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Abstract

Immune checkpoint blockade therapies have generated efficacious responses in certain tumor types; however, the responses
of breast carcinomas have been largely limited. Moreover, the identity of various parameters that can predict responses to
immunotherapies, and at the same time, serve as putative biomarkers that can be therapeutically targeted to enhance the
effectiveness of immunotherapies for breast cancers, remains to be comprehensively delineated. Activation of epithelial—
mesenchymal plasticity in cancer cells, including those of the breast, increases their tumor-initiating potential and promotes
their aggressiveness and resistance to multiple treatment regimens. Moreover, the residence of cancer cells in alternating
epithelial or mesenchymal plastic phenotypic states can also influence their immuno-modulatory properties and suscepti-
bilities to immune checkpoint blockade therapies. In this current opinion, we discuss the lessons that can be learnt from
epithelial-mesenchymal transition to potentiate the efficacy of immunotherapy for breast cancers. We also discuss strategies
to sensitize more-mesenchymal cancer cells to anti-tumor immunity and immune checkpoint blockade therapies, with the
hope that these can serve as new translational avenues for the treatment of human breast tumors.

overall survival. Of these various therapies, immune check-
point blockade (ICB) therapies in particular have seen

A vast majority of breast tumors are unresponsive to
checkpoint blockade immunotherapies and a compre-
hensive understanding of the biomarkers that can predict
responsiveness is lacking.

Epithelial-mesenchymal plasticity alters the immu-
nomodulatory properties of cancer cells and drives their
resistance to checkpoint blockade immunotherapies. The
residence of cancer cells in these phenotypic states can
itself be indicative of responsiveness.

1 Introduction
The use of various immunotherapeutic regimens to harness

the immune system against tumors has revolutionized cancer
treatment by generating durable responses and improving
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unprecedented success in various types of solid tumors [1].
However, while ICB therapies administered individually or
in combination have been successful in treating certain non-
small cell lung cancers and melanomas, the responses of
certain other cancers, such as those of the breast, have been
largely limited [2, 3]. Moreover, the underlying reasons for
the responsiveness of only a subset of breast tumors and
the non-responsiveness of others to ICB therapies requires
further investigation.

The expression of cancer cell-intrinsic and cell-extrinsic
biomarkers that could be used to predict the responsive-
ness of breast tumors to ICB could represent one strategy
to potentiate the efficacy of immunotherapies. Indeed, the
expression of the programmed death ligand 1 (PD-L1),
which inhibits the function of T-cells upon engagement with
the programmed cell death protein 1 (PD-1) receptor, and the
mismatch repair pathway are some of the approved predic-
tive biomarkers for breast tumors [4-6]. However, the heter-
ogeneity of PD-L1 expression across primary breast tumors
and their subsequent metastases, the unresponsiveness of
certain PD-L1-positive tumors to anti-PD-L1 ICB therapies,
and the striking ability of certain PD-L1-negative tumors to
mount proficient responses to PD-L1 inhibitors brings into
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question the clinical utility of this biomarker [3, 7-9]. It
also undermines the need to identify additional parameters
that could potentially be used in combination with PD-L1
expression to unequivocally predict the responses of breast
tumors to ICB therapies.

The epithelial-mesenchymal transition (EMT) is a cell
biological process that facilitates the conversion of epithe-
lial cells to more-mesenchymal derivatives and is typically
observed during the physiological processes of embryonic
development and wound healing [10, 11]. In the context of
cancer progression, activation of the EMT program empow-
ers carcinoma cells to acquire tumor-initiating abilities, inva-
siveness, motility, and resistance to multiple targeted thera-
pies and chemotherapies [12—15]. In addition, we and others
have demonstrated that the residence of cancer cells in the
epithelial or mesenchymal phenotypic states can itself be
predictive of responsiveness or non-responsiveness to ICB
therapies [16—19].

Given the limited responses of breast tumors to ICB treat-
ment, intercepting the EMT program which is activated in a
subset of breast tumors, could represent an attractive strategy
to potentiate the efficacy of ICB therapies. However, the
utility of considering the residence of carcinoma cells along
various points on the epithelial-mesenchymal spectrum as
a predictive criterion for ICB therapies, has been limited.
Although the EMT program has been associated with resist-
ance to immunotherapies in multiple cancer types, in this
current opinion, we specifically focus on breast tumors [17,
20-23]. To this end, we comment on the lessons that can be
learnt from the EMT program for improving immunotherapy
for breast cancers. We specifically discuss (1) the current
state of responses of breast tumors to immunotherapy, (2)
associations between the EMT program and resistance to
anti-tumor immunity, specifically in the context of breast
cancers, (3) the probability of considering the phenotypic
plasticity of cancer cells themselves, as a predictive bio-
marker for immunotherapies, and (4) the prospect of inter-
cepting the epithelial-mesenchymal plasticity of breast can-
cer cells to potentiate the efficacy of ICB therapies.

2 Immune Checkpoint Blockade Therapy
for Breast Cancers

Inhibitory receptors such as PD-1 and cytotoxic T lympho-
cyte-associated protein 4 (CTLA4) function to repress the
activities of T cells upon engagement with their cognate
ligands. Blocking these regulatory interactions using anti-
PD-1/anti-PD-L1 or anti-CTLA4 antibodies largely restores
T cell function, enabling them to eliminate carcinomas
[1, 24-27]. Breast carcinomas span various different sub-
types, including hormone receptor-positive breast cancers,
human epidermal growth factor receptor 2 (HER2)-positive
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(HER-2%) breast cancers, and triple-negative breast cancers
(TNBCs), which lack the expression of HER2 and hormone
receptors [28, 29]. Although certain types of solid tumors
such as melanomas and non-small cell lung cancers have
been particularly responsive to anti-PD-1 or anti-CTLA4
ICB, these therapies have been less efficacious in the treat-
ment of breast cancers [30-34].

In a study that evaluated the effects of anti-CTLA4 ICB
together with an aromatase inhibitor in estrogen receptor-
positive (ER*) HER2" breast cancer patients, short-term sta-
ble disease was observed in approximately half the patients.
However, a small subset of patients who received this com-
bination also developed various toxicities [2, 35]. Combining
anti-CTLA4 ICB with other therapeutic regimens that target
alternative immune checkpoints or other immune-suppressive
components within the tumor microenvironment remains an
active area of investigation. Most ICB regimens for the treat-
ment of breast cancer have been largely centered on perturb-
ing the PD-1/PD-L1 pathway. This is due to the fact that
TNBCs, which are the most aggressive subset of breast can-
cers, have derived the most clinical benefit from anti-PD-1
or anti-PD-L1 ICB therapies relative to HER2* or hormone
receptor-positive breast cancers, which have remained largely
unresponsive [3]. However, even for TNBCs, the objective
response rates (ORRs) for anti-PD-1 or PD-L1 ICB mono-
therapy are still low (ranging from approximately 5-23%)
relative to other solid tumors that have higher ORRs (approx-
imately 40-45%) [3, 7, 30-33, 36-39].

In contrast to either anti-PD-1 or anti-CTLA4 ICB mono-
therapy, combinations of ICB and chemotherapy have had
significantly greater success in early and advanced TNBC
[2—4, 34]. The results from a phase 1b trial NCT01375842)
demonstrated that combining atezolizumab with nab-pacli-
taxel resulted in ORRs of 39.4% in some patients with meta-
static disease that had received 02 pretreatments [40]. More-
over, the results from the randomized IMpassion 130 phase 3
trial demonstrated a clinically relevant prolonged survival in
PD-L1-positive, treatment-naive, metastatic TNBC patients
that had received the same combination [41]. This combi-
nation therapy of atezolizumab and nab-paclitaxel has now
been approved as the first immunotherapy for PD-L1-posi-
tive metastatic TNBC by the Food and Drug Administration
(FDA) and European Commission [3, 4]. In addition, com-
bining ICB with multiple forms of targeted therapies has also
resulted in favorable responses in pre-clinical models as well
as in patients; however, a comprehensive understanding of
therapeutic combinations that could be applied to multiple
breast cancer subsets, is still lacking [2, 3].

2.1 Predictive Biomarkers

The use of predictive biomarkers has proved beneficial in
enhancing the efficacy of ICB in multiple tumor types. In
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the context of breast cancers, one widely used biomarker
for predicting responsiveness to ICB is PD-L1, which can
dampen the function of T cells upon engagement with the
PD-1 receptor [5, 6]. PD-L1 expression as a predictive bio-
marker has been studied in patients with early stage TNBC
that received combinations of anti-PD-L1 immunotherapy
and chemotherapy. The results from the GeparNuevo trial
demonstrated that PD-L1 expression did in fact associate
positively with higher pathological complete remission rates
[42]. However, results from the KEYNOTE-522 trial showed
that clinical benefit was observed regardless of PD-L1 status
(Table 1) [2, 43]. Similar conflicting findings have also been
observed in patients with advanced TNBC who received
combinations of ICB (atezolizumab) and chemotherapy
(nab-paclitaxel). In the IMpassion 130 trial, a clinically
meaningful increase in progression-free survival (PFS) was
observed in patients whose tumors expressed PD-L1 rela-
tive to patients whose tumors were PD-L1 negative [41].
In sharp contrast, the results from the IMpassion 131 trial
demonstrated that PD-L1 expression had little to no impact
on PFS [44]. Moreover, a subset of TNBC patients do not
derive any benefit from anti-PD-L1 immunotherapy admin-
istered individually or in combination with chemotherapy,
in spite of their tumors being positive for PD-L1. Thus, the
reliability of using PD-L1 as a predictive marker is in ques-
tion given the conflicting data on PD-L1 expression and
clinical benefit in breast cancer patients [3, 4]. Other pre-
dictive markers include immune cells and transcriptomic
signatures within the tumor microenvironment. As observed
in the IMpassion 130 trial, the presence of tumor infiltrating
lymphocytes, CD8" T cells, and the presence of a BRCA
mutation was associated with clinical benefit in patients with
incurable TNBC that had received combination therapy of
atezolizumab and nab-paclitaxel [7]. In the randomized
GeparNuevo trial for early stage TNBC, tumor mutational
burden provided predictive value when used individually

Table 1 Summary of selected clinical trials

or in combination with tumor infiltrating lymphocytes or
immune transcriptomic signatures [42].

While these recent advances will likely open multiple
new avenues for the treatment of breast cancers, the vast
majority of breast cancer patients are still unresponsive to
ICB therapies. Moreover, the underlying reasons for the
responsiveness of only a subset of breast tumors and the non-
responsiveness of others to ICB therapies requires further
investigation. The aforementioned need is complicated by
the fact that the identities of breast carcinoma cell-derived
factors that could possibly be targeted in combination with
ICB are poorly defined. This raises the question of whether
additional markers are required for predicting which breast
cancer subtypes are most likely to benefit from ICB adminis-
tered as a monotherapy or in combination with other agents.

3 EMT as a Driver of Resistance
to Anti-tumor Immunity

The EMT is a cell biological process that potentiates the
aggressive properties of carcinomas and drives the meta-
static dissemination of tumor cells including those of breast
cancers [11, 45]. During this process, cells typically shed
the expression of epithelial markers, such as E-cadherin, and
express instead, mesenchymal markers, such as vimentin,
fibronectin and certain master EMT-inducing transcription
factors (EMT-TFs), notably ZEB1, TWIST1, SNAII and
SNAI2; once expressed, these EMT-TFs regulate the expres-
sion of genes associated with the more-mesenchymal states
of carcinoma cells. The EMT is a highly dynamic process
that gives rise to a continuum of states arrayed along the epi-
thelial-mesenchymal spectrum. Indeed, some of these states
express both epithelial and mesenchymal properties and are
often referred to as hybrid, partial, or quasi-mesenchymal
states [46—49]. Among the acquired EMT characteristics are
invasiveness and motility, which enable carcinoma cells to

Trial Treatment

PD-L1 status

Selected outcomes References

GeparNuevo Durvalumab added to neoadjuvant nab-
paclitaxel followed by epirubicin and

cyclophosphamide

KEYNOTE-522 Neoadjuvant pembrolizumab with pacli-
taxel + carboplatin and doxorubicin or
epirubicin and cyclophosphamide

IMpassion 130 Atezolizumab =+ nab-paclitaxel

IMpassion 131 Atezolizumab =+ paclitaxel

Any status of PD-L1 pCR rates for durvalumab vs placebo were  [42]

53.4% (95% C1 42.5-61.4) vs 44.3% (95%
CI 33.5-55.3). pCR of 54.3% vs 30.0% for
PD-L1" vs PD-L1~ expression

Any status of PD-L1 pCR rates were 64.8% for pembrolizumab [43]

and chemotherapy vs 51.2% with chemo-
therapy alone (95% CI 5.4-21.8)

Any status of PD-L1 Presence of PD-L1* immune cells, median  [41]

PFS 7.5 months vs 5.0 months

Any status of PD-L1 Presence of PD-L1* immune cells, median  [44]

PFS 6.0 months vs. 5.7 months

CI confidence interval, pCR pathological complete remission, PD-LI programmed death ligand 1, PFS progression free survival
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metastasize to distant anatomical sites. Equally important,
the EMT program can generate carcinoma cells with tumor-
initiating properties [12, 13], often termed as cancer stem
cells (CSCs) [12, 50]. CSCs have elevated drug resistance
and are more refractory to standard chemotherapeutic regi-
mens [14].

Specifically in the context of breast cancers, activation
of epithelial-mesenchymal plasticity is typically observed
in poorly differentiated breast cancer cell lines and tumors
[51-54]. In a more recent study, Jorgensen and colleagues
analyzed the expression of epithelial (E-cadherin-express-
ing), hybrid (co-expression of E-cadherin and N-cadherin),
and mesenchymal (N-cadherin or vimentin-expressing)
states in over 500 breast cancer patients and observed the
presence of hybrid and mesenchymal states in TNBC patient
samples. In contrast, epithelial states were largely dominant
in the luminal A subtype [51]. Along similar lines, two other
studies revealed that the mesenchymal markers N-cadherin
and vimentin positively correlated with a higher histological
grade and the absence of hormone receptors in breast tumors
[52, 53]. Thus, a loss of E-cadherin and gain of N-cadherin
and vimentin has been reported in TNBCs, invasive lobular
carcinomas and a subset of invasive ductal carcinomas [52,
53]. Additionally, the expression of the EMT-TFs SNAI1
and TWIST correlate positively with high-grade invasive
breast carcinomas [55, 56]. Importantly, multiple studies
have demonstrated that patients with hybrid or mesenchy-
mal breast tumors have poorer overall and disease-free sur-
vival, relative to patients whose tumors express the epithelial
marker, E-cadherin [51, 53, 57].

In addition to the aforementioned well-documented fea-
tures of the EMT, there are emerging connections between
this program and the types of stromal cells that congregate
within the tumor microenvironment. We and others have
demonstrated that epithelial and mesenchymal breast tumors
are differentially susceptible to immune attack [16, 58, 59].
Activation of the EMT program in carcinoma cells induces
the expression of multiple cell surface receptors, secreted
paracrine factors, and metabolites, many of which drive
immune-evasion, regulate the assembly of an immune-sup-
pressive tumor microenvironment, and drive resistance to
immunotherapies [11, 60—62]. Importantly, many of these
immune regulatory factors that are expressed by cancer cells
undergoing an EMT are also indicative of poor prognosis
of TNBCs. Moreover, a subset of TNBCs themselves, acti-
vate components of the EMT program [51, 52]. This strik-
ing overlap of immune-regulatory factors that are expressed
by cancer cells undergoing an EMT and by TNBC tumors,
brings to the forefront the attractive possibility of using the
EMT program as a parameter that can be (1) used as a pre-
dictive criterion for responses of breast tumors to immuno-
therapies and (2) intercepted to potentiate the susceptibility
of breast tumors to immunotherapies. In this section, we
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specifically highlight a few EMT-regulated, cancer cell-
intrinsic immune-modulatory factors that are also indicative
of poor prognosis in TNBCs. We also discuss the functional
importance of such factors in altering the tumor microen-
vironment and driving resistance of breast tumors to ICB
therapies.

3.1 EMT and Regulation of Cell-Intrinsic Factors

(1) PD-L1: Over the past few years, several studies have
demonstrated that the EMT program can directly regulate
the expression of PD-L1 in breast tumors [63, 64]. Snail™
murine quasi-mesenchymal cell lines and their correspond-
ing tumors express elevated levels of PD-L1 relative to their
more-epithelial Snail"“© counterparts [16]. Importantly, acti-
vation of an EMT program in more-epithelial cells by dox-
ycycline-induced expression of the ZEB1 or SNAI1 EMT-
TFs resulted in a fivefold increase in PD-L1 expression [16].
Similarly, Noman and colleagues demonstrated that human
breast cancer cell lines with more-mesenchymal features
expressed elevated levels of PD-L1 in a manner that was
highly dependent on the ZEB1 and SNAI1 EMT-TFs [65].
Both SNAII1 and ZEB1 have been documented to regulate
PD-L1 by distinct mechanisms. Activation of ZEB1 drives
PD-L1 expression by inhibiting the expression of mir200C
[65]. SNAII is thought to drive the expression of PD-L1
by inducing CKLF-like MARVEL transmembrane domain-
containing protein 6 (CMTMS6), an important regulator of
cell-surface PD-L1 [66]. Finally, PD-L1 expression is sig-
nificantly associated with the expression of EMT-markers
in claudin-low breast tumors, a highly aggressive subset
of breast cancers that are known to activate components
of the EMT program [67-69]. Although the first approved
immunotherapy for human breast cancers includes target-
ing PD-L1 in combination with chemotherapy, a large frac-
tion of PD-L1-expressing tumors remain unresponsive. This
undermines the importance of additional biomarkers that can
be used in combination with PD-L1 expression to predict
responsiveness of breast tumors to ICB. Given the strong
causal association between EMT-TFs and PD-L1 expression,
using a combination of both these parameters as predictive
criteria for TNBCs is particularly appealing.

(2) Antigen processing and presentation: In addition
to PD-L1, activation of the EMT program also results in
reduced expression of major histocompatibility complex
class 1 (MHC-I) molecules that are required for presenting
antigen to CD8" T cells. Murine breast epithelial cell lines
established from MMTV-PYMT mice expressed signifi-
cantly higher levels of MHC-I and 2-microglobulin (B2M)
relative to more-mesenchymal cell lines [16]. Strikingly,
SNAII- or ZEB1-induced activation of an EMT program
in epithelial cells resulted in a ten- to 100-fold decrease in
the expression of surface MHC-I [16]. Importantly, these
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MHC-I expressing-epithelial tumors had significantly higher
numbers of cytotoxic CD8" T cells relative to mesenchymal
tumors that expressed low levels of MHC-I. Thus, EMT-
induced downregulation of molecules associated with anti-
gen processing and presentation represents another mecha-
nism by which the EMT program could enable carcinoma
cells to actively evade adaptive immunity. The expression of
MHC-1 is regulated by interferon gamma (IFN-y) via activa-
tion of the JAK/STAT signaling pathway [70, 71]. Interest-
ingly, multiple interferon-stimulating genes are intrinsically
downregulated in more mesenchymal, CSC-enriched sub-
populations contained within transformed human mammary
epithelial cells [72]. This cell-intrinsic loss of IFN signaling
in more mesenchymal cells may likely explain why cells that
have undergone an EMT express significantly lower levels
of cell-surface MHC-1I.

(3) CD47: CDA47 is a cell-surface glycoprotein that is
widely accepted as a checkpoint molecule that regulates the
activity of myeloid cells [73]. Engagement of CD47 with its
cognate receptors, signal regulatory protein alpha (SIPR1a)
and thrombospondin-1 (TSP1) expressed on the surface of
macrophages, provides a ‘don’t eat me’ signal that precludes
the ability of macrophages to phagocytose their targets [74].
Multiple cancer cells overexpress CD47 on their surface as
a strategy to shield themselves from engulfment by innate
immune cells [73, 75]. Indeed, CD47 is strongly expressed
by TNBC tumors and is indicative of poor prognosis [76].
Most strikingly, the expression of CD47 in these TNBC
tumors was found to be strongly associated with reduced
expression of E-cadherin and increased expression of more-
mesenchymal markers, such as vimentin, once again indicat-
ing a correlation with the EMT program. Noman and col-
leagues have demonstrated that SNAI1 and ZEB1 directly
induce the expression of CD47 in more-mesenchymal
human breast cancer cell lines by binding to E-boxes within
the CD47 promoter. Importantly, such EMT-induced activa-
tion of CD47 in more-mesenchymal human breast cancer
cells prevented them from being phagocytosed by mac-
rophages in vitro [77]. Along these lines, Chip-Seq analysis
of a murine MMTV-PYMT cell line also revealed SNAII
binding to the CD47 promoter, supporting a causal connec-
tion between the EMT program and expression of CD47
[78, 79]. Taken together, these studies indicate that myeloid
checkpoints that are indicative of poor prognosis in breast
tumors are also tightly regulated by the EMT program.

(4) CD73: Under conditions of hypoxia, extracellular
adenosine triphosphate (ATP) within the tumor microenvi-
ronment is converted to immunosuppressive adenosine by
the actions of various ectoenzymes. ATP is dephosphoryl-
ated to generate adenosine monophosphate (AMP) by CD39,
following which CD73 dephosphorylates AMP to generate
adenosine [80, 81]. Adenosine is known to blunt the anti-
tumor potential of multiple innate and adaptive immune

cells by binding to various adenosine receptors expressed
on their cell surface [82—85]. In the context of breast can-
cers, CD73 expression is associated with poor prognosis and
drives chemotherapy resistance in TNBCs [86, 87]. How-
ever, the underlying factors that drive cell-intrinsic expres-
sion of CD73 in cancer cells remains relatively unexplored.
We and others have demonstrated that the EMT program
can regulate the expression of CD73. CD73 is robustly
expressed on more-mesenchymal murine and human breast
cancer cell lines relative to those displaying more-epithelial
features [77, 79, 88, 89]. Direct induction of the EMT pro-
gram by transforming growth factor beta (TGFf), TWIST1,
or SNAII resulted in elevated expression of CD73 in more-
epithelial human breast cancer cells [77, 88, 89]. Moreover,
SNAII binding was also observed within the CD73 promoter
in both human as well as murine cancer cells that had acti-
vated the EMT program [77, 79].

3.2 EMT, Regulation of the Tumor
Microenvironment, and Responses to ICB
Therapies

Upon activation of the EMT program, the multitude of
immune-suppressive factors expressed by cancer cells can
directly impinge on and regulate the functions of immune
cells within the tumor microenvironment. In this section,
we specifically discuss the cell-extrinsic effects of the EMT
program in shaping the tumor microenvironment and driv-
ing refractory responses of breast tumors to ICB therapies.

Using in vitro co-culture assays, Akalay and colleagues
observed that activation of an EMT-program in human
breast cancer cells impaired their susceptibility to CD8" T
cells by inhibiting the formation of an immunological syn-
apse as well as by the induction of autophagy [59]. Moreo-
ver, small interfering RNA (siRNA)-induced silencing of the
autophagy protein, BCN1, in breast cancer cell lines that had
undergone an EMT, restored their susceptibility to CD8* T
cell lysis [90]. These studies suggest that one mechanism by
which mesenchymal breast cancer cells resist elimination by
CD8* T cells is by the induction of autophagy. In addition,
activation of an EMT program in human breast cancer cells
via priming with a mixture of inflammatory cytokines such
as TGFp, tumor necrosis factor alpha (TNFa), and IFNy led
to loss of E-cadherin and upregulation of vimentin. These
mesenchymal breast cancer cells could in turn, dampen the
proliferation of NK cells in in vitro co-culture assays. In
sharp contrast, the same mesenchymal cancer cells promoted
the formation of immune-suppressive, regulatory T cells
(Tregs) and B cells instead [91].

To determine whether the EMT program influences the
assembly of the tumor microenvironment in vivo, we estab-
lished novel, pre-clinical models of epithelial and mesen-
chymal breast tumors by deriving cell lines from late-stage
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tumors arising in the transgenic MMTV-PYMT autoch-
thonous breast carcinoma mouse model. Some of these
cell lines were more epithelial and expressed high levels
of E-cadherin, while others were more mesenchymal and
expressed vimentin and the ZEB1, TWIST1, and SNAI1
EMT-TFs. These cell lines upon implantation in vivo gen-
erated corresponding, phenotypically distinct epithelial
or mesenchymal tumors in immunocompetent syngeneic
hosts. Most strikingly, the epithelial tumors were infiltrated
by CD8* T cells, expressed MHC-I, and were sensitive
to anti-CTLA4. In sharp contrast, mesenchymal tumors
expressed PD-L1, recruited immunosuppressive Tregs and
M2-like macrophages, and excluded exhausted CD8* T cells
to the tumor periphery. Importantly, mesenchymal tumors
were resistant to anti-CTLA4 ICB therapy. Finally, tumors
arising from mixtures of epithelial and mesenchymal car-
cinoma cells also generated an immunosuppressive tumor
microenvironment and were resistant to ICB (Fig. 1) [16].
Hence, not only can mesenchymal carcinoma cells recruit
immunosuppressive cells to their tumors, but minority popu-
lations (< 10%) of these mesenchymal carcinoma cells pro-
tect majority populations of their epithelial neighbors within
such tumors from an immune attack. This would seem to
be of great consequence clinically since the majority of
carcinomas under treatment in the oncology clinic contain

minority populations of more-mesenchymal cells that may
well be responsible for dictating the outcome of the tumor
as a whole to immune attack.

To determine the mechanism(s) by which more-mesen-
chymal tumors mount resistance to ICB, we took a series
of transcriptomic approaches and observed that more-
mesenchymal carcinoma cells express multiple immuno-
suppressive factors relative to their epithelial counterparts.
Of these various factors, only the tumors arising from
quasi-mesenchymal carcinoma cells that lacked the expres-
sion of a macrophage chemoattractant (Csf1), osteopontin
(Sppl), or CD73 demonstrated a dramatic influx of T cells
into the tumor core while also retaining their residence in
a more-mesenchymal state. An important consequence of
this increased influx of tumor-infiltrating lymphocytes in
the knockout tumors was their corresponding responses to
anti-CTLA4 ICB. Tumors lacking the expression of either
CSF1 or SPP1 were partially sensitized to anti-CTLA4 ICB
relative to control quasi-mesenchymal tumors. Most strik-
ingly, quasi-mesenchymal tumors lacking the expression
of CD73 were completely sensitized to anti-CTLA4 ICB
and remained tumor free upon re-challenge, indicating the
activation of immunological memory. Importantly, treat-
ment of quasi-mesenchymal tumor-bearing mice with anti-
CD73 or adenosine receptor antagonists in combination

EMT >
“ MET
Partial
e e e
More-Epithelial More-Mesenchymal
Cell Intrinsi ¢ Immune-stimulatory molecules ¢ Immune-evasive molecules
ef LIS e Pro-Inflammatory cytokines and ¢ Immuno-suppressive cytokines
actors chemokines and metabolites
Effector M1-like  Neutrophils CD8" Tcells |  M2like T-regs
CD8* T-cells | Macs excluded Macs
Tumor infiltrate
micro-

environment

Responses to
therapy

Fig. 1 Immunological consequences of the epithelial-mesenchymal
transition (EMT) in cancer cells. Activation of an EMT program
in epithelial cells results in a progressive loss of epithelial features,
resulting in a continuum of partial or mesenchymal phenotypic states.
More-epithelial cancer cells express cell-intrinsic immune-stimula-
tory factors and form tumors that are infiltrated by cytotoxic CD8* T
cells. Epithelial cancer cells also affect the properties of neutrophils
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e Responsive to immuno-therapies
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¢ Resistant to immuno-therapies

and promote the polarization of macrophages towards an MI1-like
state. These tumors are responsive to immunotherapies. More-mes-
enchymal cancer cells express cell-intrinsic immune-evasive and sup-
pressive factors and form tumors that exclude CD8* T-cells to the
periphery. They are infiltrated by Tregs and M2-like macrophages
and are refractory to immunotherapies. Macs macrophages, MET
mesenchymal-to-epithelial transition, Tregs regulatory T cells
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with anti-CTLA4 also led to significant reductions in both
primary tumors and metastases [79]. These studies dem-
onstrate for the first time that more-mesenchymal cells
can be completely sensitized to at least one form of ICB
by targeting CD73 in a pre-clinical model of breast cancer.
These findings could have lasting clinical implications as
more-mesenchymal cells have tumor-initiating abilities and
are resistance to therapies. They are also present in certain
highly aggressive TNBC subsets. Indeed, clinical trials for
breast tumors that combine inhibitors of the adenosinergic
signaling axis with ICB are currently ongoing. In light of the
aforementioned pre-clinical studies, these treatments could
be particularly beneficial for breast tumors that display fea-
tures of the EMT program.

Along similar lines, Kim and colleagues utilized pre-clin-
ical murine models of breast cancers and observed that neu-
trophil enriched-breast tumors displayed epithelial features
in contrast to macrophage-enriched breast tumors, which are
largely mesenchymal and displayed markers associated with
the EMT program [92, 93]. These macrophage-enriched,
more-mesenchymal tumors resembled the claudin-low sub-
type of human breast cancers, a subset of which showed
tumor regression when macrophage depletion was combined
with low-dose chemotherapy [94].

3.3 Reversing the EMT to Enhance Sensitization
of Breast Tumors to Inmunotherapy

The EMT program is a highly dynamic process in which
cells residing in a more-mesenchymal state can revert back
into an epithelial state by undergoing the reverse process
of the mesenchymal-to-epithelial transition (MET) [95]. As
discussed in the preceding sections, the mesenchymal state
is associated with the expression of multiple cell-intrinsic,
immune-evasive factors that instruct the formation of an
immune-suppressive tumor microenvironment and drive
resistance of more-mesenchymal tumors to multiple thera-
pies. Thus, altering the phenotypic plasticity of the cancer
cells by reversing the EMT program could concomitantly
alter immunosuppressive signals within the tumor micro-
environment. This would represent an attractive strategy to
sensitize breast tumors to anti-tumor immunity.

One well-established factor that is known to regulate
epithelial-mesenchymal plasticity is the mir200 family of
microRNAs, which can repress the expression of ZEB1
leading to the loss of more-mesenchymal features. Along
these lines, transfection of more-mesenchymal human breast
cancer cell lines with Pre-mir200a, Pre-mir200b, or Pre-
mir200c resulted in a significant reduction in the expression
of PD-L1 [65]. Similarly, doxycycline-induced expression of
mir200c in multiple human TNBC cell lines led to the acqui-
sition of more-epithelial features, which was also accompa-
nied by a substantial loss in the expression of PD-L1 and

other immunosuppressive metabolites tryptophan 2,3-dioxy-
genase (TDO2), heme oxygenase 1 (HMOX-1), and growth
differentiation factor 15 (GDF-15) [96, 97]. Taken together,
these studies suggest that reversing the EMT program
could enable carcinoma cells to substantially mitigate the
expression of cell-intrinsic, immune-evasive, and immune-
suppressive markers. Such a reduction in the expression of
immune-modulatory factors, especially PD-L1, could have
profound consequences on preventing T cell dysfunction that
is typically observed in more-mesenchymal tumors. Thus,
induction of an MET could possibly represent a strategy
to potentiate the susceptibility of primary breast tumors to
anti-tumor immunity.

In addition to T cells, reversing the EMT program has also
been documented to have secondary consequences on innate
immune cells within the tumor microenvironment. Indeed,
Williams and colleagues showed that restoration of mir200c
in murine and human breast cancer cell lines induced the
expression of pro-inflammatory cytokines that promoted
the polarization of macrophages towards an M1-like, anti-
tumor state relative to control more-mesenchymal cell lines,
which polarized macrophages to a M2-like, pro-tumor state
instead [98]. Kim and colleagues have observed that over-
expressing mir200c in macrophage-enriched mesenchymal
tumors not only induced the acquisition of more-epithelial
features by the cancer cells, but also increased the frequen-
cies of neutrophils in the tumor microenvironment [92]. In
another study, antibody-based neutralization of interleukin-8
(IL-8) resulted in a loss of mesenchymal features and a gain
of epithelial features in claudin-low, human TNBCs. This
acquisition of more-epithelial features dampened the recruit-
ment of immunosuppressive polymorphonuclear—-myeloid-
derived suppressor cells (PMN-MDSCs) and enhanced the
susceptibility of human breast cancer cell lines to natural
killer (NK) and T cell-mediated lysis in vitro [99].

Induction of an MET has also been documented
to enhance the susceptibility of breast tumors to ICB
therapies. Shen and colleagues identified F-box protein
7 (FBXQO7) as a top candidate in an RNA interference
(RNAI) screen that was designed to identify genes that
regulate the residence of human TNBC cell lines in a
more-mesenchymal state [100]. Accordingly, short hairpin
RNA (shRNA)-mediated knockdown of FBXQO7 in various
human TNBC cell lines resulted in reduced expression
of more-mesenchymal markers and increased expression
of E-cadherin. This acquisition of more-epithelial fea-
tures was also accompanied by a concomitant increase in
immune-stimulatory genes, the T-cell chemo-attractants
chemokine (C-X-C motif) ligand 9 (CXCL9) and CXCL10,
and molecules associated with antigen presentation. More-
over, pharmacological inhibition of the FBXO7/EYA25¢FF-
BXWT7 signaling axis generated synergistic responses with
anti-PD-1 ICB in 4T1 tumor-bearing mice [100].
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4 Conclusions and Future Perspectives

Although a subset of TNBCs derive some clinical benefit
from immunotherapy administered individually or in com-
bination with chemotherapy, a large proportion of tumors are
still unresponsive. Moreover, the underlying mechanisms for
heterogeneous responses or a complete lack of response to
immunotherapies are elusive. This provokes the question of
whether the proportion of occasionally curative responses in
breast cancers can be increased by the improvement of cur-
rently existing therapeutic protocols and the identification of
biomarkers that can predict the probability of responsiveness
of breast cancers to ICB therapies. Activation of the EMT
program leads to the acquisition of immune-evasive features
by carcinoma cells, promotes the assembly of an immune-
suppressive tumor microenvironment, and drives resistance
to ICB therapies. Given the plasticity of the EMT program,
it maybe plausible that hybrid states that co-express both
epithelial and mesenchymal features may also express cer-
tain immune-evasive features [101]. Of particular interest,
is the notion that TNBCs not only activate components of
the EMT program, but also seem to express several immune-
suppressive factors that can be directly regulated by EMT-
TFs. Indeed, recent studies that utilized pre-clinical mod-
els of breast cancers have already uncovered the identity
of various EMT-associated immune-suppressive factors.
Targeting some of these factors could completely sensitize
quasi-mesenchymal breast tumors to at least one form of
ICB. Moreover, given that the mesenchymal state is associ-
ated with the expression of multiple immune-suppressive
factors, targeting EMT could not only alter the phenotypic
plasticity of cells, but could also concomitantly reverse
immunosuppressive signals within the tumor microenviron-
ment incorporating components of the EMT program for
informing therapeutic combinatorial strategies can poten-
tiate responses to ICB therapies. Such strategies could be
particularly advantageous for the treatment of breast tumors.
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