mouse tumor immune
cells using the Maxwell 16 automated workstation (Promega) and the LEV simplyRNA Cells Kit
(Promega). RNA concentration was determined by spectrophotometry (NanoDrop2000, Thermo

Fisher Scientific).

NanoString gene expression analysis

Gene expression profiles of tumor-infiltrating immune cells from either untreated or anti-PD-L1
treated B7H4+ or parental EMT6 tumors were assessed using the nanoString Mouse Pan-
cancer Immunology panel (770 genes) according to the manufacturer's specifications. CD45 TIL
bead sorted tumor dissociates were used for RNA preparation, and 100 ng of total RNA was
used for input into nCounter hybridizations. Raw RCC files were processed using nanoString
nSolver to generate data frame for further data analysis. The raw count data was first batch
corrected using ComBat-Seq [PMID: 33015620]. Low quality genes or samples were further
filtered using negative control beads and a normalization factor is created using positive control
bead and housekeeping genes to normalize the entire dataset. After normalization, the data
were log transformed. PCA was performed to observe general clustering pattern and ensure no
strong batch effect is present. Differential gene expression analysis was performed using Wilcox
test with multiple-test correction p value generated. Function gene sets were directly obtained
from nanoString mouse Pan-cancer immunology panel. Gene set score was calculated using a

z-score sum of all the genes within the set.
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Single-cell RNA sequencing

MMTV-neu cells were harvested directly from cell culture and prepared for single cell RNA
sequencing. Each sample (targeting 15,000 cells per sample) was processed for single-cell
5"RNA sequencing utilizing the 10x Chromium system. Libraries were prepared following the
manufacturer’s protocol. The libraries were sequenced using NovaSeq 6000 with 150 bp paired-
end reads. RTA (v.2.4.11; lllumina) was used for base calling. Data was analyzed in R using the
filtered h5 gene matrices in the Seurat package. In brief, samples were subset to include cells
with >200 but <3,000 unique transcripts to exclude probable non-cellular RNA reads and
doublets. Cells with >15% of reads coming from mitochondrial transcripts were also excluded as
probable dying cells. Normalization, scaling, dimensional reduction, and unsupervised clustering
were also performed using Seurat. Cells were classified as mesenchymal or epithelial based on

Epcam expression.

Immunohistochemistry (IHC) and multiplexed immunofluorescence (mlIF)

Formalin-fixed paraffin-embedded (FFPE) tissue sections were cut at 4 yM and deparaffinized.
Antigen retrieval was performed with citrate buffer pH 6. Endogenous peroxidase was blocked,
and protein block was applied. Sections were then incubated with the primary antibodies (B7H4
AF2154 R&D Systems at 1:600, CD45 ab10558 Abcam at 1:2500, B7H4 D1M8I Cell Signaling
1:200, pan-Cytokeratin AE1/AE3 Biocare at 1:600, EpCAM ab71916 Abcam 1:500, CD44
ab157107 Abcam 1:1000, CD8 144B Statlab) overnight at 4°C. For chromogenic IHC,
visualization system was Envision (Agilent Technologies, Santa Clara, CA), DAB as the
chromogen (Agilent Technologies) and hematoxylin was applied as the counterstain. For
multiplex fluorescence IHC, sections were then incubated with the secondary antibody and TSA
reagent applied according to manufacturer’s recommendations in a cyclic manner. Breast

cancer with known B7H4 expression was used as a positive control.
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Image analysis and quantification

Whole slide images were digitally acquired using an AxioScan Z1 slide scanner (Carl Zeiss) at
20x. Automated quantification was performed via pathologist-supervised machine learning
algorithm using QuPath software’. Tumor areas were manually annotated to exclude extensive
necrosis present in most samples. For chromogenic IHC, color deconvolution to separate
hematoxylin and DAB. Cell segmentation was determined on the hematoxylin. Positive cell
detection algorithm according to the cell DAB OD mean was used to calculate percent of
positive tumor cells and H-score. For fluorescence IHC, cell segmentation was determined on
DAPI. Object classifiers were trained on annotated training regions from control tissue and
tumor samples to define cellular phenotypes. Single cell data including sample ID, xy
coordinate, cell phenotype, and B7H4 intensity were exported from QuPath to calculate B7H4

intensity for each cell phenotype in R.

Reverse phase protein array (RPPA)

RPPA was performed as described previously”>"". Briefly, lysates were prepared and printed in
triplicate spots (approx. 10nL per spot) onto nitrocellulose coated slides (Grace Biolabs, Bend,
OR, USA) using a Quanterix 2470 Arrayer (Quanterix, Billerica, MA, USA). Standard curves of
control cell lysates were included for quality assurance purposes. Antibodies used on the RPPA
were validated before use by confirming the presence of a single band at the appropriate
molecular weight with a panel of control cell lysates using conventional western blotting.
Immunostaining was performed by probing each slide with one primary antibody targeting the
protein of interest. Biotinylated goat anti-rabbit IgG (H+L) (1:7,500, Vector Laboratories Inc,
Burlingame, CA) or rabbit anti-mouse IgG (1:10, DakoCytomation, Carpinteria, CA, USA) were
used as secondary antibodies. Signal amplification was performed using a tyramide-based
avidin/biotin amplification system (DakoCytomation, Carpinteria, CA, USA) followed by

streptavidin-conjugated IRDye 680 (LI-COR, Lincoln, NE, USA) for visualization. Negative
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controls were stained with secondary antibody alone. Total protein was measured using Sypro
Ruby protein blot staining per manufacturer’s instructions (Molecular Probes, Eugene, OR,
USA). RPPA data was generated directly from images acquired using a Tecan PowerScanner
(Tecan, Mannedorf, Switzerland) and analyzed with MicroVigene software Version 5.1.0.0
(Vigenetech, Carlisle, MA, USA). Total protein intensities for each sample were calculated by
averaging the Sypro staining intensity of the three replicate spots. For each sample/endpoint the
final signal intensity was calculated by: 1) subtraction of negative control spot intensity from
primary antibody spot intensity, 2) averaging the resulting net intensities for the three replicate
spots, and 3) dividing by the total protein intensity value for each sample. For the present study,

anti-human-B7-H4 (clone D1M8I) XP from Cell Signaling (#14572) was used.
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Chapter Ill: B7-H4 IS PREFERENTIALLY EXPRESSED ON EPITHELIAL CELLS?

Introduction

B7-H4 has been associated with immunologically cold tumors in contrast to PD-L1,
which is often expressed in immunologically hot tumors®”6167.68 B7-H4 has also been
associated with TNBC subtypes, but the broader pattern of expression in BC subtypes is
unknown®, Furthermore, published literature has shown an inverse correlation between breast
tumors expressing B7-H4 and PD-L1, though no mechanism for this reciprocal pattern has been
established®®6167, Currently, TNBC patients with or without PD-L1 expression are eligible to
receive anti-PD-1 neoadjuvant therapies after several clinical trials showed improved benefit in
both the early and advanced settings®?*"4478, PD-L1-positive patients have overall better
responses to these therapies in the advanced setting based on clinical trials?426.78-8° We sought
to understand the expression and regulation of B7-H4 in breast cancers to determine whether it
could be a mechanism of immune suppression and therefore a mechanism of resistance to
current immunotherapies.

As mentioned previously, BC can be divided into luminal and basal cancers based on
the expression of epithelial and mesenchymal markers among other cellular markers?38t, A
great majority of breast cancers arise from gene mutations in epithelial cells®. Understanding
the epithelial or mesenchymal properties of BC can be crucial to understanding cancer
development and progression. Epithelial cells are a major component of the body's tissues and

organs, lining the surfaces of organs and serving as a barrier between the body's internal and

1 This chapter is adapted in part from Wescott, E.C.*, Sun, X., Gonzalez-Ericsson, P.l., Hanna, A., Taylor,
B.C., Sanchez, V., Bronzini, J., Opalenik, S.R., Sanders, M.E., Wulfkuhle, J., Gallagher, R.l., Gomez, H.,
Isaacs, C., Bharti, V., Wilson, J.T., Ballinger, T.J., Santa-Maria, C.A., Shah, P.D., Dees, E.C., Lehmann,
B.D., Abramson, V.G., Hirst, G.L., Brown-Swigart, L., van ‘t Veer, L.J., Esserman, L.J., Petricoin, E.F.,
Pietenpol, J.A., Balko, J.M. (2024). Epithelial expressed B7-H4 drives differential immunotherapy
response in murine and human breast cancer. Cancer Research Communications; 4 (4): 1120-1134.
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external environments. These cells are characterized by their tightly packed arrangement, with
cells adhering to one another via specialized structures called tight junctions. Epithelial cells are
also polarized, with distinct apical and basal surfaces that perform different functions within the
tissue. These cells are involved in a wide range of biological processes, including absorption,
secretion, and protection against environmental stresses®%°. Mesenchymal cells are a more
loosely organized group of cells that include fibroblasts, osteoblasts, chondrocytes, and other
cell types. These cells are characterized by their ability to move and migrate, and they play a
critical role in tissue repair and regeneration. Mesenchymal cells are also involved in the
formation of connective tissue, bone, and cartilage, and they are important for maintaining the
structural integrity of tissues and organs®3:84:8¢,

Mesenchymal cells and the epithelial-to-mesenchymal transition also have implications
in cancer metastasis®-887-8_ Epithelial cells undergo genetic and epigenetic changes that
cause them to lose their normal functions and become cancerous. This process, known as
epithelial-mesenchymal transition (EMT), involves a loss of the tight junctions that normally hold
epithelial cells together, allowing cells to become more motile and invasive. Mesenchymal cells
are also involved in the early stages of tumor formation, particularly in the development of the
tumor microenvironment (TME)®°. They provide structural support and can promote
angiogenesis. Additionally, in murine mammary tumors, mesenchymal cancer cells were shown
to assemble an immunosuppressive TME and thus have implications for immunotherapy
resistance®*. As mentioned above, the different BC subtypes have a wide range of typical
immune infiltration patterns with vast heterogeneity even within subtypes. Furthermore, immune
infiltration has been shown to be a predictor of inmunotherapy response in BC%1-93,

These prior findings expose several gaps in the field, particularly in B7-H4 biology. First,
which tumors have the highest B7-H4 expression of the subtypes? Second, is B7-H4 regulated
by similar cell signaling mechanisms as PD-L1? Third, does B7-H4 expression negatively

correlate with immune infiltration in human TNBC and murine mammary cancer tumors, as has
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been previously shown? Thus, for the first aim of our study, we sought to uncover the broader
mechanisms of B7-H4 expression in BC with the goal of identifying which patients are likely to
have B7-H4+ tumor cells and future implications to therapeutic response. We also sought any
phenotype cellular markers that could be predictive of B7-H4 expression in BC subtypes and
identified strong correlations with epithelial vs. mesenchymal cell phenotype. These findings
have implications in identifying biomarkers for BC patient response or resistance to ICI

therapies.

Results

B7-H4 is expressed in immunologically cold breast tumors

We sought to confirm prior findings of B7-H4 association with immunologically cold
tumors and characterized TNBC samples post-neoadjuvant chemotherapy (NAC) treated
patients that had residual disease according to the distribution of infiltrating CD8+ T cells. Four
groups — immune desert (ID), margin-restricted (MR), stromal-restricted (SR), and fully inflamed
(FI) — were defined according to previously published metrics®% (Figure 3.1A). The ID and MR
tumors (those exhibiting the most immunologically cold phenotypes and associated with worse
outcomes) had the highest level of tumor B7-H4 expression (Figure 3.1B-C), though in contrast
to prior findings®-°°, B7-H4 was also present in FI tumors, possibly due to the selective or direct
molecular effects of NAC in this cohort. As has been previously shown, FI and SR tumors
demonstrated improved outcomes after surgery (Figure 3.1D). Regardless of microenvironment
type, B7-H4 expression was associated with worse recurrence-free (RFS) and overall survival

(OS) in these post-NAC TNBC samples (Figure 3.2).
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Figure 1ll.1. B7-H4 is associated with immune cold tumors. (A) Representative TNBC
samples (residual disease, post-neoadjuvant chemotherapy) categorized based on CD8 T cell
infiltration and localization into Immune Desert (ID), Margin-restricted (MR), stromal-restricted
(SR), and fully inflamed (FI). (B) B7-H4 is heterogeneously expressed in TNBC. (C) ID and MR
tumors have the highest level of B7-H4 expression (n=69: ID: 19, MR: 17, SR: 14, FI: 19). MR
and SR tumors were analyzed by unpaired-t test. (D) MR and ID tumors also have worse
recurrence-free and overall survival (n=69). Data were analyzed by Mantel-Cox test.
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Figure 1l1.2. B7-H4 is associated worse survival. B7-H4 expression directly correlates with
worse outcomes in patients (n=77; >60%: 16, <60%: 51). Data were analyzed by Mantel-Cox
test.

Although B7-H4 has been shown to be associated with more immunologically cold

tumors, other cancer cell features associated with MR and B7-H4 status have not been
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evaluated at the protein level. Thus, we chose MR (B7-H4 high) and SR (B7-H4 low) tumors, as
well as Fl tumors, and evaluated the protein expression of immune markers in the
CD8+/cytotoxic T cell and pan-cytokeratin/tumor cell compartments using Nanostring GeoMX
Digital Spatial Profiling (DSP). Samples were stained with a multiplexed immunofluorescence
panel containing pan-cytokeratin (panCK), CD3, CD8, and DAPI to distinguish tumor cell and T
cell regions (Figure 3.3A). Gating for the CD3+ and panCK+ compartments was used to extract
detection antibody barcodes specifically in these cells. We compared protein expression in
tumor cell regions only in MR and SR samples; ID tumors were not evaluated since they contain
insufficient immune content, and FI tumors were excluded from the analysis as the dispersion of
immune cells in the tumor-rich regions limited specificity of the intended gating procedure (i.e.,
the juxtaposition of immune cells and tumor cells limited interpretability - data not shown).
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Figure 111.3. B7-H4+ tumors are associated with EpCAM expression. (A) TNBC samples
stained with immunofluorescent markers for DAPI, panCK, CD3, and CD8 to identify regions of
interest (ROI) for Nanostring GeoMX Digital Spatial Profiling (DSP). MR and SR panCK+ ROIs
were selected and differential protein expression between tumor samples is shown. (B) Within
the panCK gated cells, MR tumors had higher EpCAM expression. SR tumors had higher CD44
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expression, as well as higher PD-L1. Data shown are log2 fold change of differentially
expressed genes. (p < 0.05, g <0.10, data analyzed using R.)

Although B7-H4 was not a validated detection marker in the GeoMX panel, B7-H4
expression in the tumor cells was independently validated by immunohistochemistry (IHC)
(Figure 3.1B-C). The SR samples had higher PD-L1 which was expected due to greater
infiltrating immune cells and a more inflammatory microenvironment (Figure 3.3B).
Interestingly, these samples also had higher upregulation of the mesenchymal marker CD44
compared to MR tumors, which had higher EpCAM (epithelial status) expression (Figure 3.3G).
As our MR tumors had the higher B7-H4 expression, we explored further correlations between

epithelial cell markers and B7-H4 expression in breast cancer.

B7-H4 expression is associated with epithelial vs. mesenchymal cell status

We examined over 60 breast cancer cell lines from the Cancer Cell Line Encyclopedia
(CCLE)®%°7 and observed strong positive correlations with markers of epithelial cell status and
B7-H4 (Figure 3.4A). Interestingly, other checkpoint ligands of the B7-family had an inverse
relationship and were strongly associated with markers of mesenchymal cell status (Figure
3.4A). Additionally, epithelial-to-mesenchymal transition (EMT) transcription factors correlated
with lower levels of VTCN1 expression in these same cell lines (Figure 3.4B). VTCN1
expression was higher when EMT-associated genes had low expression and vice-versa (Figure
3.4B). These data suggest that B7-H4 is associated with, and could be regulated by, EMT in

tumors.

We next screened several murine and human cell lines to identify a model of B7-H4
expression and perform perturbations to understand the mechanism of expression (Figure
3.5A-B). The MMTV-neu mammary tumor cell line had the highest B7-H4 expression and we
used this cell line for future experiments®*°, This cell line was derived from an FVB/n transgenic

mouse with the activated rat neu oncogene under control of the mouse mammary tumor virus
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Figure lll.4. B7-H4 (VTCNL1) is highly correlated with epithelial gene markers in mouse and
human cells unlike other checkpoint ligands. (A) In human breast cancer cell lines (CCLE),
B7-H4 is the only checkpoint ligand positively correlated with epithelial markers and negatively
correlated with mesenchymal markers. Data shown are spearman correlations between genes.
Significant correlations (p < 0.05) are indicated by asterisk. (B) Genes downregulated during
EMT are positively correlated with VTCNL1 in human cell lines (CCLE).

(MMTV) promoter leading to early onset of oncogene expression in the mammary epithelium
and spontaneous tumor formation®. In one additional murine cell line (MMTV-NIC, also derived
from a spontaneous tumor from an FVB/n transgenic mouse with a bicistronic transcript of neu-
IRES-Cre under transcriptional control of the MMTV promoter®°t) and the human MDA-MB-
468s (a TNBC patient-derived cell line), epithelial cells (EpCAM+) expressed B7-H4 (Figure

3.5B).

The MMTV-neu cell line consists of epithelial-like and mesenchymal-like cell populations
when assessed by morphology and protein expression (Figure 3.6A-C). We were able to sort
these two populations by fluorescence activated cell sorting (FACS) into single cell derived
populations. Because of the correlation between B7-H4 and epithelial cell status, we were
curious whether these cells were undergoing EMT or MET (mesenchymal-to-epithelial
transition) and whether we could connect B7-H4 expression to EMT gene regulation. However,
we established these cells were distinct and not actively undergoing EMT by following their

phenotype over more than 20 consecutive passages. (Figure 3.7). After these cells were
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established as distinct populations, we observed that epithelial cells maintained B7-H4

expression (Figure 3.6B-C).
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Figure 111.5. Several murine and human cell lines express B7-H4. (A) Murine cancer cell lines
express B7-H4. The MMTV-neu cell line has the highest B7-H4 expression. (B) B7-H4 is only
expressed on epithelial EpCAM+ cells in murine and human cell lines.
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Figure 1l11.6. MMTV-neu cells consist of epithelial and mesenchymal-like cell populations.
(A) The MMTV-neu cell line with highest B7-H4 levels is comprised of phenotypically epithelial-
like (abbreviated E) and mesenchymal-like (M) cells. (B) In MMTV-neu cells, the CD44+ M cells
do not express B7-H4 but all the EpCAM+ E cells do. (C) MMTV-neu E and M cells express
hallmark markers.
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Figure llIl.7. MMTV-neu epithelial and mesenchymal cells did not undergo EMT or MET.
Single cell-derived clones were isolated from parental, heterogeneous MMTV-neu cells by
FACS single-cell limiting dilutions. 16 epithelial and 10 mesenchymal single-cell clones were
passaged independently for over 20 passages. After 13 passages, conditioned media from the
alternate cell line was collected, filtered, and applied to a passage of each single-cell clone.
Independent clones or clones treated with conditioned media did not undergo epithelial-to-
mesenchymal or mesenchymal-to-epithelial transition in vitro. Two representative clones from
each cell line are shown.

We also performed single cell RNA sequencing on the heterogeneous MMTV-neu cell
line and observed Epcam expression correlated with Vtcnl expression on the single cell level,
but Vtcnl was not co-expressed with Snail, a mesenchymal marker (Figure 3.8A). To validate
the identified association of B7-H4 in epithelial cancer cells in human tumors, we stained
primary ER+HER2- and TNBC tumors for B7-H4, EpCAM, and CD44 by mIF. Once again, B7-
H4 was more frequently co-expressed with EpCAM on tumor cells compared to CD44 on tumor

cells (Figure 3.8B). In summary, we established B7-H4 as a preferential marker of epithelial cell
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status, rather than mesenchymal cell status. Additionally, we determined B7-H4 expression was
associated with EMT/MET, however we could not confirm EMT in our murine cell line model of

B7-H4.
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Figure I11.8. MMTV-neu and TNBC EpCAM+ cells preferentially express B7-H4. (A) Single
cell RNA sequencing of the heterogenous MMTV-neu cells confirms Vtcnl is solely expressed
in the epithelial cell population. (B) A cohort of human tumors including both TNBC and
ER+HER2- were stained for B7-H4, EpCAM, and CD44 by mIF. Data shown are log2 of % B7-
H4+ tumor cells and include 132 samples with >1% B7-H4 expression. (Paired t-test of
transformed data)

Only MMTV-neu epithelial cells form tumors

We were interested in whether the epithelial and mesenchymal cell populations of the
MMTV-neu cell line were equally tumorigenic and thus whether B7-H4 expression affected
survival in this murine model. To that end, we injected NUDE female mice orthotopically with
purified MMTV-neu epithelial and mesenchymal cell and measured tumor growth (Figure 3.9A).

The epithelial cell tumors grew reliably and quickly within NUDE mice. At first, we observed no
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growth of the mesenchymal cell tumors. However, after >50 days, we observed two mice
injected with MMTV-neu mesenchymal cells form tumors. We followed these tumors up to 150

days post injection and then harvested them.
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Figure 111.9. MMTV-neu epithelial cells reliably form tumors and mesenchymal cells
undergo MET in vivo. (A) MMTV-neu cells were injected as indicated above into NUDE mice.
5/5 epithelial tumors formed and after >50 days, 2/5 mesenchymal tumors formed. (B) Tumor
dissociate was assessed by flow cytometry for the presence of EpCAM and CD44 expression
on CDA45- tumor cells. These tumors were predominantly EpCAM+. (C) One of the
mesenchymal tumors was harvested and probed for B7-H4 tumor expression (white arrow).
This tumor acquired B7-H4 expression in vivo. Control samples included MMTV-neu epithelial
tumor protein, EMT6-B7-H4+ tumor protein (a transduced tumor model), and the MMTV-neu
epithelial and mesenchymal cells.

We next wondered whether the mesenchymal cells had undergone mesenchymal-to-
epithelial transition (MET) in vivo and that is why they were able to develop into tumors. To that
end, we first assessed dissociated tumors by flow cytometry for the epithelial marker EpCAM
and the mesenchymal marker CD44 on CD45- tumor cells. Both tumors predominately
expressed EpCAM on the CD45- cell fraction, suggesting MET had occurred (Figure 3.9B). We
also harvested protein from one mouse that formed a mesenchymal tumor and probed for B7-

H4 expression, as B7-H4 was a marker on the MMTV-neu epithelial cells but not mesenchymal
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cells. Surprisingly, these tumors were B7-H4+ suggesting they had acquired epithelial-like
characteristics in vivo that were not present in tissue culture conditions (Figure 3.9C).

To determine whether this was a rare spontaneous tumor event deriving from the NUDE
mouse or most likely a tumor formed from the orthotopically injected FVB/n mesenchymal cells,
we stained CD45+ and CD45- cells within the tumor dissociates for MHC Class | expression
(called H2D in mice), as a marker of cell haplotype. Our NUDE mice express H2Dd. FVB/n mice
express H2Dg. Thus, a NUDE mouse spontaneous tumor would have tumor cells that express
H2Dd while an orthotopic tumor would have cells from the FVB/n, or H2Dq, background.
Antibody staining revealed CD45- (tumor) cells were H2Dq positive but H2Dd negative (Figure
3.10). CD45+ cells were H2Dd positive (infiltrating in from NUDE lymph). Our H2Dq antibody
was cross-reactive for several haplotypes but our H2Dd antibody was reactive only for H2Dd
and H2Db haplotypes. Therefore, we concluded these tumors derived from the FVB/n

mesenchymal cells not from a spontaneous tumor within the mammary fat pad.

t .1 047 1| 0.01
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Figure 111.10. Tumors formed from FVB/n mesenchymal cells not from spontaneous
tumors in the NUDE mouse background. Flow cytometry was performed using an
H2Dd/H2Db antibody in PE and a Pan-H2 antibody that reacts with H2Dq in APC. CD45- cells
were predominantly H2Dq positive (FVB/n haplotype). CD45+ immune cells within the tumor
expressed both H2Dd (NUDE haplotype) and H2Dq.

In summary, we observed 2 instances of mesenchymal cells forming tumors in vivo out
of 15 NUDE mice. These experiments were repeated in syngeneic FVB/n mice with no
mesenchymal tumors forming. This suggests such proposed mesenchymal-to-epithelial
transition is an extremely rare event, likely arising from a couple cells acquiring epithelial
characteristics. Of the tumors that formed, mesenchymal cells had transitioned to express B7-

H4, comparable to the levels in epithelial cell injected tumors.

Discussion

The current study has uncovered novel associations of B7-H4 tumor cell expression with
epithelial cell status. We were able to validate this finding across a variety of human BC and
murine mammary cancer cell lines. Additionally, we validated that B7-H4 is more highly
expressed in immune-cold TMEs, in contrast to PD-L1. All of these data suggest a potential
novel mechanism for B7-H4 regulation that is distinct from PD-L1, to which the ligand is
commonly compared. Interestingly, while others observed inverse expression patterns between
B7-H4 and PD-L1 on a per tumor basis, we observed no inverse expression of the two ligands
on a per tumor cell basis within tumors (Supplementary Figure 1, see Appendix I). This does
not rule out similar regulatory mechanisms, but it does rule out any suppressive effect of PD-L1
on B7-H4 within the same tumor cell. Instead, PD-L1+ tumors tend to be more inflamed than
B7-H4+ tumors, and PD-L1 can often be expressed on immune cells within the tumor stroma.
Therefore, between breast tumors, there may be a preference for PD-L1 expression over B7-H4
expression indicated by the immune infiltration or lack thereof, but within tumors or tumor cells,

there is no inhibitory effect of the two checkpoint ligands that we observed (i.e., no direct
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reciprocal regulation). Stated another way, B7-H4 expression could be inhibiting tumor
immunogenicity while tumor immunogenicity could be promoting PD-L1 expression, thus
resulting in a reciprocal pattern of expression between tumors.

In the post-neoadjuvant chemotherapy TNBC cohort, we observed vast heterogeneity in
tumor immune cell infiltration even within one subtype of BC. Our data support published
literature that immune infiltration is a predictor of therapeutic response because tumors with
higher B7-H4 expression (and lower immune infiltration) had worse outcomes in our cohort!8-20,
This could be driven by the lack of immunogenicity or the presence of B7-H4 or both. This
provokes additional experiments to test the functionality of B7-H4 directly in vivo, which will be
described in later chapters.

Additionally, we observed a unique phenomenon in the MMTV-neu mouse tumor model.
The cell line in our hands was comprised of an epithelial and mesenchymal population, in which
only the epithelial cells expressed B7-H4. Because this cell line was passaged many times in
the lab, we tested whether the cells were constantly going through EMT to maintain that
heterogenous phenotype in vitro. Despite passaging these cells separately for over 3 months in
vitro, we did not observe EMT or the converse, MET. Thus, the orthotopic cell line did in fact
consist of both epithelial and mesenchymal cells at the time of initial harvest and establishment.
However, interestingly, we did observe only the epithelial cell phenotype was able to grow
tumors over an extended amount of time in vivo. It was not completely unexpected that the
epithelial cell fraction was more tumorigenic, as most BC arises from epithelial cell genetic
mutations (inherited or spontaneous) within the breast. EMT is a more common event in cancer
metastasis, but MET must occur as the metastases establish at distant sites. Surprisingly, the
mesenchymal cell phenotype was able to transition to epithelial cells in vivo when it could not in
vitro. This suggests the need to additional stimulatory factors found in the TME. We tested
TGFp, known to be a potent inducer of EMT, in vitro but found it was insufficient to induce

transition. Further solidifying the association of B7-H4 with epithelial cell status, we observed
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acquired B7-H4 expression in tumor cells that had transitioned from mesenchymal to epithelial
phenotype.

We wanted to confirm that mesenchymal-to-epithelial transition in vivo was a rare event
arising from transition of just one or a couple cells injected orthotopically. To do this, we
attempted an experiment in which we retrovirally transduced epithelial or mesenchymal MMTV-
neu cancer cells with individual barcode-containing vectors. We pooled this labeled cell
population and injected the mice with either labeled epithelial or mesenchymal cancer cells.
Should tumors arise from the mesenchymal cells, we would be able to trace back the tumor
cells by their individual barcodes. We hypothesized that the epithelial tumors would arise from
heterogeneous cells injected into the mammary fat pad that formed a tumor, but mesenchymal
tumors would arise from only a couple mesenchymal cells that underwent mesenchymal-to-
epithelial transition. Unfortunately, no mesenchymal tumors grew during this experiment (n = 10
NUDE mice and n = 10 FVB/n mice). This experiment, however, would be an important
contribution to the field of mammary tumor models as we could identify which mesenchymal
cells transition to tumor-sustaining epithelial cells and how those mesenchymal cells could gain
B7-H4 expression in vivo.

Collectively, these experiments show a strong association of B7-H4 with epithelial cell
status within TNBC tumors, MMTV-neu murine cancer cells, and MDA-MB-468 human BC cells.
We have also phenotypically characterized the MMTV-neu orthotopic tumor cell line in our

hands to further explore B7-H4 and EMT/MET biology.
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Chapter IV: B7-H4 INDUCES DIFFERENTIAL RESISTANCE TO IMMUNOTHERAPY IN
MURINE AND HUMAN BREAST CANCERS?

Introduction

While the introduction of neoadjuvant anti-PD-1 immunotherapy (pembrolizumab) has
improved pathological complete response (pCR) and overall response for TNBC patients, there
are still 25-40% of patients who do not benefit®2-3741.78.102 \Whijle several underlying mechanisms
may be at play, as mentioned in Chapter I, our hypothesis for some patient resistance to ICl is
the presence of alternate immune checkpoint ligand B7-H4. B7-H4 is highly expressed in many
breast cancers, particularly TNBC, and could be inducing immunosuppressive functions in vivo
that counteract anti-PD-1/PD-L1 immune activation. To test this, we designed a mouse model
with B7-H4 overexpression in EMT6 mammary cancer cells (that emulate basal-like BC) and
assessed tumor resistance to ICI as well as changes to the immune cell gene expression
profile. These data provide insight to potential mechanisms of B7-H4 function in vivo that can be
explored for further study. Additionally, we analyzed two human ICI clinical trial datasets, in
which HR+ and TNBC patients were treated with neoadjuvant anti-PD-1 or anti-PD-L1. For both
cohorts, we have B7-H4 protein expression data and survival data. These experiments address
gaps in knowledge in the field of B7-H4 signaling in vivo particularly in the context of ICI

treatment in BC patients.

2 This chapter is adapted in part from Wescott, E.C.*, Sun, X., Gonzalez-Ericsson, P.l., Hanna, A., Taylor,
B.C., Sanchez, V., Bronzini, J., Opalenik, S.R., Sanders, M.E., Wulfkuhle, J., Gallagher, R.l., Gomez, H.,
Isaacs, C., Bharti, V., Wilson, J.T., Ballinger, T.J., Santa-Maria, C.A., Shah, P.D., Dees, E.C., Lehmann,
B.D., Abramson, V.G., Hirst, G.L., Brown-Swigart, L., van ‘t Veer, L.J., Esserman, L.J., Petricoin, E.F.,
Pietenpol, J.A., Balko, J.M. (2024). Epithelial expressed B7-H4 drives differential immunotherapy
response in murine and human breast cancer. Cancer Research Communications; 4 (4): 1120-1134.
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Results

B7-H4 expression induces moderate resistance to single-agent anti-PD-L1 immunotherapy in

mice

Currently, patients with TNBC (early stage and advanced) are eligible for pembrolizumab
therapy®2%’. We wanted to assess whether B7-H4 was acting as a mechanism of tumor
resistance to immune checkpoint inhibitors (ICIs), specifically the anti-PD-1/L1 axis, and could
be a potential biomarker of a lack of patient response to ICls. We overexpressed murine B7-H4
in EMT®6 cells, a mesenchymal basal-like murine model that does not express B7-H4 (Figure
4.1A). Compared to MMTV-neu cells that endogenously express B7-H4, the level of enforced
expression is slightly higher in this tumor model. These tumors maintain high levels of B7-H4 in
vivo (Figure 4.1B). As our lab has previously shown, EMT6 tumors are sensitive to treatment
with anti-PD-L1%%, We treated EMT6-B7-H4+ and parental (vector alone control) tumors with
anti-PD-L1 (Genentech, Clone 6E11) (Figure 4.1C). Compared to parental EMT6 controls,
EMT6-B7-H4+ tumors had moderate resistance to anti-PD-L1 treatment (Figure 4.1D). This
model is heterogeneously responsive to anti-PD-L1 immunotherapy and even systematically
treated, genetically matched mice can demonstrate intrinsic resistance, acquired resistance, or
complete response, classified based on the tumor growth curves (Figure 4.1E). Fewer mice
with EMT6-B7-H4+ tumors completely cleared their tumors and more mice had intrinsic

resistance compared to the EMT6 control cohort (Figure 4.1F).

36



EMT6 B C

A EMT6 B7-H4+

MMTV-neu ) 1 ;23 e
ne EMT6 - EMTG B7 1'5' ] S
% o i : ; =
e -, % anti-PD-L1 x1 weekly
® 2 i InJect 5x10° 4 weeks
= d i&‘ ‘ ey o . orthotopically f f f /
o % bR '~ A 7 i
O o "“'} ;., 3 EMT6-B7-H4* 100mm? Harvest
-+ | S (r o s 82 EMT6 parental tumors
s REE . S 0o AE L

B7-H4 ——— »

D F
1500 - EMT6 tumors + anti-PD-L1 EMT6 B7-H4+ tumors + anti-PD-L1

= 2500+ 2500

w

@ “Z 2000 2 2000+

hul E £
"’E 1000 g 1500 § 1500

‘E' _g 1000 _g 1000

2 p=0.0174 5 T 5

2 £ 500 2 500

g 500+ EMTS IgG1

= - EMTS anti-PD-L1 0 0

=3 0 10 20 30 40 50 60 0 10 20 30 40
g EMT6 B7-Hd+ IgG1 Days post treatment initiation Days post treatment initiation
- - EMT6 B7-H4+ anti-PD-L1

0 ! 1 I I I 1 insi i
EWPUMIPTEDA  Intrinsic resistance
0 5 10 15 20 25 Acquired resistance
Days post treatment initiation Complete response

p =0.035

43.5%

Figure IV.1. Overexpression of B7-H4 in the EMT6 murine model induced resistance to
anti-PD-L1 ICI. (A) EMT®6 cells were virally transduced with the pBabe-B7-H4 retroviral vector
and overexpress exogenous murine B7-H4. (B) EMT6 B7-H4+ tumors maintain high B7-H4
expression in vivo assessed by IHC. (C) Animals were orthotopically injected with EMT6 cells +
B7-H4 and treated 1x per week with anti-PD-L1 at 200 ug (first dose) or 100ug (subsequent
doses) for 4 weeks, after tumors reached 100mma3. (D) EMT6 B7-H4+ tumors are significantly
resistant to anti-PD-L1 immunotherapy compared to control tumors. Data were analyzed by
One-way ANOVA of individual AUC values with Tukey’s post-hoc test for multiple comparisons
between EMT6 anti-PD-L1 and EMT6 B7-H4+ anti-PD-L1 treated groups (p = 0.0174, EMT6
Isotype n =21, EMT6 anti-PD-L1 n = 23, EMT6 B7-H4+ Isotype n = 21, EMT6 B7-H4+ anti-PD-
L1 n = 23. Data were collected from a total of 3 independent experiments.). (E-F) When tumor
response is categorized into three groups, EMT6 B7-H4+ tumors have overall greater intrinsic
resistance to treatment and reduced complete response compared to EMT6 control tumors (p =
0.035, Chi-square = 6.683, df = 2, n = 23 mice for EMT6 parental tumors and n = 31 mice for
B7-H4 tumors).

B7-H4 has also been reported to be expressed on some macrophage populations%4197,
We wanted to assess whether the phenotype of ICI resistance was driven by tumor B7-H4

expression or immune cell B7-H4 expression. We stained tumor sections by miF to identify
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CD45+ and B7-H4+. We found (CD45-) tumor cells made up nearly all B7-H4+ cells in vivo

(Figure 4.2A-B).

A DAP B7-H4 B7-H4 B p <0.0001
— 1
g 2100— _w_
= ]

s +

3 2

,]\': o 50-

o s

© £

e bot

E o

" ® ol |

Immune Tumor

Figure IV.2. B7-H4+ cells are tumor cells. (A) EMT6 B7-H4+ tumors were stained by
multiplexed immunofluorescence. B7-H4 is expressed on CD45- tumor cells in vivo.
Representative image shown. Scale bar 10um. (B) Quantification of (A), n = 3 mice. Data
analyzed by unpaired t-test. Data were analyzed in GraphPad Prism v10.

In the BALB/c model, we did not identify any B7-H4 positive immune cells within the
tumor. We found no additional B7-H4+ CD45+ immune cells in additional organs in the BALB/c
mouse (Figure 4.3A). Interestingly, we did observe CD45+ B7-H4+ cells in C57BL/6 spleens
and intestine (Figure 4.3A-D). Based on morphological phenotype and the location within the
tissue, these are likely B7-H4+ macrophages. Together, these data suggest B7-H4 tumor cell
expression in EMT6 tumors contributes to immunotherapy resistance by altering tumor
susceptibility to ICI, and as a side observation, notes a possible and interesting strain-specific
difference in B7-H4 expression between BALB/c and C57BL/6 mice which could be important to

others in the field for future mechanistic studies in pre-clinical models.
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Figure IV.3. B7-H4 was expressed on some tissue immune cells in the C57BL/6 model, but
not the BALB/c model. (A) Formalin-fixed, paraffin-embedded sections of BALB/c and
C57BL/6 mice were stained for B7-H4, CD45, and DAPI using multiplexed immunofluorescence,
or B7-H4 by IHC. CD45+ B7-H4+ cells were observed in spleen and intestine in C57BL/6 mice
but not BALB/c mice. (B) Based on morphological characterization, these are likely
macrophages. BALB/c spleen, intestine, and other healthy tissues examined (lymph node, fat
pad, lung) had no B7-H4+ immune cells. Scale bar 20um. (C) Flow cytometry of B7-H4+ cells
are not present in the BALB/c spleen but are in the C57BL/6 spleen, similar to our findings by
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mIF. (D) Representation of flow cytometry scatter plots. B7-H4+ immune cells were only found
in the C57BL/6 spleen, not bone marrow (b.m.)

Anti-PD-L1 treatment did not induce a pro-inflammatory immune response in B7-H4+ tumors

B7-H4 is more highly expressed in immune cold human breast tumors, and B7-H4+
tumors in mice were less responsive to anti-PD-L1 therapy. Therefore, we asked how the
amount and functional status of tumor infiltrating lymphocytes and myeloid cells were impacted
by B7-H4 expression with or without treatment with ICl. When we assessed infiltrating immune
cells (CD45") in our tumor model, we found similar populations of T cells and myeloid cells
regardless of B7-H4 status (Supplementary Figure 2). We next performed Nanostring gene
expression analysis using the Mouse Pan-Cancer Immune Panel of 770 genes to identify
markers of functional changes in the tumor immune microenvironment. We wanted to test
whether B7-H4 exerts an immunosuppressive effect in the context of immunotherapy-induced
activation that could explain the lack of response to anti-PD-L1 in our tumor model. We
compared sorted CD45+ tumor immune cells between EMT6 tumors with and without B7-H4
overexpression seven days post-treatment with anti-PD-L1. In the EMT6 control tumors, we saw
an increase in transcriptomic markers of immune cell activation after anti-PD-L1 treatment
compared to isotype treated tumors (Figure 4.5A). Many of these proinflammatory genes are
expected in antitumor immunity including Gzma, Gzmb, Prfl, Ifng, and Cxcl9/10

(Supplementary Table 1).

We further compared functional immune gene sets and observed markers of an
immune-activated environment after anti-PD-L1 treatment (Figure 4.5B). In contrast, B7-H4+
tumors did not have the same markers of immune activation with anti-PD-L1 treatment (Figure
4.5C-D). While there are some markers of T cell activity including Zap70 and Lck, these
samples lack the upregulation of pro-inflammatory genes found in the EMT6 treated tumors
(Supplementary Table 2). Additionally, B7-H4+ tumors in the isotype group have high

expression of immunosuppressive genes including Tgfbrl (TGF-f receptor), Cd33, and CD68
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Figure IV.4. Anti-PD-L1 did not induce a pro-inflammatory immune response in B7-H4+
tumors. CD45+ cells were sorted from EMT6 tumors + B7-H4 and subjected to Nanostring
gene expression analysis using the Mouse Pan-Cancer Immune Panel. (A) Differentially
expressed genes from CD45+ sorted cells from EMT6 control tumors when treated with anti-PD-
L1 or isotype control and harvested 7 days post treatment. (B) Changes in immune gene sets
between isotype and anti-PD-L1 treated tumors. (C) Differentially expressed genes from CD45+
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sorted cells from EMT6 B7-H4+ tumors when treated with anti-PD-L1 or isotype control and
harvested 7 days post treatment. (D) Changes in immune gene sets between treatment groups
of EMT6 B7-H4+ tumors. Data were analyzed by Wilcoxon rank sum test. Genes with log2 fold
change >0.5 or <-0.5 and p-value <0.01 were regarded as significant. n = 6 mice per group for
all groups.

(tumor associated macrophage markers). These data suggest B7-H4 is functioning to inhibit full
immune activation following ICI and associated with an immunosuppressive gene signature in

the EMT6-B7-H4+ model.

We were also interested in whether CD45+ immune cells expressed markers of immune-
activated status without ICI treatment. We measured gene expression in the CD45+ cells of
early-stage, isotype treated tumors (harvested seven days after treatment). Genes involved in
macrophage function were elevated in B7-H4+ tumors, but there were no other significantly
different genes (Figure 4.6A-B). In CD45+ cells of later stage tumors (harvested at 500mm3),
genes involved in macrophage function were still elevated in B7-H4+ tumors. There was also a
trend toward decreased cytotoxicity gene expression in the immune compartment that was not
observed at the earlier timepoint (Figure 4.6D). Mrc1, a marker of M2 macrophages, was more
highly expressed in B7-H4+ tumors, suggesting the elevated macrophage function could be
immunosuppressive (Figure 4.6C). To test this, we further parsed the macrophage function
gene set shown in Figure 4.5D into M1 and M2 macrophage genes. When we looked at the
gene list overall, it appears EMT6-B7-H4+ tumors have slightly — but insignificantly — elevated
expression of M1-related genes but do have significantly upregulated M2-related genes
(Supplementary Figure 3). Therefore, B7-H4+ tumors may have a dominant M2-like
macrophage phenotype contributing to immunosuppressive functions in the TME. A full list of
differentially expressed genes is included (Supplementary Tables 1-4). Together, these data
suggest B7-H4 is contributing to an immunosuppressive immune microenvironment and is

inhibiting immune-activation after treatment with anti-PD-L1.
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Figure IV.5. CD45+ gene expression changes from early and later tumor stage between
EMT®6 control and B7-H4+ tumors. (A) CD45+ cells were isolated from EMT6 control or B7-
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H4+ tumors 7 days post treatment with isotype control antibody. Differentially expressed genes
are shown. n = 6 mice per group. (B) Macrophage function was upregulated in B7-H4+ tumors,
but minimal other differences were seen. (C) Differentially expressed genes between control
and B7-H4+ tumors at a later stage. n = 12 mice per group. CD45+ cells were harvested when
tumors reached 500mma3. (D) Macrophage function remains elevated in B7-H4+ tumors, but
minimal differences were detected. Data were analyzed by Wilcoxon rank sum test. Genes with
log2 fold change >0.5 or <-0.5 and p-value <0.01 were regarded as significant.

B7-H4 expression does not contribute to immunotherapy resistance in human breast cancers

Breast cancer patients with early stage (lI-1ll) and advanced (PD-L1+) TNBC receive
chemotherapy with pembrolizumab as standard of care. We tested whether B7-H4 expression in
these patient populations also associated with ICI resistance. In the I-SPY2 RPPA cohort
(NCT01042379) receiving paclitaxel + pembrolizumab (followed by doxorubicin and
cyclophosphamide), we observed, as others have shown®31%, that B7-H4 expression was
higher in TNBC tumors compared to HR+ tumors, but was expressed in HR+ tumors (Figure
4.6A). B7-H4 expression did not correlate with tumor grade (Figure 4.6B). We also observed no
correlation with B7-H4 expression and pathological complete response (pCR) regardless of
treatment with paclitaxel alone or paclitaxel plus pembrolizumab (Figure 4.6C-D). We wanted to
test for any association with B7-H4 expression and patient survival, to see if the human data
recapitulated our pre-clinical murine model. To that end, we analyzed both the patients with
early-stage breast cancer (from ISPY2/NCT01042379) and advanced, metastatic TNBC (from
NCT03206203). The patients with metastatic TNBC received carboplatin + atezolizumab (anti-
PD-L1) (NCT03206203)"2. When B7-H4 expression was stratified into high (top 33%) and low
(bottom 33%) patient subgroups, high expression was associated with worse event-free survival
(EFS) in chemotherapy-alone treated patients with early-stage breast cancer, which appeared
to be overcome by anti-PD-1 combination therapy (Figure 4.6E). However, when we adjusted
for HR-status using a Cox proportional hazard analysis, this finding was no longer significant (p
= 0.39). In contrast, we observed no correlation with progression-free survival (PFS) in patients

with metastatic TNBC treated with anti-PD-L1 therapy (Figure 4.6F). To ask more specifically

44



whether B7-H4 high or low expressers differentially benefit from ICI, we compared survival by
arm in each B7-H4 expression group. Paradoxically, we observed an improved benefit of B7-H4
expression with PFS after ICI in the metastatic setting, and no association with post-surgical
EFS in the early setting (Figure 4.6G-H). These findings deviate from our observations in the
murine model, suggesting that additional complex signaling mechanisms may be altering
immunotherapy response. In fact, we found different endogenous B7-H4 expression patterns

even between two murine models (Figure 4.3).
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Figure IV.6. B7-H4 expression does not correlate with resistance to chemotherapy +
immunotherapy in human breast tumors. Patients were from the I-SPY2 clinical trial
(paclitaxel control and pembrolizumab arms) or the TBCRC 043 clinical trial (carboplatin control
and atezolizumab arms). (A) In breast tumors from the 1-SPY2 clinical trial (control and
pembrolizumab arms), B7-H4 expression is higher in TNBC tumors compared to HR+ tumors.
Data were analyzed by unpaired t-test. (B) In the same patient cohort, B7-H4 expression is not
higher in grade 1l tumors compared to grade | (orange dots) or Il. Data analyzed by unpaired t-
test. (C-D) B7-H4 expression is not correlated with pathological complete response (pCR) in
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tumors regardless of HR status, treated with either paclitaxel or paclitaxel + pembrolizumab
(ICI). Data analyzed by unpaired t-test. (E) Event-free survival (EFS) in HR+ and TNBC tumors
from the I-SPY2 cohort. Tumors with high B7-H4+ expression (top 33% of patients, expression
> 60%) have worse EFS when treated with paclitaxel alone and no survival benefit when treated
with paclitaxel + ICI. Data were analyzed by Log-rank Mantel-Cox test. (F) In the metastatic
setting, progression-free survival (PFS) stratified by B7-H4 expression (top and bottom 33% of
cohort) from primary breast biopsy or metastatic lesion in patients from the TBCRC 043 trial
does not correlate with B7-H4 expression in either control or carboplatin + atezolizumab (ICl)
groups. Data were analyzed by Log-rank Mantel-Cox test. (G-H) We also assessed survival by
treatment status. Metastatic tumors (H) from TBCRC 043 with high B7-H4 expression had
significantly improved PFS to ICI, and non-metastatic tumors (I-SPY?2) had minimal
improvement to ICI (G). Data were analyzed by Log-rank Mantel Cox test. n = 151 patients for
A-E and G; n = 91 patients for F and H.

We wanted to test whether a beneficial response to chemotherapy was also observed in
our murine EMT6 tumor model = B7-H4. We treated both parental EMT6 tumors and EMT6-B7-
H4+ tumors with paclitaxel, anti-PD-L1, combination, or vehicle following our dosing regimen
described above for the EMT6 model. Briefly, mice were treated with first 200ug and
subsequently 100ug appropriate therapy once weekly after tumors reached 100mm? for 3
consecutive weeks. Tumors did not respond to single agent paclitaxel regardless of B7-H4
status. We also saw no significant synergistic effect of anti-PD-L1 combined with paclitaxel in
tumors regardless of B7-H4 status (Figure 4.7). We also tested doxorubicin chemotherapy in
our murine EMT6 tumor model and again saw no response to single-agent chemotherapy,
whether administered intravenously or intraperitoneal (Figure 4.8). Collectively, these data
suggest B7-H4 may not be a reliable biomarker for ICI resistance in breast cancer patients and

more research is needed to understand its regulation in human and mouse cancers.
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Figure IV.7. EMT6 tumors do not respond to single-agent chemotherapy. (A) EMT6
parental or B7-H4+ tumors treated with vehicle (isotype control), anti-PD-L1, paclitaxel
chemotherapy, or anti-PD-L1 + paclitaxel (n=15/group parental and n = 10/group B7-H4+). We

observed no tumor response to paclitaxel single-agent therapy and thus the response observed

in the combination treatment group is driven by anti-PD-L1 effects. (One-way ANOVA with
Tukey’s post-hoc test for multiple comparisons. P values as shown. (B) Survival of EMT6

parental or B7-H4+ tumors. We observed significant survival of the anti-PD-L1 and combination
treatment groups in both tumor types compared to vehicle or paclitaxel treatment groups. (Data

were analyzed by Log-rank Mantel-Cox test. Statistics performed in GraphPad Prism v10).
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Figure IV.8. EMT6 tumors do not respond to doxorubicin or paclitaxel regardless of
administration route. (A) EMT6 tumors were intravenously treated with vehicle (saline),
paclitaxel, or doxorubicin chemotherapy at the indicated doses, one time weekly for 4 weeks,
after tumors reached 100mm3. Tumors were resistant to chemotherapy regardless of drug and
dose. (B) EMT6 tumors were treated with doxorubicin either via intraperitoneal (IP) or
intravenous (IV) route of administration at 200ug for the first week, and 100ug once weekly for
three additional weeks. Tumors were resistant regardless of treatment administration route.
Discussion

We have shown that B7-H4, which is highly conserved between mice and humans®® and
is strongly associated with epithelial cell status in both murine and human breast cancer cells.
However, that may be where the similarities end. In our EMT6 murine model, B7-H4 expression
contributed to single-agent immunotherapy resistance and decreased immune cell function
(particularly T cell function, as has been previously described)®%5162, Additionally, in a pre-
clinical murine C3TAg tumor model, Liu et al. described murine B7-H4 KO was sufficient to
sensitize tumors to immunotherapy*®. Surprisingly, when we assessed early-stage and
advanced breast cancer patients, we found the opposite phenomenon. B7-H4 expression had
minimal effect to ICI response and in one cohort was even associated with improved survival.

The biggest difference in study design between the clinical trials and our pre-clinical models was

the inclusion of chemotherapy with the immunotherapy regimen. The patients analyzed from
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NCT01042379 had early-stage breast cancer and received neoadjuvant paclitaxel with four
rounds of pembrolizumab, followed by doxorubicin and cyclophosphamide*®. The patients as
part of NCT03206203 had metastatic TNBC and received carboplatin and atezolizumab
together intravenously every 3 weeks until intolerability*®. When we combined anti-PD-L1 with
chemotherapy in our pre-clinical EMT6 model + B7-H4, we observed no tumor response to
paclitaxel chemotherapy alone and no improved tumor response with paclitaxel + anti-PD-L1
over anti-PD-L1 alone. We also observed no response to single-agent paclitaxel or doxorubicin
chemotherapy in the EMT6 model. This suggests different mechanisms of action between the
human and mouse tumor response to chemotherapy and immunotherapy.

In our pre-clinical model, B7-H4 had a moderate effect on immune cell signaling, most
notably in a reduction of cytotoxic T cell function and an increase of immunosuppressive
macrophage function, assessed by Nanostring gene expression. Interestingly, B7-H4
expression in treated tumors seems to dampen or inhibit the same induction of immune
activation by anti-PD-L1 treatment in the EMT6 controls. It would be interesting to validate these
findings by performing a T cell (CD4+ and CD8+) depletion animal study to confirm whether T
cell-mediated immunity was a primary mechanism of tumor response or resistance to anti-PD-
L1. Identifying the mechanism(s) of B7-H4-mediated immunosuppression within a complex
tumor microenvironment, including identifying the receptor and cells expressing the receptor, is

an avenue for future experiments.

There are several limitations and caveats to this study. First, we demonstrated B7-H4-
induced anti-PD-L1 resistance (gain of function; sufficiency) in a single mouse model. Moreover,
we were unable to identify a reciprocal loss of function model (i.e. B7-H4-KO) to test necessity
of B7-H4 expression for anti-PD-L1 resistance; however, given that breaks in the tumor
immunity cycle can exist at nearly any point in the path, identifying a model that innately

expresses B7-H4 in the tumor compartment, and wherein this feature is the sole effector of
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resistance to anti-PD-L1 is far less likely given the general paucity of models in the field.
Nonetheless, independent and external confirmation was recently published by Liu et al,
suggesting broader applicability and validity in murine breast tumors, including loss of function

leading to enhanced sensitivity to anti-PD-L11°,

We also observed resistance to chemotherapy in the EMT6 model regardless of B7-H4
status, prohibiting a more direct comparison in study design to the human clinical trial data.
Additionally, we observed changes in immune cell gene expression with tumor B7-H4
expression that were not supported by our flow cytometry experiments. These contrasting
findings could be due to differences in phenotyping based on gene expression profiling (more
guantitative, and reliable but less functional) versus phenotyping by several limited
characteristic markers like CD206 expression or granzyme staining. Nonetheless, the combined
analysis of both mRNA profiling and immunophenotyping by flow suggest changes in
macrophage functionality and generally less T cell activation with B7-H4 expression, particularly
in later tumor stages. Future experiments using detailed phenotyping flow cytometry as well as

RNA sequencing may shed more light on the mechanism of B7-H4 immunosuppression in vivo.

The patients with early-stage breast cancer were also a mixed cohort with HR+ and
TNBC and were combined for analysis due to sample size constraints and because both groups
demonstrated considerable, but heterogeneous B7-H4 expression. TNBC may have higher
expression of B7-H4, but it is not exclusive to that subtype and could be highly expressed in
immune-cold tumors regardless of subtype. For example, the MMTV-neu murine model

emulates luminal-like HER2+ BC and endogenously expresses B7-H4.

In conclusion, our data show a broad exploration of B7-H4 expression and function in
murine and human breast cancer. Based on the difference in tumor progression, or lack thereof,
in the human cohorts and mouse models, future understanding of the mechanisms of B7-H4 in

vivo are essential to rule out or include B7-H4 as a potential biomarker for future breast cancer
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patients. Instead of an immune checkpoint, B7-H4 could be a better target for antibody-drug-
conjugate (ADC) development, as multiple companies are doing!®1, |n fact, to our knowledge,
there are no B7-H4 blocking antibodies in clinical trials. These ADCs target B7-H4 independent

of ICl resistance and may prove a better direction for the field of breast cancer treatment.
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Chapter V: FUTURE EXPERIMENTS AND CONSIDERATIONS

Introduction

From the data that have been presented, there remain a number of future experimental
directions. Throughout our work, we have strived to identify a mechanism for putative B7-H4
immunosuppressive function in mice that has been suggested throughout the literature%5162,
Dr. Liepeng Chen’s group that initially published their discoveries of the checkpoint ligand B7-
H4 validated its phenotypic function of suppression of activated T cells in vitro. Since then,
several groups have identified B7-H4 expression in breast cancer, but there is yet no cancer-
specific mechanisms for B7-H4 immunosuppression in vivo®"°%616595.111 Qne group studied the
effect of host B7-H4 expression on murine tumor growth and found host B7-H4 both dampened
antitumor Th1l immune response, but also inhibited pro-tumor myeloid-derived suppressor cells
in 4T1 mammary tumors!'?, Another group observed that B7-H4 KO mice had fewer metastatic
nodules in the lungs upon 4T1 challenge, suggesting B7-H4 functions primarily as a pro-tumor
ligand?s,

As there are still gaps in the field as to the primary functions of B7-H4 in breast tumors
and based on our in vivo experiments of tumor-specific B7-H4 overexpression, we hypothesized
B7-H4 may be acting as an immunosuppressive ligand to tumor-infiltrating T cells as a primary
mechanism of resistance to immunotherapy. First, we performed experiments understand the
mechanism of B7-H4 protein expression in breast cancer cell lines. We also propose a unique
hypothesis involving B7-H4 recruitment of M2 immunosuppressive macrophages that as yet had
been unexplored. Finally, one of the biggest unanswered questions in the field of B7-H4 biology
is the identity of its receptor binding protein, so we propose two potential experimental
strategies to shed light on what protein(s) could be binding to the ligand in the TME.

To that end, the following chapter includes preliminary and/or inconclusive experiments

that attempted to validate and test hypotheses for how B7-H4 could suppress ICl induced
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immune activation that we saw in the murine EMT6 tumor model. We also introduce and
discuss future experiments for unanswered questions surrounding B7-H4 biology. Relevant
methods for each set of experiments are included in the figure legends and/or Appendix Ill.
Additionally, we present some initial work seeking to understand the cell signaling
regulation and expression of B7-H4 in some breast cancers but not all. As previously stated, B7-
H4 and PD-L1 expression is often mutually exclusively in breast tumors suggesting a different
mechanism of regulation®*6167, While we identified the strong correlation between B7-H4 and
epithelial cell status, we also sought to identify a mechanism for differential B7-H4 expression
on a per cell basis. Below include some initial data suggesting a mechanism of B7-H4 regulation

by PI3K signaling, and additional experiments needed to clarify tumor cell signaling of B7-H4.

B7-H4 is regulated by PI3K signaling?®

Several investigators have observed inverse patterns of expression between B7-H4 and
PD-L1 in breast tumors®%6t, We attempted to associate B7-H4 with epithelial-to-mesenchymal
transition in the MMTV-neu cell line, as presented in Chapter Ill. When we observed no causal
mechanism, we attempted to modulate additional signaling pathways in B7-H4+ cancer cells to
identify potential regulatory elements.

Because PD-L1 is highly inducible with both alpha and gamma interferon, it has been
suggested that B7-H4 is similarly inducible by alpha and/or gamma interferon%114-117,
Conversely, we tested whether interferons inhibited B7-H4 expression to explain the

phenomenon of PD-L1 and B7-H4 mutually exclusive expression!®1l’, Treatment of MMTV-neu

3 Some of these data have been published in Wescott, E.C.*, Sun, X., Gonzalez-Ericsson, P.l., Hanna, A.,
Taylor, B.C., Sanchez, V., Bronzini, J., Opalenik, S.R., Sanders, M.E., Wulfkuhle, J., Gallagher, R.I.,
Gomez, H., Isaacs, C., Bharti, V., Wilson, J.T., Ballinger, T.J., Santa-Maria, C.A., Shah, P.D., Dees, E.C.,
Lehmann, B.D., Abramson, V.G., Hirst, G.L., Brown-Swigart, L., van ‘t Veer, L.J., Esserman, L.J.,
Petricoin, E.F., Pietenpol, J.A., Balko, J.M. (2024). Epithelial expressed B7-H4 drives differential
immunotherapy response in murine and human breast cancer. Cancer Research Communications; 4 (4):
1120-1134.
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B7-H4+ cells with alpha or gamma interferon did not alter endogenous B7-H4 levels, nor was
B7-H4 induced on several B7-H4-negative murine cell lines (Figure 5.1). We also tested
whether TGFp, a potent stimulator of EMT, modulated B7-H4 cell surface expression!!®. We

saw no change in B7-H4 expression in negative or positive cell lines by treatment with TGFf3.
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Figure V.1. B7-H4 expression is not affected by type | or Il interferon or TGF-B treatment
in vitro. MMTV-neu epithelial cells that have high levels of endogenous B7-H4 were treated for
72 hours with IFNa or IFNy at 100ng/mL. B7-H4 expression was analyzed by flow cytometry
(n=4-5 per group). Similarly, B7-H4 expression was not altered by TGF-3 expression (10 ng/mL)
in vitro after 72 hours. Data were analyzed by One-way ANOVA or unpaired t-test.

To determine other possible pathways regulating B7-H4 expression in tumor cells, we
utilized published data from the I-SPY?2 neoadjuvant clinical trial of early-stage breast cancer at
high risk of recurrence (NCT01042379) that were assayed with reverse phase protein array
(RPPA) from laser-capture micro-dissected tumor regions**’>. These data include
measurements of 121 protein/phosphoproteins in 151 patients treated with neoadjuvant
chemotherapy (NAC) alone or NAC + pembrolizumab, with associated clinical outcomes data.
For this study, additional RPPA measurements using the same lysates were made for B7-H4
expression in the tumor compartment and compared to the existing phospho-proteomic data.
We tested for the existence of significant positive or negative correlations between B7-H4

protein expression and additional tumor proteins from this cohort (Figure 5.2A). Interestingly,
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we observed strong positive correlations of B7-H4 with PI3K (phosphatidylinositol-3-kinase) and
PAKT (as well as EGFR, which can activate PI3K) signaling on tumor cells, but negative

correlations between B7-H4 and PTEN expression, a negative regulator of PI3K activity (Figure

5.2A-B).
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Figure V.2. B7-H4 expression is regulated by PI3K signaling. (A) Spearman correlations in
protein expression from reverse phase protein array (RPPA) data collected from patients from
the ISPY2 trial. Key positive correlations are called out in blue and key negative correlations are
called out in red. (B) RPPA data show strong positive correlations between B7-H4 and AKT
(PAKT-Ser 473) and strong negative correlations between B7-H4 and PTEN (Ser 380)
regardless of tumor hormone receptor status. (C) PI3K inhibitor (buparlisib) treatment for 72
hours robustly decreases B7-H4 expression in human MDA-MB-468 breast cancer cells, while
MEK inhibitor (Trametinib) has no effect. (D) Likewise, in MMTV-neu cells, buparlisib reduces
B7-H4 expression in dose-dependent manner after 72 hours. Data were analyzed by one-way
ANOVA with Dunnet’s post-hoc test for multiple comparisons, p<0.0001 and p=0.0005).
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Based on these findings, we tested whether specific inhibition of the PI3K pathway
affected B7-H4 expression in breast cancer cells. MDA-MB-468 cells are a basal human TNBC
cell line with endogenous B7-H4 expression. When these cells were treated with a pan-PI3K
inhibitor (buparlisib) for 72 hours, B7-H4 expression was ablated (Figure 5.2C). We also tested
the effect of the same pan-PI3K inhibitor in murine MMTV-neu epithelial cells that as shown
above also have high levels of endogenous B7-H4. Like MDA-MB-468 cells, surface B7-H4
expression decreased on the MMTV-neu epithelial cells in a concentration-dependent manner
when measured by flow cytometry (Figure 5.2D).

In addition to these experiments with the buparlisib PI3K inhibitor, we also verified gene
expression levels of VTCNL1 in our murine and human cancer cells. Surprisingly, despite seeing
a consistent downregulation of B7-H4 protein in both cell lines, we did not see similar
differences at the mRNA level (Figure 5.3). We also tested the effect of PI3K inhibition on virally
transduced EMT®6 cancer cells expressing B7-H4 to test whether the effect of buparlisib was
specific to protein translated from the endogenous host promoter. The EMT6 cells were virally
transduced using the pBabe retroviral vector as described above and thus not under control of
the endogenous promoter and transcriptional regulatory elements. The EMT6-B7-H4 cell
expression did not change after 72 hours of buparlisib treatment when assessed by flow-
cytometry (Figure 5.4).

Taken together, these data elucidate a potential mechanism of B7-H4 regulation by PI3K
signaling in breast tumors. In both murine and human cancer cells with endogenous B7-H4
expression, PI3K inhibitor treatment reduced and nearly ablated B7-H4 protein. Conversely, in
EMT®6 cells virally transduced to express B7-H4, no change in expression was observed.

Finally, we observed no change in VTCN1 RNA expression following buparlisib treatment.
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Figure V.3. PI3K inhibition (buparlisib) did not inhibit VTCN1 mRNA expression. MMTV-
neu murine or MDA-MB-468 cancer cells were treated with PI3Ki (buparlisib) at the indicated
concentrations for 24h and mRNA was quantified by Real Time PCR. Data were analyzed by
either One-way ANOVA with Sidak’s test for multiple comparisons or unpaired t-test.
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Figure V.4. PI3K inhibition did not inhibit B7-H4 protein in virally transduced cancer cells.
EMT®6 cells with B7-H4 expression via viral transduction were treated with 1uM PI3Ki
(buparlisib) for 72 hours before measurement by flow cytometry. Data shown represent 2
independent experiments and were analyzed by unpaired t-test. A representative histogram of
the data is shown in (B).
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Discussion and future experiments

Phosphatidylinositol-3-kinase (PI13K) mutations are one of the most observed genetic
alterations in breast cancer. PI3K phosphorylates membrane phosphatidylinositol and recruits
AKT to the cell membrane. Once AKT is phosphorylated by the TORC2 complex, the
downstream signaling cascade of cellular growth, proliferation, survival, and angiogenesis
occurstt®120 As the PI3K signaling pathway is involved in cell growth, survival, and metabolism,
its dysregulation is a hallmark of cancer. The tumor suppressor PTEN reverses the effects of
PI3K signaling and thus it was expected to observe inverse correlations between PTEN and
PI3K signaling proteins in the RPPA breast cancer data set. Many tumor types have activating
mutations in PIK3CA and inactivating mutations in PTEN, thus facilitating tumor
progression!t9120,

In luminal breast cancer, which is characterized by estrogen receptor (ER) expression
and hormone dependence, PI3K mutations occur at a lower frequency than in basal-like breast
cancer. However, these mutations are still observed in up to 30% of luminal breast cancers and
are associated with poorer outcomes and resistance to endocrine therapy*?*'?2, One common
PI3K mutation in cancer is the hotspot mutation E545K in the PIK3CA gene, which leads to
constitutive activation of the PI3K pathway!?3. Studies have shown that this mutation confers
resistance to endocrine therapy by promoting ER phosphorylation and activation24125,

Basal-like breast cancer, which is characterized by lack of ER, progesterone receptor
(PR), and HER2 amplification or mutation, has a higher frequency of PI3K mutations, with up to
80% of cases harboring these mutations*8. PI3K mutations in basal-like breast cancer include
the hotspot mutations H1047R and E545K in the PIK3CA gene and are associated with
increased cancer cell proliferation and survival*?®, PI3K mutations in basal-like breast cancer,
including TNBC, are associated with resistance to chemotherapy, ICI, and overall poor
outcomes!?2126.127 'B7-H4 is also highly expressed in TNBC, associated with worse outcomes,

and associated with resistance to ICI in mice though not in human TNBC (as shown in Chapter
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IV). This suggests the potential correlation between PI3K pathway mutation status and B7-H4
regulation in breast cancer and a proposed combinatorial effect of these pathways in BC. It
would be interesting to assess the direct association in B7-H4 expression, PI3K activation, and
therapeutic response in TNBC clinical trial cohorts as discussed in Chapter IV.

The data presented above suggest the pan-PI3K inhibitor buparlisib is acting on B7-H4
protein levels at the level of translation or post-translational modification because we see no
changes in gene expression. To test this, we can perform a cycloheximide chase assay to
measure whether the protein is being degraded or not being translated. Cycloheximide inhibits
the elongation step in protein translation, thus preventing protein synthesis?812°, We will
incubate MMTV-neu and/or MDA-MB-468 cancer cells in media containing cycloheximide for
between 2-8 hours to inhibit protein synthesis. After this, we will replace the media with media +
bupatrlisib for up to 72 hours. We can measure and semi-quantify protein expression via western
blotting. If the PI3K inhibition was inhibiting B7-H4 at the protein translation level, we would
expect low to no protein following the cycloheximide and buparlisib treatments compared to just
cycloheximide treatment. If PISK inhibition was acting at the post-translational modification level,
then we would expect to see some B7-H4 protein being produced.

Several considerations for this experiment include the non-specific effect of
cycloheximide on other cellular proteins. We have not yet tested whether PI3K inhibition exerts
effects on other B7-family ligand proteins. As it is likely the pan-PI3K inhibitor buparlisib does
have off-target effects in the cell, it would be interesting to perform bulk RNA sequencing after
treatment to identify any other changes to gene expression in treated cancer cells. As we have
observed differences in the effect at the RNA and protein levels, this experiment would need to
be followed by an assessment of protein changes. In particular, the biggest caveat to an RNA
sequencing experiment was our lack of identifying changes to VTCN1 gene expression after
buparlisib treatment. Nonetheless, RNA sequencing may provide clues to potential other

signaling pathways for further study, some of which could be crucial to B7-H4 regulation.
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B7-H4 did not significantly suppress T cell activation in vitro

One of the predominant hypotheses in the field and one with preliminary published data
is that B7-H4 acts as an immunosuppressive ligand by binding to its unknown cognate receptor
found on T cells. Thus, we tested both whether purified B7-H4 protein had a suppressive effect
on T cells in vitro and whether cell-expressed B7-H4 on our EMTG6 cell line affected T cell
phenotype of syngeneic BALB/c T cells in vitro to validate previously published data. We largely
found no difference in T cell proliferation when cells were cultured with varying concentrations of
B7-H4. Some of these data are shown below (Figure 5.5). These results are seemingly
contradictory to previously published data, and potential experimental design issues are
discussed further below. While slight differences are seen in the number of cells within each
numbered cell division peak, more experiments are needed to parse subtle differences that
could be representative of experimental variation.

One concern we had was the possibility of unequal coating or inadequate adherence of
B7-H4 to the tissue culture plate. Thus, we also tested whether our EMT6 cells expressing
murine B7-H4 had an inhibitory effect on syngeneic BALB/c T cells in vitro as this could explain
the reduction in anti-tumor immunity that we observed in our EMT6 tumor model. Additionally,
EMT®6 cells could be producing cytokines in cell culture media that could further alter T cell
proliferation and/or activation. We cocultured syngeneic BALB/c splenocytes with EMT6 tumors
cells + B7-H4 expression and measured T cell proliferation after 72 hours and cytokine
production after 48 hours (Figure 5.5). As before, we observed no change in T cell divisions.
Data shown are live total splenocytes, however the conclusions are identical when gating on
CD4 or CD8 T cells specifically. We also saw no difference in Gzmb cytokine production after
48 hours of co-culture with EMT6-B7-H4 tumor cells. These data suggest that cell-surface B7-
H4 did not exert an immunosuppressive effect on activated T cells in vitro that was detectable

by our experimental methods.
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Figure V.5. B7-H4 protein did not reduce T cell proliferation upon activation in vitro. T
cells were isolated from BALB/c mice and sorted using the Miltenyi T cell isolation kit. Cells
were plated at 80,000-100,000 cells/well in 96-well plates coated with B7-H4-lg protein (R&D) at
5ug/mL. Cell proliferation was measured by flow cytometry after 48 and 72 hours gated on
CD4+ and CD8+ T cells. Data shown are representative of 2 experimental replicates.

Discussion and future experiments
Many studies have investigated the immunosuppressive role of B7-H4 protein, in vitro, in
autoimmune conditions such as systemic lupus erythematosus (SLE), and within various cancer

types. After the 2003 discovery of this ligand, it was established that B7-H4 exerted inhibitory

effects on activated CD4+ murine T cells®%82, Additional studies have been conducted in breast
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cancers, ovarian cancer, and others. In colorectal cancer and hepatocellular carcinoma, B7-H4
promoted tumor progression, specifically through CD8 T cell exhaustion and promotion of
myeloid derived suppressive cells (MDSCs)3131, B7-H4 has also been shown to play an
immunosuppressive role in murine SLE**2, In that study, B7-H4 protein reduced lupus
manifestations. B7-H4 has perhaps been most studied in breast cancer above other cancer
types, due to its high expression in TNBC that still lacks targeted therapies to match those
available to HR+ cancers. Several groups have observed B7-H4 immunosuppressive effects in
BC but no direct mechanism has yet been identified®®6163133 These studies have primarily
correlated B7-H4+ tumors with lack of tumor immune cells. However, there are still gaps in the
field of specific immunosuppressive mechanisms due to B7-H4 expression, which my
experiments have sought to address.

One of the most likely reasons for the lack of inhibitory effect by B7-H4 protein is the
presence of strong activation signals in our co-cultures. In the 2003 studies, investigators
observed the greatest effect of B7-H4 on T cells in the absence of co-stimulatory CD28. In our
experiments, we activated T cells as normal with CD3/CD28 + IL-2 to ensure adequate cell
proliferation. Future experiments can titrate the magnitude of stimulus and/or remove CD28 co-
stimulation from the assay to see if differences are more significant. Another caveat to these
experiments is the differences between human and murine B7-H4 function in vivo as presented
in Chapter IV. Up to this point, nearly all investigators have relied on pre-clinical murine studies
of B7-H4 function to inform therapeutic designs. However, one group has observed similar
immunosuppressive effects of human B7-H4 protein on human T cells in vitro indicating some
translational relevance of B7-H4 function between mice and humans!*°. The extent of these

similarities has yet to be determined.
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Figure V.6. Cancer cell surface B7-H4 did not reduce T cell proliferation upon activation in
vitro. BALB/c splenocytes were isolated from wildtype animals and co-cultured with EMT6
parent or B7-H4+ cells at a ratio of 10:1. T cells were labeled with Cell Trace Yellow and
activated using anti-mouseCD3/CD28 beads and IL-2 (10ng/mL). In two experiments, cells were
activated simultaneously with co-culture, in the third cells were pre-activated and then added to
co-culture with IL-2 media. Data were collected after 72 hours. (A-B) There was no change
observed in T cell division between cells co-cultured with parental or B7-H4+ cells. Data shown
represent 3 technical replicates/experiment. Representative histograms are shown in A. (C) We
also observed no change in T cell Gzmb cytokine production after co-culture with B7-H4+
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cancer cells. Cells were allowed to grow for 48 hours, then subjected to analysis by intracellular
flow cytometry staining. Data shown include 2 technical replicates.

B7-H4 glycosylation did not increase macrophage phagocytosis

We developed another hypothesis to explain how B7-H4 may be suppressing pro-
inflammatory immune function after our Nanostring gene expression experiments of EMT6
tumors = B7-H4 expression. One of the most differentially expressed genes in B7-H4+ tumors
was Mrcl, also known as CD206 or mannose receptor C-type | (Figure 4.5C). This C-type lectin
can be expressed on macrophages among other cell types. It recognizes mannose, N-
acetylglucosamine, and fucose residues on glycosylated proteins'*#13%, Mrc1 is implicated in the
uptake of a range of such glycoproteins. In particular, Mrcl is highly expressed on the surface of
M2-like macrophages, which are characterized by their anti-inflammatory or immunosuppressive
properties®®%137 Within the TME, M2 macrophages have been shown to promote tumor growth
and metastasis and are considered anti-inflammatory or immunosuppressive!3®13 B7-H4 is a
highly glycosylated protein in its transmembrane and functional conformation, and thus we
hypothesized that B7-H4 could be recruiting such M2 macrophages to the TME**2. Once there,
M2 macrophages could be heavily involved in immune cell suppression.

To test the hypothesis of B7-H4 induction of M2 phagocytosis because of its highly
glycosylated structure, we performed flow cytometry on labeled BALB/c bone marrow derived
macrophages (BMDMs) polarized to M1 or M2 and Cell Trace labeled, killed EMT6 cancer cells
+ B7-H4. Appendix Il contains detailed methods for this experiment. To assess macrophage
phagocytosis of dead cancer cells + B7-H4 we measured CD11b+ Cell Trace+ cells at varying
time points (Figure 5.4). At none of the timepoints tested did EMT6 B7-H4+ cancer cells induce
significantly greater amounts of macrophage phagocytosis with either M1 or M2 polarized

BMDMs.
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Figure V.7. EMT6-B7-H4+ cancer cells did not lead to increased phagocytosis by BMDMs.
Bone marrow derived macrophages (BMDMs) from BALB/c mice were isolated, differentiated in
M-CSF for 7 days, and polarized with IFNy to M1 or IL-4 to M2 states. Killed EMT6 cancer cells
+ B7-H4 labeled with Cell Trace were co-cultured for the indicated length of time, and double
positive CD11b+ Cell Trace+ BMDMs (top) and Cell Trace MFI of CD11b+ cells (bottom) were
measured as markers of phagocytosis amount. Data were not statistically significant between
groups. Data analyzed by mixed-effects model in GraphPad Prism v10.

Our experiment was difficult to optimize technically, and we tested several iterations
before settling on an experimental design (see Appendix Ill). One caveat to our assessment of
BMDM phagocytosis by flow cytometry was large variability in staining between experiments.

This variability could be due to fluctuations in staining intensity, different ages of the mice from
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which we harvested the BMDMs week to week, and/or differences in actual phagocytosis by the
BMDMs week to week. The data from a combined three biological replicates are shown in
Figure 5.4 and the variability between replicates suggests there are no significant differences in
phagocytosis of B7-H4+ cancer cells compared to control cancer cells.

Discussion and future directions

The data presented do not show a difference in macrophage phagocytosis of B7-H4+
cancer cells in vitro. This was an interesting hypothesis due to the significantly higher amount of
Mrc1+/CD206+ immune cells within EMT6 B7-H4+ tumors. However, Mrc1+ macrophages can
have many alternate functions as M2 macrophages. They are generally pro-tumorigenic and
promote tumor progression. They can also promote an immunosuppressive TME through
production of anti-inflammatory cytokines like IL-10, TGFB, and IL-449141 An interesting follow-
up experiment would be to directly measure differences in cytokines in the TME with B7-H4
expression. To confirm the presence and functional status of Mrc1+ M2 macrophages in B7-
H4+ tumors, we could inoculate tumors and isolate CD11b+ myeloid cells from dissociated
tumors using magnetic bead isolation. Then, these myeloid cells can be plated ex vivo for
several assays to confirm functional status!#2143,

Argl+ M2 macrophages produce the enzyme arginase that participates in the urea
cycle. Thus, a urea measurement assay can detect the amount and functional status of M2
macrophages within a particular tumor. A kit can detect the concentration of urea in a given
solution, such as a cell culture well. We can also perform a standardized phagocytosis assay, in
which macrophage phagocytosis of a substrate, typically bacteria (E. coli) can be measured and
guantified. A broader measure of phagocytosis capability as a measure of M2 functionality
would be informative in differentiating B7-H4+ and -ve tumors. Finally, we could perform a
macrophage T cell inhibition assay, measuring the ability of tumor associated macrophages
(TAMSs) to suppress T cell activation in vitro. This experiment would also give clues to

macrophage function within the TME, through assessing ex vivo functionality of TAMSs.
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In summary, we identified significantly higher Mrc1+ M2 macrophages in untreated
EMT6 tumors with B7-H4 expression. The functionality of these myeloid cells is yet unknown.
While B7-H4 is proposed to have direct inhibitory effects on T cells within the TME, perhaps the
TAMs and additional myeloid cells have perhaps an equally important role in promoting tumor

growth and therapeutic resistance.

Future directions: Identifying the receptor for B7-H4

As previously stated, the receptor for B7-H4 is yet uncharacterized but is predicted to be
expressed on activated T cells. We propose two strategies in order to identify the receptor. One
strategies utilizes a Jurkat T cell triple parameter reporter cell reporter line (TPR cells) that emit
fluorescent GFP, CFP, or mCherry upon induction of the NFAT, NF-kB, and AP-1 transcription
factors respectively'#4145, We designed a construct consisting of the murine B7-H4 protein, a
glycine-serine linker, and the intracellular signaling domain of CD3( and transduced TPR cells
via retroviral transduction to generate B7-H4+ TPR cells (See Appendix IIl). We designed a
similar construct with murine PD-L1 protein as a proof-of-concept control. We hypothesized
CD3¢ would signal intracellularly as in T cell receptor binding and activation and that the
application of force and slight conformational change due to the ligand-receptor binding
interaction would signal downstream transcription factors. Methods such as this have been used
successfully to identify the MHC-II binding partner*4. We will culture TPR cells with murine
splenocytes from either BALB/c or C57B/6 mice at ratios ranging from 2:1 to 10:1 splenocytes to
TPR cells for 24h prior to flow cytometry to detect fluorescence reporter activation. By
performing experiments with whole splenocytes (activated or naive), we can identify the putative
receptor on T cells and potentially on other immune cell types.

There are several limitations to this study design. We are assuming that intracellular
signaling by CD3¢ will occur from conformational changes to the ligand binding partner when

previous studies have attempted this or similar approaches with a known receptor binding
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partner. As such, the binding interaction may not be strong enough to activate intracellular
signaling within the TPR reporter cells. Our proof-of-concept PD-L1 TPR cells should indicate
whether this experimental approach is viable.

We have also designed a bulk RNA sequencing (RNAseq) experiment to identify the B7-
H4 receptor protein. We will similarly harvest C57BL/6 splenocytes and activate them using
PMA/lonomycin or CD3/CD28 stimulation for 24-48 hours. We will then co-culture these
splenocytes with either recombinant murine B7-H4-1g purified protein (R&D #4206-B7) or E0771
cancer cells transduced to express cell-surface B7-H4 (as described above for retroviral
transduction of EMT6 cancer cells with the pBabe vector). We will use murine PD-L1-lg (R&D
#1019-B7) as a proof-of-concept control. After co-culture for 4 hour and 16 hours, we will
harvest the splenocytes and perform bulk RNA sequencing to identify changes in splenocyte
gene expression due to interaction with B7-H4 protein. The B7-H4 ligand-receptor binding
interaction will likely lead to downstream transcription factor and signaling changes that will be
identified by RNAseq. Based on the differentially expressed genes between splenocytes with
and without B7-H4 protein co-culture, we can identify first, what cell types are undergoing gene
expression changes and second, elicit more information as to what receptor protein classes

could be triggering the changes to gene expression.

Discussion

| have presented here several potential experimental avenues to further elucidate B7-H4
biology both at the level of intracellular signaling and immunosuppressive function in breast
cancers. The data presented in Chapter IV have shown differential response to ICI between
murine and human B7-H4+ tumors. While B7-H4 expression in the EMT6 model was sufficient
to induce therapeutic resistance, B7-H4 expression was not associated with therapeutic
resistance in human BC. Understanding the functional status of immune cells within the TME

may be crucial to uncovering the reason behind these differences. Our data thus far have
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shown transcriptional changes in immune cells in B7-H4+ murine tumors. Comparable data
from human tumors would be more difficult to obtain and of lower quality (i.e. formalin-fixed
biopsy sections). We could explore alternative methods of gene expression such as NanoString
GeoMX DSP that allows for whole transcriptome sequencing in isolated regions of interest. This
will allow us to highlight immune cell and/or tumor cell regions to identify differentially expressed
genes due to the presence of B7-H4 on tumor cells. While the differences in B7-H4+ tumor
resistance to ICI therapy suggest B7-H4 may not be the ideal biomarker for therapeutic
response in BC patients, understanding the biology of B7-H4 tumor cell expression could
elucidate further nuances in signaling within the TME that could uncover additional biomarkers
in the future. I've also proposed experiments to uncover the receptor binding partner for B7-H4.
As this molecule has yet eluded the field of B7-H4 biology, uncovering its identity could also
provide insight into mechanisms of B7-H4 immunosuppressive function in vivo.

In summary, we've tested several hypotheses to understand B7-H4 functional and
regulation in breast cancers. PI3K inhibition resulted in the most direct reduction in B7-H4 cell-
surface expression both in murine and human cell lines, suggesting potential mechanisms for
B7-H4 regulation. However, our attempts to measure B7-H4 immunosuppression by T cell
inhibition assays and as a target for increased phagocytosis showed no differences between
control and treatment samples. Future experiments specifically testing B7-H4 functionality are

needed to fill outstanding gaps in knowledge.
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Chapter VI: OVERALL DISCUSSION

Breast cancer remains a significant health concern for women globally. Despite
advancements in conventional therapies, there is a continuous need for novel therapeutic
strategies, particularly for aggressive subtypes. While ICI therapies have been FDA-approved
as neoadjuvant therapy in early- and late-stage TNBC, there are still patients that do not
respond to ICI and chemotherapy combinations. We have proposed the hypothesis that
alternative immune checkpoint ligand B7-H4, which is highly expressed in BC, may be
associated with therapeutic resistance in murine and human BCs. We validated previous
research associated B7-H4 expression with immune-cold TNBC and increased disease
progression in patients. We also identified that epithelial tumor cells, not mesenchymal tumor
cells, preferentially express B7-H4 in murine and human cancer cells. These data provide
insight into what patients may have high expression of B7-H4 during screening biopsies.
Surprisingly, while we did observe B7-H4 induced therapeutic resistance to ICI in a murine
model of BC, we did not observe any association of B7-H4 and ICI resistance in two
independent human clinical trials (comprised of HR+ and TNBC patients). These data suggest
there are yet unobserved differences between murine and human B7-H4 tumor function.

We have proposed several experiments to further assess the functional status of B7-H4
within the TME. While PD-L1 is often expressed in highly immunogenic tumors and is induced
by interferons (IFNs), B7-H4 expression was not changed after treatment with Type | and Type
Il IFN in vitro. Instead, we found inhibiting the PI3K signaling pathway in both murine and
human BC led to significant reduction to B7-H4 protein expression but not mRNA expression.
Our attempts to elucidate B7-H4 immunosuppressive function did not show significant effects.
We tested the effect of B7-H4 on inhibiting activated murine T cells. The data show minimal or
no effect on T cell proliferation, in contrast to published experiments®%62119 Additionally, we

proposed a potential mechanism of B7-H4 immunosuppression by recruiting Mrc1+ M2

71



macrophages to the TME due to its extensive glycosylation, however found no increase in M2
phagocytosis of B7-H4+ glycosylated cancer cells. Instead, these experiments represent the
limitations to studying immune checkpoint ligand function in vitro and suggest the need for in
Vivo or ex vivo studies involving tumor immune cells. Finally, we have proposed several exciting
experimental strategies to identify the elusive receptor binding protein of B7-H4 that has not yet
been characterized. Our data open several avenues for continued research in B7-H4 expression
and regulation, particularly as it remains a highly sought after target in the field of breast cancer

therapeutics.

B7-H4 targeted therapies in breast cancer

B7-H4 has been explored as a target for cancer therapeutics for several years. While
initially pre-clinical models focused on monoclonal antibodies with blocking function, in recent
years, pharmaceutical companies have focused their efforts on antibody-drug conjugates
targeting B7-H4 in clinical trials. Antibody-drug conjugates (ADCSs) represent a novel therapeutic
approach that combines the specificity of monoclonal antibodies with the cytotoxicity of
chemotherapeutic agents. Our data have validated the high yet heterogenous expression of B7-
H4 in human breast cancers, including HR+ and TNBC subtypes. However, we have shown
from two independent clinical trials, that B7-H4 was not associated with therapeutic resistance,
and as such strategies focused on blocking its functions in vivo may not elicit the desired
improvements to patient outcome. Instead, investigators can take advantage of B7-H4 as a
tumor cell marker of BC.

Several companies have explored this avenue by developing ADCs targeting B7-H4 and
delivering payload to the TME. | will highlight four ADCs in development and published in the
last year with pre-clinical studies and some undergoing early clinical trial testing for safety and
efficacy in several cancer types including BC. One study investigated a B7-H4 specific ADC

developed by AstraZeneca'¥’. A B7-H4 monoclonal antibody (mAb) was conjugated to a DNA-
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damaging pyrrolobenzodiazepine (PBD) payload. The effects of the B7-H4-ADC were tested in
multiple cell lines in vitro and patient derived xenograft (PDX) tumor models. After a single-dose,
investigators saw a 60% reduction in breast and ovarian PDX models with B7-H4 expression.
Importantly, the B7-H4-ADC had sustained efficacy in models resistant to two other therapy
regimens, PARP inhibitors (which are often used in BRCA gene mutant BCs) and platinum-
based chemotherapy. The investigators propose a mechanism of action encompassing both
direct target cell killing and a bystander effect on neighboring cells that may have low or no B7-
H4 expression. The ADC was tested in both ovarian and breast cancers.

Another study reports on SGN-B7H4V, a human-specific B7-H4 targeting vedotin
ADC!8, The vedotin payload-linker system consists of a target specific mAb with the payload
monomethyl auristatin E (MMAE) via a protease-cleavable linker. These investigators also
tested the efficacy of their ADC in ovarian and breast PDX models and in vitro studies. In vitro,
they observed a proposed mechanism including payload-mediated direct cell killing and
antibody-mediated effector functions including antibody-dependent cellular cytotoxicity (ADCC)
and antibody-dependent cellular phagocytosis (ADCP). In the PDX model, they observed
synergy when combined with anti-PD-1 immunotherapy. This ADC has also begun early in-
human testing in ovarian and TNBC solid tumors under NCT05194072.

There are two B7-H4 specific ADCs that have reported phase 1 human clinical trials.
XMT-1660 was developed by Mersana Therapeutics and consists of a human-specific B7-H4
mADb conjugated to an auristatin hydroxypropylamide payload. Like the previous drug, this ADC
also performed well in ovarian and breast PDX models, eliciting tumor regression, and
overcame anti-PD-1 resistance in a syngeneic murine tumor model. Their syngeneic model was
the mBR9013 MMTV-ERBB2-derived syngeneic tumor in FVB/NJ. Interestingly, like our MMTV-
neu model, these cells also have endogenous murine B7-H4 expression and are resistant to

anti-PD-1/L1 therapy. They observed complete tumor reduction after a single dose of XMT-
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1660. XMT-1660 has recently entered a phase 1 human clinical trial of breast, endometrial, and
ovarian cancer tumors under NCT05377996 that has begun enrolling patients4,

Finally, HS-20089 is a B7-H4 specific ADC developed by Hansoh Pharmaceutical Group
that as of mid-2023 had been administered to 44 patients under NCT05263479, including 41 BC
patients!®. The disease control rate was about 60% overall, and about 35% within TNBC
specifically. The reported results were from a phase 1 clinical trial, designed to identify dose-
limiting toxicities and overall safety. Future studies will evaluate efficacy with broader metrics.
The investigators highlight the therapeutic potential specifically for TNBC that is resistant to
other chemotherapies and ICI therapies.

These studies highlight the emerging field of B7-H4-specific ADCs that will likely only
increase based on such promising pre-clinical and clinical trial data. Based on our paradoxical
data of differential therapeutic response between murine and human models of B7-H4+ BC, it

will be encouraging to see positive outcomes of B7-H4 targeting ADCs.

Final thoughts

In summary, we have addressed several gaps in knowledge regarding B7-H4 biology in
the breast tumor microenvironment. B7-H4 has been a target of interest in cancer therapeutics
for nearly two decades, however the literature on its functional applications is still lacking. Our
studies have underscored the importance of distinguishing murine and human B7-H4
functionality in vivo as we have observed differences in therapeutic response between species.
Future experiments may address remaining questions of the functional status and receptor
binding protein for this alternate immune checkpoint ligand. While several ADCs show promise
in breast cancer therapeutics, there remain unknown but far-reaching implications of B7-H4

expression in breast tumors.
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APPENDIX I: SUPPLEMENTARY FIGURES
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Supplementary Figure 1. B7-H4 and PD-L1 are not mutually exclusive on tumor cells. Data
shown are reverse phase protein array expression data of B7-H4 and PD-L1 (SP142, 22C3, or
Atezolizumab) from the I-SPY2 patient cohort. Samples were a mixture of TNBC and ER+
tumors and were treated with chemotherapy + anti-PD-1. Depending on the antibody clone
selected to detect PD-L1 expression, B7-H4 had no correlation, or a positive correlation to PD-
L1 expression in these tumors. Data analyzed by spearman correlation and shown with linear
regression best-fit line. n = 151 patients.
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Supplementary Figure 2. B7-H4 expression did not change quantity of infiltrating tumor
immune cells in vivo regardless of anti-PD-L1 treatment. Untreated and anti-PD-L1 treated
EMT®6 tumors + B7-H4 were dissociated to single cell suspension and subjected to flow
cytometry with a 14 (for myeloid cells) or 17 (for T cells) color panel on a CyTEK Aurora. n =
3/group for control and 8/group for treated samples. Data were analyzed by One-way ANOVA
with Sidak’s post-hoc test for multiple comparisons between the EMT6 control anti-PD-L1 and
EMT6 B7-H4+ anti-PD-L1 treatment groups. One-way ANOVA was not significant between
groups. Data were analyzed in GraphPad Prism v10.
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Supplementary Figure 3. B7-H4+ tumors have higher expression of M2-related macrophage
genes compared to control EMT6 tumors. We compared macrophage gene expression
between untreated EMT6 control and EMT6-B7-H4+ tumors and observed overall upregulated
expression of macrophage genes, and significantly upregulated expression of M2-related genes
in the tumors with B7-H4. Data were analyzed by Wilcoxon rank sum test.
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APPENDIX Il: SUPPLEMENTARY TABLES FOR CHAPTER IV

feature avgExpr | logFC auc pval padj significance

Lilrab -0.90784 | -1.81568 | O 0.005075 | 0.166915 | Enriched in Isotype
Bcl6 0.700165 | 1.400331 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Ccnd3 0.803077 | 1.606154 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Clu 0.501926 | 1.003852 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
FIt3I 0.82193 | 1.643861 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Hsd11lbl | 0.637496 | 1.274992 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Hspb2 0.552881 | 1.105761 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Irgm2 0.655248 | 1.310497 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Mertk 0.610984 | 1.221968 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Ripk2 0.741284 | 1.482568 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Traf2 0.759158 | 1.518317 | 1 0.005075 | 0.166915 | Enriched in anti PD-L1
Cilsl 0.642465 | 1.284931 | 0.972222 | 0.008239 | 0.166915 | Enriched in anti PD-L1
Itgal 0.681039 | 1.362079 | 0.972222 | 0.008239 | 0.166915 | Enriched in anti PD-L1
Pdgfrb 0.644212 | 1.288423 | 0.972222 | 0.008239 | 0.166915 | Enriched in anti PD-L1
TIr8 0.509443 | 1.018886 | 0.972222 | 0.008239 | 0.166915 | Enriched in anti PD-L1
Tgfbrl -0.67818 | -1.35635 | 0.055556 | 0.013065 | 0.166915 | Enriched in Isotype
Clra 0.65451 | 1.309021 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Cd200 0.704932 | 1.409863 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Cfh 0.587555 | 1.175111 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Dock9 0.677458 | 1.354915 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Gbp5 0.60317 | 1.20634 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Gtf3cl 0.67103 | 1.34206 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
l115ra 0.741902 | 1.483804 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
l11rl1 0.679315 | 1.358631 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Irfl 0.638206 | 1.276412 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Irf2 0.622122 | 1.244245 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Msin 0.560248 | 1.120497 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Nos2 0.583593 | 1.167185 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Pla2g6 0.723939 | 1.447878 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Pril 0.644369 | 1.288739 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Psen2 0.67679 | 1.35358 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Sigirr 0.61737 | 1.23474 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Tapl 0.703034 | 1.406068 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Tnfsf10 0.697634 | 1.395269 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Trp53 0.669724 | 1.339448 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Vcaml 0.730375 | 1.46075 | 0.944444 | 0.013065 | 0.166915 | Enriched in anti PD-L1
Cx3crl -0.69676 | -1.39353 | 0.083333 | 0.020241 | 0.166915 | Enriched in Isotype
Pparg -0.77447 | -1.54894 | 0.083333 | 0.020241 | 0.166915 | Enriched in Isotype
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Angptl 0.52244 | 1.04488 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Angpt2 0.572409 | 1.144818 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Atm 0.725342 | 1.450684 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Bmil 0.533631 | 1.067262 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
C3 0.603173 | 1.206345 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
C4b 0.644185 | 1.28837 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Caspl 0.614344 | 1.228688 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Casp3 0.604922 | 1.209844 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Ccl5 0.547809 | 1.095618 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Cd274 0.542257 | 1.084515 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Cd38 0.528587 | 1.057174 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Cd8a 0.659823 | 1.319646 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Col3al 0.54969 | 1.09938 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Cxcl12 0.60892 | 1.21784 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Cxcr6 0.628773 | 1.257545 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Cyld 0.569305 | 1.13861 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Fas 0.630083 | 1.260167 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Fcgrd 0.533591 | 1.067182 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Fnl 0.604368 | 1.208735 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Gbp2b 0.619423 | 1.238846 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Gzmb 0.61144 | 1.222881 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
l1rl 0.626041 | 1.252081 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Irakl 0.674524 | 1.349048 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Irf3 0.708484 | 1.416967 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Irf8 0.592471 | 1.184942 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Lbp 0.620208 | 1.240416 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Mavs 0.600423 | 1.200845 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Pdgfc 0.537815 | 1.07563 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Serpingl | 0.670015 | 1.34003 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Smad3 0.661261 | 1.322521 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Smad4 0.549659 | 1.099319 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Socsl 0.578124 | 1.156248 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Tnfrsf9 0.637417 | 1.274834 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Tnfsf13 0.665614 | 1.331228 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Zbpl 0.617598 | 1.235197 | 0.916667 | 0.020241 | 0.166915 | Enriched in anti PD-L1
Gprl83 -0.62818 | -1.25635 | 0.111111 | 0.030639 | 0.179074 | Enriched in Isotype

Tfrc -0.54533 | -1.09066 | 0.111111 | 0.030639 | 0.179074 | Enriched in Isotype

Tnfrsf13b | -0.50884 | -1.01768 | 0.111111 | 0.030639 | 0.179074 | Enriched in Isotype

Amical 0.648048 | 1.296096 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Atgl2 0.594036 | 1.188073 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Atg7 0.619649 | 1.239298 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
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Bid 0.583676 | 1.167353 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Bstl 0.593962 | 1.187924 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Bst2 0.570803 | 1.141606 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Ccl8 0.56615 | 1.1323 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Cd40 0.522271 | 1.044542 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Cd7 0.615732 | 1.231464 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Cxcl10 0.578662 | 1.157323 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Cxcl9 0.623568 | 1.247136 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Egr3 0.695312 | 1.390624 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Fcerla 0.466936 | 0.933872 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Gzma 0.523652 | 1.047304 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
H2-K1 0.612256 | 1.224513 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
H2-M3 0.547351 | 1.094702 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
112rb1 0.644959 | 1.289918 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
I1f3 0.551078 | 1.102156 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Itgal 0.630469 | 1.260938 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Kit 0.498099 | 0.996198 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Ncaml 0.509191 | 1.018381 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Psmb10 | 0.641215 | 1.28243 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Psmb8 0.656588 | 1.313176 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Psmb9 0.604021 | 1.208042 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Tapbp 0.672689 | 1.345377 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Tbk1 0.401018 | 0.802037 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Tpsabl 0.535281 | 1.070561 | 0.888889 | 0.030639 | 0.179074 | Enriched in anti PD-L1
Cd207 -0.6698 -1.33959 | 0.138889 | 0.045328 | 0.213181 | Enriched in Isotype

Cspg4 -0.5385 -1.07699 | 0.138889 | 0.045328 | 0.213181 | Enriched in Isotype

Itgax -0.55258 | -1.10516 | 0.138889 | 0.045328 | 0.213181 | Enriched in Isotype

Abll 0.600955 | 1.20191 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Bax 0.531172 | 1.062345 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Cdld1 0.500343 | 1.000686 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Cmal 0.519864 | 1.039729 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Cybb 0.528873 | 1.057747 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Egr2 0.645566 | 1.291132 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Ifng 0.550883 | 1.101765 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Igf2r 0.620299 | 1.240598 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Ikbkg 0.53794 | 1.07588 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Klrcl 0.507425 | 1.014851 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Mfge8 0.572522 | 1.145045 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Mif 0.588398 | 1.176796 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Repsl 0.55998 | 1.119959 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Slamf7 0.57654 | 1.15308 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
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Snail 0.597796 | 1.195593 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Statl 0.590231 | 1.180462 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Tiel 0.585324 | 1.170649 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
TIr3 0.573828 | 1.147655 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Tnfrsfl0b | 0.554174 | 1.108348 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Twistl 0.479049 | 0.958097 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Vegfc 0.472736 | 0.945473 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1
Ythdf2 0.638681 | 1.277363 | 0.861111 | 0.045328 | 0.213181 | Enriched in anti PD-L1

Supplementary Table 1. Differentially expressed genes for figure 4.4A.
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feature | avgExpr | logFC auc pval padj significance

Dusp4 -0.59691 | -1.19382 |0 0.005075 | 0.428939 | Enriched in Isotype
Ccl9 -0.49089 | -0.98179 | 0.027778 | 0.008239 | 0.428939 | Enriched in Isotype
Cd14 -0.53943 | -1.07886 | 0.027778 | 0.008239 | 0.428939 | Enriched in Isotype
Cds1 -0.50884 | -1.01768 | 0.027778 | 0.008239 | 0.428939 | Enriched in Isotype
Mapk3 -0.39245 | -0.7849 | 0.027778 | 0.008239 | 0.428939 | Enriched in Isotype
Treml -0.53034 | -1.06069 | 0.027778 | 0.008239 | 0.428939 | Enriched in Isotype
Cbharl -0.63864 | -1.27729 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Cx3crl -0.43675 | -0.87349 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Osm -0.55679 | -1.11358 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Plaur -0.39184 | -0.78367 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Pvr -0.54929 | -1.09859 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Sh2d1bl | -0.4095 -0.81901 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Tgfbrl -0.59193 | -1.18385 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
TIr2 -0.43235 | -0.86471 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Tollip -0.44775 | -0.8955 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Trem2 -0.38899 | -0.77798 | 0.055556 | 0.013065 | 0.428939 | Enriched in Isotype
Hsd11bl | 0.622999 | 1.245997 | 0.916667 | 0.020241 | 0.428939 | Enriched in anti PD-L1
Anxal -0.46464 | -0.92929 | 0.083333 | 0.020241 | 0.428939 | Enriched in Isotype
Cd83 -0.54836 | -1.09672 | 0.083333 | 0.020241 | 0.428939 | Enriched in Isotype
Csflr -0.52332 | -1.04663 | 0.083333 | 0.020241 | 0.428939 | Enriched in Isotype
Trp53 -0.51571 | -1.03142 | 0.083333 | 0.020241 | 0.428939 | Enriched in Isotype
Cd5 0.567942 | 1.135883 | 0.888889 | 0.030639 | 0.428939 | Enriched in anti PD-L1
Itk 0.51506 | 1.030119 | 0.888889 | 0.030639 | 0.428939 | Enriched in anti PD-L1
Lbp 0.488371 | 0.976742 | 0.888889 | 0.030639 | 0.428939 | Enriched in anti PD-L1
Zap70 0.526856 | 1.053711 | 0.888889 | 0.030639 | 0.428939 | Enriched in anti PD-L1
Ambp -0.3663 -0.73261 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Cd33 -0.55388 | -1.10775 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Cd68 -0.54932 | -1.09865 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
111r2 -0.52245 | -1.0449 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
l13ra -0.43277 | -0.86553 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
ll6ra -0.45702 | -0.91404 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Map2k2 | -0.51381 | -1.02762 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Mcam -0.43535 | -0.8707 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Ncf4 -0.44173 | -0.88347 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Psmd7 -0.55156 | -1.10313 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Sppl -0.65005 | -1.3001 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Tnfsfl4 | -0.49818 | -0.99637 | 0.111111 | 0.030639 | 0.428939 | Enriched in Isotype
Cisl 0.433891 | 0.867782 | 0.861111 | 0.045328 | 0.428939 | Enriched in anti PD-L1
Irf4 0.449907 | 0.899813 | 0.861111 | 0.045328 | 0.428939 | Enriched in anti PD-L1
Lck 0.560193 | 1.120386 | 0.861111 | 0.045328 | 0.428939 | Enriched in anti PD-L1
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Txk 0.551047 | 1.102093 | 0.861111 | 0.045328 | 0.428939 | Enriched in anti PD-L1
Btk -0.49133 | -0.98266 | 0.138889 | 0.045328 | 0.428939 | Enriched in Isotype
Cdknla | -0.52484 | -1.04968 | 0.138889 | 0.045328 | 0.428939 | Enriched in Isotype
Lyn -0.38453 | -0.76905 | 0.138889 | 0.045328 | 0.428939 | Enriched in Isotype
Rel -0.58178 | -1.16356 | 0.138889 | 0.045328 | 0.428939 | Enriched in Isotype

Supplementary Table 2. Differentially expressed genes for figure 4.4C.
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feature | avgExpr | logFC auc pval padj significance

TIr8 0.476633 | 0.953267 | 0.826389 | 0.00726 | 0.904509 | Enriched in B7-H4
Cd2 -0.43354 | -0.86708 | 0.194444 | 0.012023 | 0.904509 | Enriched in Control
Amical | 0.430141 | 0.860282 | 0.805556 | 0.012023 | 0.904509 | Enriched in B7-H4
Fut7 0.445571 | 0.891142 | 0.798611 | 0.014138 | 0.904509 | Enriched in B7-H4

Ccl6 0.30682 | 0.61364 | 0.777778 | 0.022576 | 0.904509 | Enriched in B7-H4
Cdhl 0.259441 | 0.518882 | 0.763889 | 0.030383 | 0.904509 | Enriched in B7-H4
Irak4 0.304335 | 0.60867 | 0.763889 | 0.030383 | 0.904509 | Enriched in B7-H4
Tfrc -0.0401 -0.08021 | 0.236111 | 0.030383 | 0.904509 | Non-sig

Ewsrl -0.36512 | -0.73024 | 0.243056 | 0.035089 | 0.904509 | Enriched in Control
Csf3r 0.420721 | 0.841443 | 0.756944 | 0.035089 | 0.904509 | Enriched in B7-H4

Mpo 0.40698 | 0.81396 | 0.75 0.040404 | 0.904509 | Enriched in B7-H4
Msin 0.328274 | 0.656548 | 0.75 0.040404 | 0.904509 | Enriched in B7-H4
Cd79b | -0.31048 | -0.62097 | 0.256944 | 0.046387 | 0.904509 | Enriched in Control
Pax5 -0.28208 | -0.56415 | 0.256944 | 0.046387 | 0.904509 | Enriched in Control
Ccl8 0.319037 | 0.638073 | 0.743056 | 0.046387 | 0.904509 | Enriched in B7-H4

Cxcr2 0.271868 | 0.543735 | 0.743056 | 0.046387 | 0.904509 | Enriched in B7-H4
Psmd7 | 0.324559 | 0.649119 | 0.743056 | 0.046387 | 0.904509 | Enriched in B7-H4

Supplementary Table 3. Differentially expressed genes for Figure 4.5A, EMT6 B7-H4+ vs EMT6
control tumor, treated with isotype control and harvest 7 days post treatment.
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feature | avgExpr | logFC auc pval padj significance

Bst2 -0.64575 | -1.2915 0.097222 | 0.000901 | 0.218658 | Enriched in Control
Mrcl 0.670869 | 1.341738 | 0.895833 | 0.001106 | 0.218658 | Enriched in B7-H4
Cd33 0.620628 | 1.241257 | 0.868056 | 0.002437 | 0.218658 | Enriched in B7-H4
Ifi44 -0.61128 | -1.22256 | 0.131944 | 0.002437 | 0.218658 | Enriched in Control
Gzmb -0.6122 -1.22439 | 0.145833 | 0.00355 | 0.218658 | Enriched in Control
Egrl 0.470177 | 0.940354 | 0.847222 | 0.004265 | 0.218658 | Enriched in B7-H4
Ifi44l -0.53044 | -1.06087 | 0.159722 | 0.005108 | 0.218658 | Enriched in Control
Cxclll | -0.44475 | -0.8895 0.166667 | 0.006099 | 0.218658 | Enriched in Control
Gzma -0.55551 | -1.11102 | 0.166667 | 0.006099 | 0.218658 | Enriched in Control
Cd63 -0.52032 | -1.04065 | 0.173611 | 0.00726 | 0.218658 | Enriched in Control
Ddx58 -0.53937 | -1.07874 | 0.173611 | 0.00726 | 0.218658 | Enriched in Control
112rb -0.50551 | -1.01101 | 0.173611 | 0.00726 | 0.218658 | Enriched in Control
AxI -0.48731 | -0.97462 | 0.180556 | 0.008616 | 0.218658 | Enriched in Control
Colecl2 | 0.484772 | 0.969543 | 0.819444 | 0.008616 | 0.218658 | Enriched in B7-H4
l11r2 0.435025 | 0.87005 | 0.819444 | 0.008616 | 0.218658 | Enriched in B7-H4
Map2k2 | -0.48318 | -0.96635 | 0.180556 | 0.008616 | 0.218658 | Enriched in Control
Ewsrl 0.46845 | 0.9369 0.8125 0.010193 | 0.218658 | Enriched in B7-H4
F13al 0.543951 | 1.087902 | 0.8125 0.010193 | 0.218658 | Enriched in B7-H4
Ifi35 -0.50304 | -1.00607 | 0.1875 0.010193 | 0.218658 | Enriched in Control
ltgam 0.56702 | 1.134039 | 0.8125 0.010193 | 0.218658 | Enriched in B7-H4
Tpsabl | -0.59952 | -1.19905 | 0.1875 0.010193 | 0.218658 | Enriched in Control
Ambp 0.552039 | 1.104078 | 0.805556 | 0.012023 | 0.218658 | Enriched in B7-H4
Ccl5 -0.51457 | -1.02914 | 0.194444 | 0.012023 | 0.218658 | Enriched in Control
H2-T23 | -0.48836 | -0.97672 | 0.194444 | 0.012023 | 0.218658 | Enriched in Control
Tollip 0.337536 | 0.675072 | 0.805556 | 0.012023 | 0.218658 | Enriched in B7-H4
Ctsw -0.4903 -0.98061 | 0.201389 | 0.014138 | 0.218658 | Enriched in Control
ll4ra 0.510837 | 1.021673 | 0.798611 | 0.014138 | 0.218658 | Enriched in B7-H4
Itga2 -0.48806 | -0.97612 | 0.201389 | 0.014138 | 0.218658 | Enriched in Control
Kirdl -0.47756 | -0.95513 | 0.201389 | 0.014138 | 0.218658 | Enriched in Control
Siglecl | 0.349824 | 0.699647 | 0.798611 | 0.014138 | 0.218658 | Enriched in B7-H4
Tapbp -0.50274 | -1.00548 | 0.201389 | 0.014138 | 0.218658 | Enriched in Control
Tirl 0.490597 | 0.981195 | 0.798611 | 0.014138 | 0.218658 | Enriched in B7-H4
Zbpl -0.50508 | -1.01016 | 0.201389 | 0.014138 | 0.218658 | Enriched in Control
Cmal -0.56707 | -1.13413 | 0.208333 | 0.016575 | 0.218658 | Enriched in Control
H60a 0.399703 | 0.799406 | 0.791667 | 0.016575 | 0.218658 | Enriched in B7-H4
Irf7 -0.45658 | -0.91316 | 0.208333 | 0.016575 | 0.218658 | Enriched in Control
Lag3 -0.41497 | -0.82993 | 0.208333 | 0.016575 | 0.218658 | Enriched in Control
Txk -0.41601 | -0.83203 | 0.208333 | 0.016575 | 0.218658 | Enriched in Control
App 0.439684 | 0.879369 | 0.784722 | 0.019373 | 0.218658 | Enriched in B7-H4
Atgl2 0.454494 | 0.908988 | 0.784722 | 0.019373 | 0.218658 | Enriched in B7-H4
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Cd7 -0.33338 | -0.66677 | 0.215278 | 0.019373 | 0.218658 | Enriched in Control
Cxcll0 | -0.41811 | -0.83623 | 0.215278 | 0.019373 | 0.218658 | Enriched in Control
Maf 0.486141 | 0.972282 | 0.784722 | 0.019373 | 0.218658 | Enriched in B7-H4
TIr5 0.523585 | 1.04717 | 0.784722 | 0.019373 | 0.218658 | Enriched in B7-H4
TIré 0.388733 | 0.777466 | 0.784722 | 0.019373 | 0.218658 | Enriched in B7-H4
Atg7 0.494915 | 0.989831 | 0.777778 | 0.022576 | 0.218658 | Enriched in B7-H4
Cbharl 0.502921 | 1.005841 | 0.777778 | 0.022576 | 0.218658 | Enriched in B7-H4
Casp3 -0.41902 | -0.83804 | 0.222222 | 0.022576 | 0.218658 | Enriched in Control
Ccrl 0.443666 | 0.887332 | 0.777778 | 0.022576 | 0.218658 | Enriched in B7-H4
H2-K1 -0.47482 | -0.94965 | 0.222222 | 0.022576 | 0.218658 | Enriched in Control
Inpp5d | 0.392092 | 0.784184 | 0.777778 | 0.022576 | 0.218658 | Enriched in B7-H4
Map3kl | 0.295815 | 0.591631 | 0.777778 | 0.022576 | 0.218658 | Enriched in B7-H4
Nfkbia 0.378385 | 0.756769 | 0.777778 | 0.022576 | 0.218658 | Enriched in B7-H4
Card9 0.436703 | 0.873407 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Ccl7 0.418625 | 0.83725 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Ccr5 0.412268 | 0.824537 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Ccrl2 0.394588 | 0.789177 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Cebpb | 0.407094 | 0.814187 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Cx3crl | 0.424269 | 0.848537 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
H2-D1 -0.50326 | -1.00651 | 0.229167 | 0.026229 | 0.218658 | Enriched in Control
Ifitm2 0.378093 | 0.756186 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Irak3 0.35582 | 0.711641 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Itgax 0.443217 | 0.886434 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Sbno2 0.275813 | 0.551627 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Treml 0.392215 | 0.784431 | 0.770833 | 0.026229 | 0.218658 | Enriched in B7-H4
Cd44 0.415423 | 0.830846 | 0.763889 | 0.030383 | 0.218658 | Enriched in B7-H4
Chuk -0.44049 | -0.88098 | 0.236111 | 0.030383 | 0.218658 | Enriched in Control
Creb5 0.331879 | 0.663758 | 0.763889 | 0.030383 | 0.218658 | Enriched in B7-H4
Csf3r 0.380162 | 0.760323 | 0.763889 | 0.030383 | 0.218658 | Enriched in B7-H4
Irak2 0.293658 | 0.587316 | 0.763889 | 0.030383 | 0.218658 | Enriched in B7-H4
Itk -0.42673 | -0.85345 | 0.236111 | 0.030383 | 0.218658 | Enriched in Control
Jak3 0.439708 | 0.879416 | 0.763889 | 0.030383 | 0.218658 | Enriched in B7-H4
Mfge8 -0.4635 | -0.92699 | 0.236111 | 0.030383 | 0.218658 | Enriched in Control
Slc7all | 0.361596 | 0.723191 | 0.763889 | 0.030383 | 0.218658 | Enriched in B7-H4
Zap70 -0.41319 | -0.82638 | 0.236111 | 0.030383 | 0.218658 | Enriched in Control
Akt3 -0.33041 | -0.66082 | 0.243056 | 0.035089 | 0.218658 | Enriched in Control
C3arl 0.416323 | 0.832647 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4
Ccr2 0.432471 | 0.864943 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4
Cklf 0.412745 | 0.82549 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4
Cxcr2 0.383716 | 0.767431 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4
Etsl -0.39514 | -0.79027 | 0.243056 | 0.035089 | 0.218658 | Enriched in Control
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Fos 0.431364 | 0.862728 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4
I12ra -0.40424 | -0.80849 | 0.243056 | 0.035089 | 0.218658 | Enriched in Control
Mapk3 | 0.417163 | 0.834327 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4
Stat6 0.35788 | 0.71576 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4
Thyl -0.38423 | -0.76846 | 0.243056 | 0.035089 | 0.218658 | Enriched in Control
Tnfsf10 | -0.50501 | -1.01001 | 0.243056 | 0.035089 | 0.218658 | Enriched in Control
Tnfsfl4 | 0.355322 | 0.710644 | 0.756944 | 0.035089 | 0.218658 | Enriched in B7-H4

Ccl3 0.439402 | 0.878804 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Cd163 0.47061 | 0.94122 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Cxcl2 0.316461 | 0.632922 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Ecsit -0.46284 | -0.92568 | 0.25 0.040404 | 0.218658 | Enriched in Control
Egr2 0.379542 | 0.759084 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Havcr2 | 0.354749 | 0.709498 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Lyz2 0.461393 | 0.922787 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
NIrp3 0.368548 | 0.737097 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Prkcd 0.297854 | 0.595708 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Psmb7 | -0.3567 -0.71341 | 0.25 0.040404 | 0.218658 | Enriched in Control
Stat4 -0.38713 | -0.77427 | 0.25 0.040404 | 0.218658 | Enriched in Control
Tir4 0.377582 | 0.755163 | 0.75 0.040404 | 0.218658 | Enriched in B7-H4
Xcll -0.43464 | -0.86929 | 0.25 0.040404 | 0.218658 | Enriched in Control
Yyl -0.47651 | -0.95301 | 0.25 0.040404 | 0.218658 | Enriched in Control

Csf2rb 0.295165 | 0.590329 | 0.743056 | 0.046387 | 0.230679 | Enriched in B7-H4
Cxcl3 0.367071 | 0.734142 | 0.743056 | 0.046387 | 0.230679 | Enriched in B7-H4
Gtf3cl -0.39922 | -0.79843 | 0.256944 | 0.046387 | 0.230679 | Enriched in Control
Ikbke 0.268306 | 0.536612 | 0.743056 | 0.046387 | 0.230679 | Enriched in B7-H4
l117ra 0.403028 | 0.806057 | 0.743056 | 0.046387 | 0.230679 | Enriched in B7-H4
lIlrap 0.289109 | 0.578217 | 0.743056 | 0.046387 | 0.230679 | Enriched in B7-H4

Statl -0.39662 | -0.79325 | 0.256944 | 0.046387 | 0.230679 | Enriched in Control
Tfe3 0.407417 | 0.814835 | 0.743056 | 0.046387 | 0.230679 | Enriched in B7-H4
Ubc 0.373354 | 0.746708 | 0.743056 | 0.046387 | 0.230679 | Enriched in B7-H4

Supplementary Table 4. Differentially expressed genes for Figure 4.5C, EMT6 B7-H4+ vs EMT6
control tumors untreated and harvested at 500mm?3.
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T cell Interferon Cytotoxicity | Macrophage
proliferation response Functions
Casp3 Ccer7 Cd1d2 C3arl
Ccnd3 Cd3e Cd8ga Casp8
Cd3e Ciita Ctsh Ccl2
Cxcl12 Cxcl16 Fcgrl Ccls
Cxcr4d Ddx58 Fcgr3 Ccr2
Icosl Eomes Gzmb Ccrs
1115 Fadd Gzmk Ccer7
I11b Gbp5 Gzmm Cdid1
Pdcdllg2 H2-Aa H2-D1 Cde9
Ptprc H2-Abl H2-K1 CklIf
Ripk2 H60a H2-M3 Cmkirl
Sppl Ifi27 H2-T23 Crp
Tnfrsfl3c Ifi35 H60a Csfl
Tnfsf13b Ifid4 I112a Csflr
Tnfsfl4 Ifi44l 1121 Csf2
Traf6 Ifihl 1123a Cx3cll
Trp53 Ifitl I7r Cx3crl
Ifit2 Klrblc Eng
Ifit3 Kirk1 Fcerla
Ifitm1 Lag3 Fcer2a
Ifitm2 Prfl H60a
Ifnal Ptprc Hc
Ifna2 Pvr 113
Ifnad Pvrl2 nivf
Ifnarl Sh2dla 1118
Ifnar2 Sh2dibl l11b
Ifngrl Statbhb 1rl1
Ifnl2 Tapl 1123a
112rb2 Ulbpl 1134
Irf7 Xcll 14
Irf8 ll4ra
Irgm2 Itgh3
Mavs Lbp
NIrc5 Msrl
Nos2 Nfkbia
Runx3 Pparg
Sh2d1lbl Prkce
Tbk1 Rora
Tmem173 Saal
Ulbpl Shno2




Syk
Thbs1
Tirl
Ulbpl
Vegfa

Supplementary Table 5. Nanostring published gene sets for analysis in figures 4.4 and 4.5.
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APPENDIX IlI: ADDITIONAL METHODS FOR CHAPTER V
Macrophage phagocytosis assays

EMT6-pBabe or EMT6-B7-H4+ cells were cultures in DMEM/F12 media with 10% FBS
and 2ug/mL Puromycin to maintain B7-H4 expression. Bone marrow was collected from 8-12-
week-old syngeneic (from BALB/c background) mice by flushing tibias and femurs with PBS and
passing cells through a 70uM filter before plating cells for 24 hours. After 24 hours, cells were
washed and ACK lysed before treatment with media containing M-CSF (20 ng/mL in RPMI with
10% FBS, 1% HEPES, 55uM B-mercaptoethanol) for 7 days. After differentiation, cells were
detached and plated on low-attachment tissue culture plates in media containing either IFNy (50
ng/mL) or IL-4 (20 ng/mL) to polarize macrophages to M1 or M2 phenotypes.

EMT®6 cancer cells + B7-H4 were labeled with Cell Trace Far Red (Invitrogen) at 1:5000
dilution following the manufacturer protocol. Cancer cells were killed by freezing in liquid
nitrogen for 60-90 seconds, leading to >90-95% cell death. Dead cancer cells were added to
polarized macrophages at a ratio of 2:1 macrophages to cancer cells. Cells were incubated for
1, 4, or 24 hours and assessed by flow cytometry including DAPI stain for viability to measure
macrophage phagocytosis using the following BioLegend antibodies: CD45 (#103132, 1:400),
CD11b (#101215, 1:1000), and B7-H4 (#139405, 1:100).

T cell inhibition assays

For cancer-cell expressed B7-H4 assays, EMT6 cells + B7-H4 were plated in 96-well
plates at a density of 1,000 cells/well and allowed to attach overnight. CD3+, CD4+, or CD8+ T
cells were isolated from BALB/c mouse splenocytes using the appropriate Miltenyi kit (130-095-
130, 130-104-454, or 130-104-075), allowed to rest overnight, and plated at a density of 80,000-
100,000 cells per well after Cell Trace labeling. T cells were stimulated with either CD3/CD28
Mouse T-Activator Dynabeads (ThermoFisher) or CD3 and CD28 antibodies (CD3: Invitrogen at

lug/mL, CD28: Tonbo Biosciences at 0.5 ug/mL).
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For protein inhibition assays, T cells were isolated as above, or whole splenocytes were
plated at a density of 80,000 to 100,000 cells per well in a 96-well plate. B7-H4-1g protein was
either immobilized on the plate by coating at 37C for 2-3 hours or at 4C overnight before the
cells were added. Cells were plated with CD3/CD28 (CD3: Invitrogen, CD28: Tonbo
Biosciences) antibodies in RPMI media containing 10% FBS, 1% HEPES, 55 uM BME, and
10ng/mL IL-2.

For both experiments, the T cells were assessed by flow cytometry for cell proliferation
by Cell Trace dilution after 48-72 hours and proliferation was compared between B7-H4+ and
control wells.

TPR construct design
Sequences

The following gblock sequences were synthesized by Azenta and cloned into MSCV-

Thyl.1-Dest retroviral vector using Bglll and Sall restriction enzymes.

mB7-H4-CD3z gblock

Bglll — Kozak — mB7-H4 — GS linker — CD3z cytoplasmic — — Sall
GGGAGATCTGCCACCATGGCTTCCTTGGGGCAGATCATCTTTTGGAGTATTATTAACATCA
TCATCATCCTGGCTGGGGCCATCGCACTCATCATTGGCTTTGGCATTTCAGGCAAGCACTT
CATCACGGTCACGACCTTCACCTCAGCTGGAAACATTGGAGAGGACGGGACCCTGAGCTG
CACTTTTGAACCTGACATCAAACTCAACGGCATCGTCATCCAGTGGCTGAAAGAAGGCATC
AAAGGTTTGGTCCACGAGTTCAAAGAAGGCAAAGACGACCTCTCACAGCAGCATGAGATG
TTCAGAGGCCGCACAGCAGTGTTTGCTGATCAGGTGGTAGTTGGCAATGCTTCCCTGAGA
CTGAAAAACGTGCAGCTCACGGATGCTGGCACCTACACATGTTACATCCGCACCTCAAAAG
GCAAAGGGAATGCAAACCTTGAGTATAAGACCGGAGCCTTCAGTATGCCAGAGATAAATGT
GGACTATAATGCCAGTTCAGAGAGTTTACGCTGCGAGGCTCCTCGGTGGTTCCCCCAGCC
CACAGTGGCCTGGGCATCTCAAGTTGACCAAGGAGCCAACTTCTCAGAAGTCTCCAACAC
CAGCTTTGAGTTGAACTCTGAGAATGTGACCATGAAGGTCGTATCTGTGCTCTACAATGTC
ACAATCAACAACACATACTCCTGTATGATTGAAAACGACATTGCCAAAGCCACCGGGGACA
TCAAAGTGACAGATTCAGAGGTCAAAAGGCGGAGTCAGCTGCAGTTGCTGAACTCTGGGC
CTTCCCCGTGTGTTTTTTCTTCTGCCTTTGTGGCTGGCTGGGCACTCCTATCTCTCTCCTGT
TGCCTGATGCTAAGAGGAGGAGGATCACGAGCTAAGTTCTCCCGCTCAGCAGAGACAGCC
GCTAATCTGCAGGACCCCAATCAACTCTATAATGAACTTAATCTCGGTAGACGAGAAGAGT
ACGATGTCCTCGAAAAAAAAAGAGCCCGCGATCCTGAGATGGGCGGTAAACAACAAAGAC
GGCGGAACCCCCAGGAAGGAGTGTATAATGCTCTTCAAAAGGATAAAATGGCTGAGGCCT
ATTCTGAAATAGGCACAAAGGGCGAACGGAGACGCGGCAAGGGGCATGACGGTCTGTATC
AGGGGCTCTCTACCGCCACAAAAGATACATATGACGCCTTGCACATGCAAACTCTCGCACC
AAGG GTCGACGGG

91



mPD-L1-CD3z gblock

Bglll — Kozak — mPD-L1 — GS linker — CD3z cytoplasmic — — Sall
GGGAGATCTGCCACCATGCGCATATTCGCAGGAATCATTTTCACTGCTTGTTGTCACTTGT
TGCGAGCTTTTACCATTACCGCCCCAAAAGACCTTTACGTTGTTGAATACGGGAGTAATGT
GACTATGGAGTGTCGGTTTCCCGTCGAGCGAGAACTGGATCTGCTCGCTCTCGTTGTGTA
CTGGGAAAAGGAAGACGAACAAGTCATACAGTTCGTCGCTGGGGAAGAAGACCTGAAGCC
ACAACATAGTAATTTCCGAGGGCGGGCCTCCCTTCCAAAAGATCAACTTTTGAAAGGCAAT
GCAGCCCTCCAAATAACAGACGTGAAGCTCCAGGACGCCGGAGTGTATTGCTGCATTATTA
GCTACGGCGGGGCTGACTATAAAAGAATCACCTTGAAAGTTAATGCACCCTATAGAAAAAT
TAATCAGCGAATAAGTGTTGACCCCGCAACTTCTGAGCATGAATTGATATGTCAGGCAGAA
GGGTACCCTGAGGCAGAGGTTATTTGGACCAACAGCGATCACCAGCCTGTGAGTGGTAAA
AGGTCTGTGACCACTTCCAGGACTGAGGGTATGCTCCTCAATGTAACAAGCTCACTGCGG
GTAAATGCAACTGCTAACGATGTTTTCTACTGTACTTTCTGGCGGAGCCAACCAGGCCAGA
ATCATACCGCTGAGCTTATAATACCTGAACTTCCCGCTACACATCCCCCCCAGAATCGGAC
TCATTGGGTACTCCTTGGTTCCATTCTTCTTTTCTTGATAGTTGTGAGTACAGTCTTGTTGTT
TCTCCGGAAGCAGGTCAGAATGCTGGATGTCGAGAAATGTGGAGTCGAGGACACATCATC
TAAGAACAGAAATGATACTCAATTCGAAGAGACCGGAGGAGGATCACGAGCTAAGTTCTCC
CGCTCAGCAGAGACAGCCGCTAATCTGCAGGACCCCAATCAACTCTATAATGAACTTAATC
TCGGTAGACGAGAAGAGTACGATGTCCTCGAAAAAAAAAGAGCCCGCGATCCTGAGATGG
GCGGTAAACAACAAAGACGGCGGAACCCCCAGGAAGGAGTGTATAATGCTCTTCAAAAGG
ATAAAATGGCTGAGGCCTATTCTGAAATAGGCACAAAGGGCGAACGGAGACGCGGCAAGG
GGCATGACGGTCTGTATCAGGGGCTCTCTACCGCCACAAAAGATACATATGACGCCTTGC
ACATGCAAACTCTCGCACCAAGG GTCGACGGG
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