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Immune checkpoint blockade (ICB) therapy is a powerful option for cancer treatment. Despite demonstrable progress, most
patients fail to respond or achieve durable responses due to primary or acquired ICB resistance. Recently, tumor epithelial-to-
mesenchymal plasticity (EMP) was identified as a critical determinant in regulating immune escape and immunotherapy resistance
in cancer. In this review, we summarize the emerging role of tumor EMP in ICB resistance and the tumor-intrinsic or extrinsic
mechanisms by which tumors exploit EMP to achieve immunosuppression and immune escape. We discuss strategies to modulate
tumor EMP to alleviate immune resistance and to enhance the efficiency of ICB therapy. Our discussion provides new prospects to
enhance the ICB response for therapeutic gain in cancer patients.
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INTRODUCTION
The advent of immune checkpoint blockade (ICB) therapies, which
(re)activate the T-cell mediated anti-tumor response [1], have
demonstrated high clinical efficacy in some patients with difficult-
to-treat cancers and even in patients with metastasis [2–7]. The US
Food and Drug Administration (FDA) has approved eight immune
checkpoint inhibitors thus far, including one cytotoxic
T-lymphocyte antigen-4 (CTLA-4) mAb (ipilimumab), three pro-
grammed death-1 (PD-1) monoclonal antibodies (mAbs; nivolu-
mab, pembrolizumab, and cemiplimab), three programmed
death-1 ligand 1(PD-L1) mAbs (atezolizumab, durvalumab, and
avelumab) and one lymphocyte activation gene-3 (LAG-3) mAb
(relatlimab), and more ICBs are being tested in clinical trials [8–10].
Collective analysis of clinical studies for anti-PD-1 or anti-PD-L1
monotherapy revealed that the objective response rates (ORRs)
vary across different cancer types and subtypes. In some tumors
(e.g., melanoma, Merkel cell carcinoma, and Hodgkin’s lym-
phoma), ICB therapies achieve high ORRs ranging from ~40% to
70%, while in the majority of tumor types, the ORRs are less than
25% [8, 11–13]. Apparently, clinical success occurs in only a
minority of patients; most patients do not respond to ICBs.
Patients who never respond to treatment are described as having
primary resistance, and patients who initially respond but fail to
achieve a long-term, durable response and eventually relapse are
described as having acquired resistance [14, 15]. Considering the
unmet medical need, delineating the nature of the resistance
mechanisms and optimizing the targeting of novel mediators
could help refine and improve immunotherapy treatment goals
[16–18].

Tumor epithelial–mesenchymal plasticity (EMP), which refers to
the ability of cancer cells to undergo a dynamic and reversible
morphological switch from epithelial-like cells to fully or partially
mesenchymal-like cells (termed epithelial to mesenchymal transi-
tion (EMT), or from mesenchymal-like cells to fully or partially
epithelial-like cells (termed mesenchymal to epithelial transition
(MET) [19–22], has been identified as a critical determinant of
cancer progression [23, 24]. EMP/EMT has been linked to cancer
cell stemness, metastasis, chemotherapy resistance and immuno-
suppression [24–26]. Additionally, regarding ICB therapy, EMP has
emerged as a potential mediator of immunotherapy resistance
[27–31]. Here, we review recent emerging studies about the
interplay between EMP and immunotherapy resistance, and in
particular focus on underlying mechanisms. Importantly, we
summarize the advanced methods used to identify EMP response
during ICB therapy. Thereafter, we discuss how EMP is linked to
ICB resistance via tumor-intrinsic and tumor-extrinsic mechanisms.
Finally, we discuss the ongoing development of strategies to
modulate EMP, as well as in vivo studies and preclinical trials, by
combining other therapies with ICBs with the goal of improving
immunotherapy.

EMP
The concept of “epithelial-to-mesenchymal transformation” was
first proposed by Elizabeth Hay in the late 1970s, which is a central
process required for normal embryogenesis [32]. The cytokine
transforming growth factor-β (TGF-β) was discovered as a potent
inducer of EMT in 1989 [33]. After that, more and more molecular
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regulators (“drivers”) of EMT have been identified. In 1991,
discoveries in the development field of Drosophila melanogaster
found master regulators of EMT, such as transcription factors Snail
(also known as SNAI1) and TWISTs (the basic helix–loop–helix
factors) [34]. In 1994, Slug (Snail-related TF, also known as SNAI2)
was found to induce EMT during chicken embryogenesis [35].
Savagner et al. showed that overexpression of Slug can convert
epithelial carcinoma cells into mesenchymal status, which
extended the concept of EMT to the study of cancer progression
[36]. Subsequently numerous studies on EMT revealed linkage of
EMT to different aspects of tumorigenesis, such as metastasis in
2000 [37], tissue fibrosis in 2002 [38] and cancer stem cells in 2008
[39]. Whereas EMT as a biological process in developmental
biology was widely accepted, this was initially not the case in the
field of cancer biology, where it was met with disbelief. Due to its
transient characteristics and that mesenchymal cancer cells are
difficult to separate from stromal fibroblasts, EMT is difficult to
observe in clinical samples. At present, however, EMT in cancer is
widely accepted, and it has been documented in biopsies from
cancer patients, especially at the invasive front [40]. Research on
EMT is expanding logarithmically over past 20 years and the
concepts of EMT, MET and EMP are evolving. Recently, ‘the EMT
International Association’ (TEMTIA) published a consensus state-
ment [21], aiming to clarify the nomenclature and provide
definitions and guidelines for this research field, which is helpful
for the researchers.
During the development of cancer, cancerous epithelial cells

undergo multiple processes to transform from benign into
malignant cells, including local outgrowth and acquisition of a
more mesenchymal phenotype that confers the ability to migrate
and invade into the neighboring tumor microenvironment (TME),
disseminate into the circulation, colonize distant tissues, and
undergo local outgrowth at these sites, accompanied by MET
[41]. During these processes, cancer cells exhibit dynamic plasticity
and are present in an epithelial state, intermediate hybrid epithelial/
mesenchymal state (hybrid E/M or partial EMT) or mesenchymal
state [21, 42–47]. Upon EMT activation, cancer cells typically shed
the expression of epithelial markers, such as E-cadherin, epithelial
cell adhesion molecule (EpCAM), lose their apical–basal polarity and
cell-cell adhesion properties, demonstrate increased levels of
mesenchymal markers such as filamentous actin stress fibers, N-
cadherin, vimentin and exhibit an enhanced capacity to migrate
and invade. The EMT program is regulated by a core set of EMT-
inducing transcription factors (EMT-TFs), like SNAI1/2, TWIST1/2, and
the zinc finger E-Box binding homeobox factors (ZEB1 and ZEB2). In
contrast, mesenchymal cells can reverse to epithelial cells through
activating MET program. microRNAs such as miR-200 and miR-34
play important role in this process, which suppress EMT-TFs ZEB1/2
and Snail respectively to form a negative feedback (Fig. 1a) [21].
Now it is generally accepted that, although EMT is activated in
many cancer types, it is rarely fully executed in tumor cells, and
end-stage markers such as vimentin are often not expressed.
Numerous studies support the notion that tumor cells can express
both epithelial and mesenchymal markers, exhibiting hybrid
epithelial/mesenchymal (E/M) phenotypes (hybrid EMT) [48–50].
A broad spectrum of intermediate E/M phenotypic states between
fully epithelial and fully mesenchymal has been recently demon-
strated [43, 44, 46, 51]. The term ‘epithelial-mesenchymal plasticity’
(EMP) better describes the ability of cells to adopt hybrid E/M
features and to interconvert between EMT and MET [21, 50, 52].
Such kinds of interconvertible, dynamic phenotypic plasticity

and heterogeneity enables tumor cells possessing modifiable
traits to adapt to diverse microenvironments [53–55]. The hybrid
E/M state was reported to be sufficient for the tumorigenicity of
basal breast cancer cells, while fully mesenchymal or fully
epithelial populations exhibited poor tumor-initiating ability [42,
44]. Moreover, hybrid E/M states, rather than the fully epithelial
and mesenchymal states, were found to be associated with poor

clinical prognosis in diverse cancers, possibly due to the hybrid E/
M features of circulating tumor cells (CTCs) [56–61]. Li et al. used a
dual recombination system to perform lineage tracing of estrogen
receptor (ER)-negative mammary luminal cells undergoing EMT in
mouse mammary tumor virus polyoma middle tumor-antigen
(MMTV-PyMT) transgenic mice and revealed that EMT was not
activated in the tumor cells at the early stages, but was activated
in the later stages of tumorigenesis, and that metastasis-initiating
cells underwent EMT during metastasis [62]. In another study
using a genetic lineage tracing system, similar results were
obtained; partial EMT but not full EMT in cells was associated with
lung metastasis, while both partial and full EMT in cells
contributed to chemotherapy resistance [63]. The above findings
demonstrate that partial and full EMT is probably the most
relevant form in tumors, which can place cancer cells in a dynamic
window that may endow them with plasticity, and thereby
promote cell invasion and insensitivity to chemotherapy but also
to immunotherapy (Fig. 1b). In the forthcoming sections, we
provide a critical overview of studies reporting (causal) links
between EMP states as determinants for the efficiency of the ICB
therapy response.

ADVANCED METHODS TO STUDY ICB RESPONSE OF EMP: ARE
MESENCHYMAL-LIKE TUMOR CELLS MORE THERAPY-
RESISTANT?
Studies in in vitro cultured cell lines, in vivo cancer models and
clinical ICB datasets, have shown that the development of
resistance to immunotherapy is associated with EMP [27–31]
(Fig. 2).

In vitro models
Certain epithelial cancer cell lines can be manipulated to acquire
different EMP states upon stimulation with external factors, such
as TGF-β, and hepatocyte growth factor (HGF) or by ectopic
expression of EMT-TFs [44]. The responses of cancer cells or
tumoroids with diverse EMP states (characterized by the
expression of functional epithelial and mesenchymal markers)
to immune cells were evaluated using immune-tumor cell
coculture systems [64–68] or even an ex-vivo tumor fragment
platform [69]. Kudo-Saito and colleagues established murine and
human melanoma cells with EMT-like features using transduction
with an expression plasmid encoding Snail. They demonstrated
that Snail+ melanoma cells cocultured with spleen cells induced
regulatory T cells and impaired dendritic cells (DCs) in vitro, and
mediated resistance to gp70 peptide-pulsed DCs transfer therapy
in vivo [70]. Similarly, compared with the parental cells, MCF7
human breast cancer cells that acquired mesenchymal features
through overexpression of wild-type Snail, expression of a
constitutively activated Snail mutant (Snail-S6A) or long-term
tumor necrosis factor α (TNFα) treatment, showed more
resistance toward cytotoxic T lymphocyte (CTL)-mediated killing
[71]. Reduced expression of major histocompatibility complex
(MHC) molecules (MHC)-I was observed in PC3 and DU145
prostate cancer cells that were engineered to ectopically express
Snail or were treated with TGF-β and epidermal growth factor
(EGF) [72]. Of note, aberrant expression of brachyury, a T-box
transcription factor, in human cancer cells drove EMT and
reduced cancer cell susceptibility to antigen-specific T-cell and
natural killer (NK) cell-mediated killing [73–75]. On the contrary,
EMT-TFs or related inducers initiate production of
thrombospondin-1 (TSP1), TGF-β, interleukin-2 (IL-2), interleukin-
6 (IL-6) and chemokine (C-X-C motif) ligand 20 (CXCL20) to recruit
immunosuppressive cells and upregulate levels of immune
checkpoint molecules on tumor cells with mesenchymal state,
leading to an immunosuppressive tumor microenvironment [31,
76]. These results suggest that mesenchymal features can make
tumor cells more resistant to immunotherapy. However, it is
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important to note that there are many different EMP states; EMT
is not simply biphasic. In the studies above, it is unclear which
particular EMP states contributed to the immune resistant
phenotypes. In contrast to the concept that cells with
mesenchymal-like states are more resistant to CTL-mediated
killing, Lopez-Soto et al. found that colorectal cancer cells with
Snail-induced EMT were more susceptible to NK cell-mediated
killing because of increased expression of NK group 2, member D
ligands (NKG2DLs) in these cells [77].

In vivo derived xenograft models
Tumor cell lines with different EMP states can be derived from
in vivo generated tumors [78–80]. Gibbons and colleagues
generated a panel of epithelial and mesenchymal cancer cells
(from a murine K-rasLA1/+p53R172HΔg/+ (KP) lung cancer model) with
distinct EMP features [81]. These tumor-derived cell lines were
transplanted into immunocompetent syngeneic mice, and
mesenchymal transition was found to impair the function of
CD8+ tumor-infiltrating lymphocytes (TILs) [82]. Using two

Fig. 1 The relevance of EMP states and ICB response. a EMP refers to a broad spectrum of intermediate epithelial/mesenchymal (hybrid or
partial E/M) phenotypic states between fully epithelial and fully mesenchymal of tumors with an active EMT or MET dynamic program. EMT is
induced by a set of EMT-inducing transcription factors (EMT-TFs), like SNAI1/2, TWIST and ZEB1/2, that trigger epithelial cancer cells to
undergo a series of molecular and morphological changes including tight junction dissolution, cell polarity alterations, cytoskeletal
rearrangements, the loss of epithelial cell markers (e.g., E-cadherin, integrins, EpCAM, Claudin), take on appearance of mesenchymal cell
phenotype, acquire increased motility, migration and apoptosis resistance, demonstrate elevated production of ECM components and
emergence of mesenchymal cell markers (e.g., N-cadherin, vimentin, fibronectin). In contrast, mesenchymal cells can reverse to epithelial cells
through activating a MET program. microRNAs such as miR-200 and miR-34 families are crucial for this process, which are regulated in double-
negative feedback loops with the EMT-TFs ZEB1/2 and SNAI1/2, respectively. b Cancer cells exhibit different EMP states during cancer
progression from primary tumors to distant metastases. Benign cells are initially transformed into cancerous epithelial cells. Cancer cells
undergo dynamic phenotypic changes that are characterized by an epithelial state, an intermediate hybrid E/M hybrid state and a
mesenchymal state through EMT or MET. Cancer cell EMP is a critical determinant in regulating immune escape and resistance to ICB
therapies, e.g., anti-PD-1, anti- PD-L1 and anti-CTL-4. CTL-4 cytotoxic T-lymphocyte-associated protein 4, E/M epithelial/mesenchymal, EMT
epithelial to mesenchymal transition, EMP epithelial mesenchymal plasticity, ICB immune checkpoint blockade, MET mesenchymal to
epithelial transition, MiR micro RNA, PD-1 programmed cell death protein 1, PD-L1 programmed death-ligand 1
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epithelial cell lines (pB-2, EpCAMhigh Snaillow) and two mesench-
ymal cell lines (pB-3, EpCAMlow Snailhigh) derived from the MMTV-
PyMT breast cancer model, the Weinberg group demonstrated
that the mesenchymal cell lines have an immunosuppressive
phenotype and that mesenchymal tumors were more refractory to
anti-CTLA-4 treatment [83, 84]. Importantly, they discovered that
even a very small proportion of mesenchymal cells can protect
epithelial cells against immune attack and confer resistance to
anti-CTLA-4 therapy [84]. In a more recent paper, they further
demonstrated that quasi-mesenchymal tumor cell-derived factors,
i.e., ecto-5’-nucleotidase (CD73), colony stimulating factor 1 (CSF1),
and osteopontin (SPP1, a secreted phosphoprotein) cross-protect
epithelial tumor cells against immune attack in mixed tumor and
that blocking these factors partially or completely sensitizes
refractory tumor cells to anti-CTLA-4 therapy [85]. It will be
interesting to investigate whether there are (in addition to the
secretome of mesenchymal tumor cells) other factors, such as
pharmacologically targetable membrane proteins, that contribute
to increased immune resistance. It’s important to note that in

order to investigate the direct effect of EMT in immunotherapy
response using those genetic models, other confounding factors,
such as cell cycle, apoptosis/death and stemness, to EMT [86, 87]
that can act in concert with EMT need to be considered.

Genetically engineered mouse models (GEMMs) and lineage
tracing
To monitor the EMP state in vivo, several powerful GEMMs and
lineage tracing models have been developed and used to trace
individual cancer cells during metastasis [20]. Epithelial-specific
markers (such as E-cadherin), mesenchymal-specific markers (such
as fibroblast specific protein-1 (Fsp1), vimentin and N-cadherin) and
EMT-TFs (Snail and Slug) have frequently been used to trace the
EMP state in mice cancer models in vivo. For example, one
pioneering model is Fsp1-Cre: Rosa26loxP-stop-lacZ transgenic mice,
in which Cre enzyme expression in mammary stromal cells is driven
by the Fsp-1 promoter and the conditional Rosa26loxP reporter locus
contains a “floxed stop cassette” located upstream of the lacZ gene.
This model was used to elucidate the timing and functional

Fig. 2 Advanced methods to study the link between EMP and the ICB response. The schematic diagram illustrates the advanced methods and
models used to clarify the relationship between the ICB response and diverse EMP states in tumors. (1) In vitro induced models: 2 types of
cancer cells (epithelial-like or mesenchymal-like) driven by EMT-inducing growth factors such as TGF-β or EMT-TFs are established, and then
cocultured with immune cells to assess tumor growth and molecular features; (2) in vivo derived models: epithelial-like or mesenchymal-like
cancer cells are isolated from bulk tumors based on cell surface markers or in vitro cell lines are established for transplantation and
assessment of the response to ICB therapies; (3) analysis of available ICB cohorts: differences in the ICB response between EMP groups are
determined based on the EMT score; (4) in vivo GEMMs and lineage tracing: a lineage tracing system is used to study dynamic EMP and ICB
response in GEMMs; (5) single-cell sequencing on tumor samples from patients or mice: tumors treated with ICBs are analyzed at the single-
cell level. Several methods are usually used to assess EMP, including analyses of cell morphology, molecular markers, signatures and functional
changes. CreER tamoxifen-dependent Cre recombinase, E-cadherin epithelial cadherin, EMP epithelial mesenchymal plasticity, EMT epithelial
to mesenchymal transition, GEMM genetically engineered mouse model, ICB immune checkpoint blockade, IHC immunohistochemistry, IF
immune fluorescence, MMTV mouse mammary tumor virus, OVOL ovo-like 1 transcription factor, TGF-β transforming growth factor-β, TFs
transcription factors
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significance of EMT in MMTV-PyMT initiated breast cancer in vivo
[88]. In a further-improved model [89], the reporter gene lacZ was
replaced by green fluorescent protein (GFP) or by switchable red
fluorescent protein (RFP) and GFP, which allows RFP+ epithelial
tumor cells to be converted to GFP+ cells following Fsp1-Cre
activation [90]. To study whether the origin of cancer cells affects
EMT in skin tumors, Latil et al. generated a two-lineage-specific
CreER model in which tumor cells initiated by KRasG12D expression
and p53 deletion can be individually labeled with yellow fluorescent
protein (YFP) under K14CreER and Lgr5CreER expression in the
interfollicular epidermis and hair follicle stem cells [91]. In addition
to the models with indirect Cre-mediated labeling, models have
been established with direct knock-in of fluorescent reporter
proteins (YFP or CFP) into EMT marker genes (such as Snail, Slug
and N-cadherin) downstream of the internal ribosome entry site
(IRES) to endogenously label tumor cells [83, 92].
Remarkably, dual reporter genetic mouse models, which can allow

monitoring of the dynamic and transient EMP states, have also
recently been developed. Li et al. generated an elegant, novel model
combining two recombinase-mediated systems (Cre/loxP and Dre/rox)
using either N-cadherin-Dre or vimentin-Dre to monitor cells under-
going transient EMT in the lung metastases of mammary tumors [62].
In addition, the Christofori group employed another tamoxifen-
inducible dual recombinase system (Flpo/Frt and Cre/loxP) using
either Tnc-CreER, an early EMT marker, or N-cadherin-CreER, to study
partial and full EMT during breast cancer metastasis [63]. In a
spontaneous pancreatic ductal adenocarcinoma (PDAC) model, mice
with mesenchymal cell reporter expression driven by aSMA-Cre, a
marker for partial EMT, or Fsp1-Cre were generated to monitor the
partial EMT program [93]. These GEMMs and lineage labeling systems
have enabled detailed studies of the dynamics of EMP during tumor
development. However, to date, there have been no reports using
these models to investigate the ICB response of tumors with different
EMP states, and such reports are eagerly awaited.

Clinical ICB cohorts
Analysis of human cancer datasets also demonstrated that the
EMT score (based on different EMT signatures) [94] strongly
correlated with the immunosuppression signatures across differ-
ent types of solid cancers [95–98]. The EMT score was found to be
inversely associated with CD8+ T-cell infiltration in lung cancer
[82, 96]. In addition, tumors with high mesenchymal EMT scores
exhibited high levels of PD-L1 [82, 95] and other immune
checkpoints, including PD-1, CTLA-4, tumor necrosis factor
receptor OX40 ligand (OX40L), and programmed death-1 ligand
2 (PD-L2) [95]. Furthermore, studies of ICB-treated patients
support the concept that EMP (e.g., the EMT gene signature, or
a mesenchymal phenotype) is a critical mediator of ICB resistance
[98–100]. The EMT signature is significantly enriched in non-
responding tumors across multiple cancer subtypes before
treatment [98], and patients with these tumors likely express
higher levels of genes linked with the mesenchymal phenotype
(such as ZEB1, AXL receptor tyrosine kinase, ROR2 (receptor tyrosine
kinase like orphan receptor 2), WNT5A (wnt family member 5 A), and
TWIST2) [98, 99]. In some urothelial cancer patients with T-cell-
infiltrated tumors, high EMP/stromal features were found to impair
the response to a PD-1 inhibitor (nivolumab) and shortened
progression-free and overall survival (OS) times [101]. Intriguingly,
the EMP status did not universally correlate with OS in most
cancer subtypes [102]. Ovarian cancer, gastric cancer, pancreatic
cancer and glioblastoma patients with a low EMT score showed
better OS, while no correlation between the EMT score and OS
was observed in acute myeloid leukemia, colorectal cancer and
lung cancer. These results indicate that the EMT score is unlikely to
be the sole prognostic factor determining OS [102]. Notably, the
bulk sequencing data contained data for other nontumor cells
that may have affected the EMT scores. For example, contamina-

tion by stromal cells increases the mesenchymal score [103, 104].
Therefore, when using bulk sequencing data, users should not
only focus on the EMT score but also consider tumor cell
population purity and double check the correlation analysis
results.

Single-cell sequencing of tumor samples
Single-cell RNA sequencing (scRNA-seq) offers remarkable oppor-
tunities to systematically investigate the heterogeneity of tumors
and TME in different cancer types, as has been demonstrated in
studies on glioblastoma [105], breast cancers [106, 107] and liver
cirrhosis [108]. Deshmukh et al. performed scRNA-seq on normal
human breast MCF10A cells stimulated with TGF-β1 and observed
diverse EMP states with sequential and parallel activation of EMT
signaling pathways. By analyzing the gene expression profiles
from the scRNA-seq data, this group demonstrated that gene
signatures more aligned with the mesenchymal state are
associated with poorer survival rates in cancer patients [109]. In
another study, scRNA-seq profiling was performed in a 2D in vitro
cultured MCF10A and human mammary epithelial cells (HuMECs)
system in which the inner and outer cells undergo a spontaneous
spatially determined EMT program in the presence or absence of
TGF-β. The results identified different classes of cells across the full
spectrum of EMP states [110]. In addition to the studies in cell
lines, Sehgal et al. conducted dynamic scRNA-seq on anti-PD-1
treated murine organotypic tumor spheroids, and identified an
immunotherapy resistant subpopulation was positive for Snail and
stem cell antigen 1 (Sca-1) expression and exhibited hybrid
epithelial mesenchymal features [111]. scRNA-seq analysis of
glioblastoma multiforme (GBM) revealed that the mesenchymal-
like subtype of GBM evades immune clearance by activating a
myeloid-associated transcriptional program, which leads to
increased recruitment of tumor-associated macrophages(TAMs)
[112]. Carstens et al. performed scRNA-seq on murine pancreatic
ductal adenocarcinoma tumors in an in vivo genetic cancer model
and found a spectrum of epithelial and mesenchymal cancer cells.
It was noteworthy that there were fewer CD8+ T cells in the
mesenchymal region, which may indicate a poor response to ICB
therapy [113]. In future studies, single-cell analysis of tumors
treated with ICBs will help us to better understand how the EMP
states affects the response to immunotherapy [114–116].

EMP AND ICB TUMOR-INTRINSIC RESISTANCE MECHANISMS
The mechanisms responsible for the failure to respond or achieve a
durable response to ICB therapy in most patients have been an
increasingly much researched topic, which have been well high-
lighted by other excellent reviews [7, 14, 15, 17, 18, 117, 118]. These
mechanisms can be generally classified into two categories: (1)
tumor-intrinsic mechanisms, such as loss of tumor neoantigen
expression, defects in the antigen presentation machinery, deficient
interferon-γ (IFN-γ) signaling, aberrancies in oncogenic/tumor
suppressor pathways that mediate immune escape and created
additional inhibitory checkpoints; and (2) tumor-extrinsic mechan-
isms, which confer an immunosuppressive microenvironment,
including reductions in the function or number of CD8+ effector
T cells (Teff cells), induction of myeloid-derived suppressor cells
(MDSCs), an increase in the number of regulatory T cells (Tregs) or
M2-like TAMs, production of immunosuppressive cytokines (e.g.,
interleukin-8 (IL-8), TGF-β or pro-tumorigenic factors (e.g., vascular
endothelial growth factor (VEGF)), and the activity of other cells in
the TME, e.g., CD4+ T cells, NK cells, stromal cells, and DCs. Notably,
in addition to the proposed mechanisms, many other cases
mechanisms have been identified, and other mechanisms remain
unknown [15, 119–127]. Below, we discuss their relevance to EMP
and immune evasion, from a tumor-intrinsic and -extrinsic
perspective (Figs. 3, 4).
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Tumor antigens
There’re three broad classifications of tumor antigens which can be
recognized as immune targets by T cells: (1) cancer/testis antigens
(CTAs); (2) tumor-associated antigens (TAAs); (3) neoantigens [128].
Previous studies have revealed that aberrant expression of oncogenic
CTAs, such as MAGE-D4B (MAGE family member D4B), CT45A1
(cancer/testis antigen family 45 member A1), PRAM1 (PML-RARA
regulated adaptor molecule 1), can contribute to stimulate EMT via
altering the expression of EMT related genes [129]. Epigenetic
regulation including DNA methylation and histones modification has
been shown as themost commonly employedmechanisms by which
the transcriptional regulation of CTA genes is controlled [130, 131];
the role of EMP in influencing CTA remains to be investigated. TAAs
can be subclassed as (1) differentiation antigens, which are normal
proteins overexpressed leading to tumorigenic phenotypes, such as
B-cell lineage-specific CD19 [132] and (2) overexpressed antigens,
which are consistently overexpressed by tumors, such as p53 [133],
ERBB2 [134]. A multiple-omics profiling study of chronic lymphocytic
leukemia revealed that a mesenchymal phenotype was associated
with high genomic stability and resistance to DNA damage, which
reduced the therapeutic benefit of rituximab, a chimeric mAb
targeting the pan-B-cell marker CD20 [135]. In another study,
however, the tumor mutation burden did not correlate with the
EMT signature [98]. Neoantigens are aberrant polypeptides, which
can arise from genomic mutations in tumor cells. The sources of
tumor neoantigens are summarized by a recent review [136], and
include genomic variants, genetic fusion, selective splicing of
transcriptome, RNA editing and mutations in non-coding regions.
Neoantigen-specific CD8+ T cells expand in response to ICB therapy

[137, 138], and high neoantigen or mutation burden is generally
predictive of response to checkpoint blockade. However, the research
related to the interplay between EMP and neoantigens is still limited.

Antigen presentation machinery
In the MMTV-PyMT murine breast cancer model, mesenchymal-like
tumors (Snailhigh) had lower major histocompatibility complex
(MHC)-I protein levels, decreased β2 microglobulin (β2M) expres-
sion, and increased PD-L1 expression compared to epithelial-like
tumors (Snaillow) [84]. On the contrary, β2M induces EMT [139], may
participate in a negative feedback. These features impaired the
recognition and targeting of cancer cells via activated Teff cells,
leading to escape from immune system surveillance. Consistently, in
prostate cancer cells, TGF-β- and epidermal growth factor (EGF)-
induced EMT phenotypes were found to be associated with
downregulation of human leukocyte antigen (HLA)-I [72]. Ninteda-
nib, a triple angiokinase inhibitor, inhibited the EMT process in a
metastatic 4T1 tumor model, and was found to upregulate MHC-I
expression to enhance efficacy of PD-L1 blockade [140].

PD-L1 and additional inhibitory checkpoints
Lou et al. observed that an EMT signature was associated with
increased expression of various immune inhibitory ligands and
receptors (e.g., PD-L1, PD-1, CTLA-4, T-cell immunoglobulin mucin-3
(TIM-3), LAG-3 and B7 Homolog 3 (B7-H3)) in lung adenocarcinomas
[96]. Pulmonary adenocarcinoma tissues with mesenchymal and
epithelial mesenchymal phenotypes had significantly higher PD-L1
staining than those with epithelial and unspecified phenotypes
[141]. Increased PD-1, PD-L1, PD-L2 and CTLA-4 expression was also
found in melanomas with robust EMT induced by a lack of epithelial
splicing regulatory protein 1 (ESRP1) expression [142]. Immunohis-
tochemistry (IHC) analysis revealed a significant correlation between
PD-L1 expression and EMT status in thymic carcinoma [143]. In
addition, activation of ZEB1 or repression of miR-200-induced EMT
directly upregulated PD-L1 expression in human and murine non-
small-cell lung cancer (NSLC) cell lines even in the absence of IFN-γ
[82]. Moreover, PD-L1 expression was increased in macrophages
and DCs cocultured with mesenchymal oral squamous cell
carcinoma cells in vitro [144].

IFN-γ signaling
Mesenchymal-like cells may lose sensitivity to IFN-γ signaling via
suppression of interferon regulatory factor 1 (IRF1) expression
[145]. Mechanistically, upregulated ZEB1, by interacting with
C-Terminal Binding Protein (CtBP), suppresses the transcription
of IRF1 through binding to its promoter. In addition, IFN-γ can
promote EMP in human nasal epithelial cells via p38/ERK mitogen
activated protein (MAP) kinase signaling [146] and in prostate
cancer via microRNA (miRNA) processing [147]. Chemically,
physically, and genetically engineered EMT hinder interferon-γ-
dependent immunosurveillance in lung cancer cells via attenuat-
ing IFN-γ-induced IRF1 transactivation [148].

Autophagy
Autophagy has been identified as a major tumor intrinsic resistance
determinant for CTL-mediated killing [149–152]. Consistent with
this notion, EMT was also found to escape CTL-mediated killing
through autophagy induction [71, 153]. In the presence of the
autophagy inhibitor chloroquine, microtubule-associated protein 1
light chain 3 (LC3)-II accumulated in mesenchymal breast cancer
cells. These data suggest that autophagic flux is activated during
EMT. Furthermore, inhibition of autophagy sensitized mesenchymal
tumor cells to CTL-mediated killing [71, 153].

Aberrant oncogenic/tumor suppressor signals
A series of studies across different types of cancer have indicated
that augmented WNT/β-catenin signaling [154, 155], increases
mitogen-activated protein kinase (MAPK) signaling [156] and that

Fig. 3 EMP and ICB tumor-intrinsic resistance mechanisms. EMP
may contribute to ICB resistance by modulating multiple tumor-
intrinsic mechanisms, such as inducing increased autophagy,
additional immune checkpoints, aberrant oncogenic/tumor sup-
pressor signals, decreased sensitivity to IFN-γ and defects in antigen
presentation. Their current research stages were annotated with the
assigned colors. Blue stands for “unclear”, meaning further mechan-
istic work is needed; red stands for “rising topic”, meaning the
mechanism is revealed or emerging; green stands for “correlated”,
meaning the topic is related to EMP and immune resistance, but
should be confirmed by more functional studies. β2M β2 micro-
globulin, CTLA-4 cytotoxic T-lymphocyte antigen-4, EMP epithelial
mesenchymal plasticity, IRF1 interferon regulatory factor 1, LC3
microtubule-associated protein 1 A/1B-light chain 3, MAPK mitogen-
activated protein kinase, MHC-I major histocompatibility complex I,
OX40L tumor necrosis factor receptor OX40 ligand, PTEN tumor
suppressor phosphatase and tensin homolog, PD-L2 programmed
death-2 ligand, Snail snail family transcriptional repressor 1, TIM3
T-cell immunoglobulin and mucin domain-containing-3, TGF-β
transforming growth factor β, WNT wnt family member protein
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loss of tumor suppressor phosphatase and tensin homolog (PTEN)
expression [149] renders tumors resistant to ICB, mainly because
these changes cause alterations in the immune cell composition
and cytokine-chemokine profiles [117]. In addition, the activation
of oncogenic or inactivation of tumor-suppressive signaling
pathways plays important roles in triggering and/or maintaining
EMT [157]. Some of the signals also affect cell cycle, apoptosis and
tumor stemness, which are consequences of EMT or further
promote EMT. For example, tumors with RAS and p53 mutations,
frequently observed in lung and pancreatic cancers, are quiescent
in the process of metastasis, but they present an active EMT
program [158]. And the mutations of p53 and KRAS in lung cancer
cells could activate nuclear factor (NF)-κB pathway to promote
tumorigenesis via suppression of apoptosis [86]. In the same
mouse model, TGF-β and RAS-MAPK signals acted jointly through

SMAD family members (SMADs) and Ras responsive element
binding protein 1 (RREB1) transcription factors trigger EMT to
promote tumor progression [159]. These alterations in oncogenic/
tumor suppressor genes may be responsible for EMT-mediated
immune evasion, but at the same time, apoptosis, DNA damage
repair defects and other phenotypes are also triggered together
with EMT. Therefore, how to evaluate the contribution of ICB
therapy resistance triggered by either cell cycle, apoptosis,
stemness or EMT is difficult and relies on more specific models.

EMP AND ICB TUMOR-EXTRINSIC RESISTANCE MECHANISMS:
AN IMMUNOSUPPRESSIVE TME
EMP is dynamically involved in the interaction with immune cells
[54, 160]. Specifically, EMP may influence the immunosuppressive

Fig. 4 EMP impacts cancer cell-immune cell interactions, shaping the immunosuppressive TME. Cancer cell clusters that exhibit more
epithelial-like, more mesenchymal-like or mixed epithelial-like and mesenchymal-like phenotypes interact differently with different types of
immune cells in the TME. Compared with epithelial-like tumors, tumors with a partial EMP or mesenchymal-like phenotypes generate an
immunosuppressive TME, in which EMP-TFs or their upstream activators mediate the secretion of specific cytokines or chemokines to recruit
immunosuppressive cells (Tregs, TAMs, and MDSCs) and thereby exclude CD8+ CTLs to the periphery or dampen CD8+ T cells with exhausted
CD8+ T cell features, such as increased expression of PD-1, KLRG1, TIM3, BTLA or TIGHT. AXL receptor tyrosione kinase of the TAM family,
BRCA1-IRIS in-frame reading of intron 11 splice variant, BTLA B and T lymphocyte attenuator, CD8 cluster of differentiation 8, E/M epithelial/
mesenchymal, EMT epithelial to mesenchymal transition, EMP epithelial mesenchymal plasticity, CCL chemokine (C-C motif ) ligand, CXCL
chemokine (C-X-C motif ) ligand, IDO indoleamine 2,3-dioxygenase, IL interleukin, G-CSF granulocyte-colony stimulating factor, KLRG1 killer
cell lectin like receptor G1, MDSCs myeloid-derived suppressor cells, PD-1 programmed cell death protein 1, PTGES/PGE2 prostaglandin E
synthase/prostaglandin E2, Snail Snail family transcriptional repressor 1, SPP1 ostepontin, TAMs tumor associated macrophages, TIGIT T-cell
immunoglobulin and ITIM domain, TIM3 T-cell immunoglobulin and mucin domain-containing-3, TGF-β transforming growth factor β, TF
transcription factor, TNF tumor necrosis factor, TME tumor microenvironment, Treg regulatory T cell, VEGF vascular endothelial growth factor,
ZEB1 zinc finger E-Box binding homeobox factor 1
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TME by regulating the numbers and functions of CD8+ T cells,
exhausted CD8+ T cells, NK cells, Tregs, MDSCs, M1 TAMs, M2
TAMs and other cell types [76, 96, 161] (Fig. 4). EMT-induced TFs
and their activated gene targets have extensive effects on
immune cells in the TME, as shown in Fig. 4 and Table 1.

Increasing Treg cells, suppressing CD8+ T cells
Snail, which is a typical EMT-TF, was overexpressed to generate
distinct epithelial-like and mesenchymal-like melanoma tumors
in vivo. Snailhigh mesenchymal-like melanoma cells were found to
be more resistant to adoptive gp70 peptide-pulsed DC transfer
therapy, partially due to the induction of Tregs and immunosup-
pressive CD11c+ DCs that were activated by TGF-β and Snail-
induced thrombospondin 1 (TSP1) [70]. Similarly, increased
infiltration of Tregs and CD206+ M2 macrophages was observed
in Snailhigh mesenchymal PyMT breast cancers [84]. In addition,

activation of Snail by TGF-β and IL-2 likely results in the generation
of more immunosuppressive CD4+ CD25- natural Tregs in
cholangiocarcinoma with EMT-like features [161]. ZEB1, another
key EMT-TF, has been reported to be directly linked with
immunosuppressive effects in cancer [82, 162–164]. Using gain-
and loss-of-function approaches in syngeneic mouse melanoma
xenograft models, Plaschka and colleagues demonstrated that
ectopic ZEB1 expression in melanoma cells is associated with
reduced CD8+ T-cell infiltration, because it directly inhibited the
secretion of T-cell-attractive chemokines, including chemokine (C-
X-C motif) ligand 10 (CXCL10) [164]. The expression of indolea-
mine 2,3 dioxygenases (IDOs), which are key immunoregulators
that dampen T-cell activation [165], is correlated with the
expression of N-cadherin (a mesenchymal marker) in clinical
prostate cancer. In N-cadherin+ regions, the IDO1 protein and its
metabolite kynurenine were co-stained, with a decreased number

Table 1. The Roles of EMP-induced TFs or activated genes in the immunosuppressive TME

Immune cells How Cancer types Reference

Tregs↑, CD8+ T cells ↓ Snail induced the generation of CD4+ Foxp3+ Tregs and impaired
the generation of MHC-IIlo IDO-expressing regulatory DCs partially
through TSP1 production.

Melanoma [70]

The a protein kinase c (PKC)-ι/P-Sp1/Snail axis resulted in
generation of CD4+ CD25- Tregs partially by mediating TGF-β1 and
IL-2.

Cholangiocarcinoma [161]

CCL20 derived from hepatoma cells undergoing EMT induced IDO
expression in monocyte-derived macrophages, which in turn
suppressed T-cell proliferation and promoted the expansion
of Tregs.

Hepatocellular carcinoma [167]

L-kynurenine induced IDO1 expression, decreased E-cadherin
expression and increased N-cadherin expression.
N-cadherin-positive tumor areas harbored fewer intraepithelial
cytotoxic CD8+ T cells and more Tregs (CD4+/FOXP3+).

Prostate cancer [166]

ZEB1 decreased the infiltration of CD8+ T cells via
CXCL10 secretion, independent of β-catenin activation.

Melanoma [164]

Arid5a stabilized IDO1 and CCL2 RNAs, which promoted the
infiltration of granulocytic MDSCs and regulatory T cells.

Pancreatic ductal
adenocarcinoma

[125]

M2 TAM recruitment Acetylation of Snail induced the transcription of TNFα, CCL2 and
CCL5, which promoted the recruitment of TAMs.

Head and neck cancer [168]

TWIST1 recruited stromal macrophages through CCL2 induction. [169]

The miR-506-3p/FoxQ1 axis induced TAM recruitment through
CCL2 production.

Colorectal cancer [170]

The AXL tyrosine kinase was required for hypoxia-induced EMT and
CCL2 induced macrophages behaviors.

HER2+ mouse model of
breast cancer

[171]

Snailhigh cells secreted CD73, SPP1, or CSF1 to directly or indirectly
recruit M2 TAMs.

Breast cancer [85]

TAM polarization
(M1-M2)

Exosomal miR-106b derived from EMT-colorectal cancer (CRC) cells
induced M2 macrophage polarization.

Colorectal cancer [172]

The MCT-1/miR-34a axis induced M2 macrophage polarization
through stimulating IL-6 secretion.

Triple-negative breast
cancer (TNBC)

[285]

The miR-195-5p/NOTCH2 axis inhibited M2-like TAM polarization by
suppressing GATA3-mediated interleukin-4 (IL-4) secretion.

Colorectal cancer [286]

Lon-PYCR1 promoted EMT via ROS-dependent p38 MAPK and NF-
κB signaling, stimulating M2 macrophage polarization through IL-6
and VEGF-A.

Oral squamous cell carcinoma [173]

BRCA1-IRIS- (an alternatively spliced BRCA1 product)
overexpressing cells recruited M2 macrophages through secretion
of GM-CSF.

TNBC [287]

The PTGES/PGE2 axis induced MDSC recruitment by G-CSF, and
induced M2 macrophage polarization.

Non-small cell lung cancer
(NSCLC)

[288]

ZEB1 mediated induction of CD47 expression, induced M2
polarization of adjacent macrophages.

K-Ras–initiated lung tumors [163]

MDSC recruitment ZEB1 recruited MDSCs by upregulating IL6 and IL8. Breast cancer [162]

Snail recruited MDSCs by upregulating CXCL1 andCXCL2. Ovarian cancer [174]
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of CD8+ T cells and an increased number of Tregs [166].
Additionally, chemokine (C-C motif) ligand 20 (CCL20) derived
from hepatoma cells that had undergone EMT induced IDO
expression in monocyte-derived macrophages, which in turn
suppressed T-cell proliferation and promoted the expansion of
Tregs [167].

Promoting macrophage polarization and recruitment of M2
TAMs
Hsu et al. found that acetylation of Snail promotes the production
of TNFα, chemokine (C-C motif) ligand 2 (CCL2) and chemokine (C-
C motif) ligand 5 (CCL5) in cancer cells, thereby augmenting the
recruitment of TAMs into the TME [168]. Interestingly, TWIST [169],
miR-506-3p/FoxQ1 axis [170] and hypoxia-AXL [171] also could
induce the expression of CCL2 to recruit TAMs. A recent study
using K-Ras–initiated lung tumors showed that ZEB1-induced EMT
is linked to immunotherapy resistance by increasing the expres-
sion of PD-L1 and CD47 by cancer cells, and then driving the
polarization of adjacent TAMs into immunosuppressive M2
macrophages [163]. Besides EMT-TFs, small non-coding RNAs
such as exosomal miR-106b derived from colorectal cancers with
mesenchymal features induced M2 macrophage via IL-6 secretion
[172], and long non-coding RNAs such as Lon-PYCR1 promotes
EMT in oral squamous cell carcinoma and stimulates M2
macrophage polarization through IL-6 and VEGF-A [173].

Increasing the recruitment of MDSC cells
Snail knockdown inhibited the growth of HM-1 mouse ovarian
cancer cell in immunocompetent mice, accompanied by an
increase in CD8+ TILs and a decrease in MDSCs, by reducing the
levels of the (C-X-C Motif) chemokine receptor 2 (CXCR2) ligands,
chemokine (C-X-C motif) ligand 1/2 (CXCL1/2) [174]. ZEB1
regulates the production of inflammatory cytokines in breast
cancer cells, including IL-6 and IL-8, which affects the accumula-
tion of MDSCs in vivo [162].
Other immune cells including natural killer cells were not

included in this review, because we used examples that are
more widely known in immune evasion via ultimately affecting
CD8+ T cells. Also, existing checkpoint blockade therapies
predominantly (re)activate tumor-specific CD8+ T cells. In
addition to immune cells, cancer-associated fibroblasts (CAFs)
have emerged as key players in interacting with EMT to affect
immune response, owing to their abundance in most solid
tumors and their suppressive function on immune cell infiltra-
tion, which have been well documented [175–177]. Taken
together, these observations suggest that EMT-induced TFs
and activated target genes regulate the immune microenviron-
ment through multilayered mechanisms.

OTHER EMP-ASSOCIATED CHANGES AND IMMUNE
RESISTANCE
Beyond the “classical” activation of EMT transcription factors and
effectors, EMP is connected with additional pleiotropic changes,
such as epigenetic alterations, extracellular matrix (ECM) remodel-
ing, tumor cell-T cell contact and others [178, 179]. Below we
discuss their roles in EMP-mediated immune resistance (Fig. 5).

Epigenetic alterations
The EMP plasticity is orchestrated by epigenetic alterations by
signals from the microenvironment [180, 181]. A core set of EMT-
TFs (SNAI1/2, TWIST1 and ZEB1/2) recruit various epigenetic
regulatory complexes, notably DNA/histone modification com-
plexes, to achieve the widespread changes in gene expression
during EMT [182], by mediating a dynamic epigenetic alterations
via DNA methylation and histone modifications, such as
permissive H3K4me and repressive H3K27me histone marks
[181]. The EMP-associated epigenetic alterations are involved in

various biological process, including cell growth, cancer stem-
ness and metastasis [181]. The mesenchymal subtype of
glioblastoma multiforme stem cells (GSCs) enforced by immune
attack acquires stable transcriptional and epigenetic changes,
such as DNA methylation, thereby increasing immune evasion.
Notably, DNA methylation was lost in some well-known
regulators of immune evasion, including Nt5e (CD73) and
Cd274 (PD-L1) [112]. In contrast, Wu et al. performed epigenome
profiling of 60 glioblastoma primary tumors and found the
chromatin modifier sex-determining region Y-box 10 (SOX10) is
a master regulator in receptor tyrosine kinase I (RTK1) amplified-
subtype tumors [183]. SOX10 loss causes a subtype transition to
a mesenchymal cellular state via the remodeling of active
enhancers, thereby increasing tumor invasion and immune cell
infiltration. This leads to a reduction in the survival rate of an
in vivo syngeneic graft glioblastoma mouse model. These
findings suggest that the subtype transition of glioblastoma to
a mesenchymal phenotype is associated with epigenetic
changes but represents different outcomes of immune attack
due to distinct genetic mutations or background. A genome-
wide CRISPR screen identified two chromatin-modifying com-
plexes, polycomb complex 2 (PRC2) and Histone methyltransfer-
ase KMT2D-COMPASS, which operate as critical regulators to
maintain a stable epithelial state. Dysfunction of PRC2, but not
KMT2D-COMPASS, was found to mediate a quasi-mesenchymal
state that contributed to breast cancer metastasis [184]. The
enhancer of zeste 2 polycomb repressive complex 2 subunit
(EZH2), the effector subunit of the PRC2 polycomb complex,
which is recruited by Snail to catalyze the H3K27me3, thereby
inhibiting E-cadherin during EMT [185]. EZH2 overexpressed in a
wide variety of cancers with an active EMT [186–192] and co-
operated with signal transducer and activator of transcription 3
(STAT3) to regulate MHC class I antigen processing in melanoma,
which mediated immune responses [193]. Furthermore, in
airway fibrotic diseases, ZEB1 enhanced the catalytic activity of
EZH2 in epigenetic way to silence IRF1 expression especially in
mesenchymal transitioned cells, associated with inhibiting the
protective mucosal interferon (IFN)-I and III production [145].
However, it is uncertain how much EZH2 contributes to EMT-
mediated immune escape, as EZH2 also controls tumor growth
and metastasis [189, 192, 194]. Histone deacetylases HDAC1 and
HDAC2, which function as components of the Mi-2–nucleosome
remodeling and deacetylase (NuRD) repressive complex, are key
regulators of EMT by silencing E-cadherin [195–198]. Although
epigenetic agents, including HDAC inhibitors, DNA methyltrans-
ferase (DNMT) inhibitors, and EZH2 inhibitors, display promising
synergies with ICBs in patients via activating immunomodulatory
mechanisms, such as enhancing HLA class I antigen processing
machinery (APM) component expression and function
[199–201], it is unknown how much of this benefit comes from
inhibiting EMP. Thus, it would be valuable to profile the change
of epigenetic regulators among tumors with different EMP states
and exploit their contribution to EMP-mediated immune
resistance. Besides, microRNAs regulate EMT in in a sequence-
specific fashion [202]. For example, miR-200 family negatively
regulates ZEB1 and ZEB2 [203–205], and deceased during EMT in
cancer cells [202]. ZEB1 relieves miR-200 repression of PD-L1 on
tumor cells, leading to CD8+ T-cell immunosuppression and
metastasis [82]. Consistently, miR-200c restoration upregulates
cytokines, such as granulocyte-macrophage colony-stimulating
factor (GM-CSF), thereby promoting M1 antitumor macrophage
polarization [206]. Another microRNA, microRNA-183/96/182
cluster (m96cl), is highly repressed in NSLC cells that have
undergone EMT [207]. Ectopic expression of m96cl resulted in
inhibition of migration and invasion, tumor growth and
metastasis. This was found to depend on the induction of
interleukin 2-mediated anti-cancer CD8+ cytotoxic T cell
response [208].
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Fig. 5 Other EMP-associated changes and immune resistance. Beyond the “classical” activation of EMT transcription factors and effectors, EMP
is connected with additional pleiotropic changes, such as epigenetic alterations (a), ECM remodeling (b) and tumor cell-T cell contact (c). The
connection between these EMP-associated changes and immune resistance is shown. Epigenetic alterations include DNA/histone
modification, chromatin-modifying and microRNAs changes. DNA methylation was lost in some well-known regulators of immune evasion,
including Nt5e (CD73) and Cd274 (PD-L1). Increased EZH2 levels can suppress the expression of MHC-I and mitigate IFR1 mediated IFNs
signaling. Epigenetic agents, including HDAC inhibitors, DNA methyltransferase inhibitors, and EZH2 inhibitors, display promising synergies
with ICBs in patients via activating immunomodulatory mechanisms, such as enhancing HLA class I antigen processing machinery (APM)
component expression and function. The changes of chromatin-modifying complexes, such as KMT2D-COMPASS or PCR2 perturbation and
loss of SOX10, can affect the cancer cell EMP states. Some microRNAs, including miR-200/miR-200c and microRNA-183/96/182 cluster, are
repressed in cancer cells displaying EMP, which may inhibit the immune response. ECM remodeling, including increased MMPs, can stimulate
EMP progression. SB-3CT, an MMP2/9 inhibitor, could improve the efficacy of anti-PD-1 and anti-CTLA-4 treatment. Morphologic changes,
actin cytoskeleton remodeling and loss of the surface protein interaction can affect the cancer cell-T cell contact, resulting in different CTL-
mediated killing effects. CD8 cluster of differentiation 8, COMPASS a complex of proteins associated with a trithorax-related SET domain
protein, CTLA-4 cytotoxic T-lymphocyte antigen-4, EMP epithelial mesenchymal plasticity, EMP-TFs EMP inducing transcription factors, DNMT
DNA methyltransferase, E-Cadherin epithelial cadherin, ECM extracellular matrix, EZH2 enhancer of zeste 2 polycomb repressive complex
2 subunit, GM-CSF granulocyte-macrophage colony-stimulating factor, HDAC histone deacetylase, KMT2D-COMPASS Histone methyltransfer-
ase complex, Nt5e ecto-5′-nucleotidase, miR micro RNA, MHC-I major histocompatibility complex I, MMPs proteases of the matrix
metalloproteinases, ICB immune check point blockade, IFNs interferons, IRF1 interferon regulatory factor 1, SB-3CT a selective MMP2/9
inhibitor, Snail snail family transcriptional repressor 1, SOX10 sex-determining region Y-box 10, PD-1 programmed cell death protein 1, PD-L1
programmed death-1 ligand 1, PRC2 polycomb complex 2, TCR T cell receptor, TF transcription factor, TWISTs the basic helix–loop–helix
factors, ZEB1/2 zinc finger E-Box binding homeobox factor 1/2
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ECM remodeling
Integrins, an important part of ECM, are a family of ubiquitous cell
member adhesion receptors, which play an essential role in
several physiological processes via attachment to ECM [209].
Inhibiting the function of integrin using specific mAbs was shown
to boost efficiency of ICB therapy in animal models and maintain a
substantial survival benefit [210, 211]. In parallel with the launch of
EMT program in cancer cells, the degradation of ECM is mediated
by proteases of the matrix metalloproteinases (MMPs) family
[212, 213]. Several MMPs inhibitors may function by antagonizing
EMP. It has been reported that SB-3CT, an MMP2/9 inhibitor, could
improve the efficacy of anti-PD-1 and anti-CTLA-4 treatment in
mouse models with melanoma and lung cancer via regulating PD-
L1 expression [214]. It will be of interest to study targeting EMP by
anti-inflammatory compounds in the future, in particular, the
development of synthetic compounds that can promote the
resolution of inflammation seems to be necessary.

Tumor cell-T cell contact
The contact of tumor cells with T cells is a potential modulator of
immune response. Tumors with different degrees of EMT
undergo a series of physical changes including tight junction
dissolution, cell polarity alterations (e.g., Par, Crumbs, and
Scribble complexes), cytoskeletal rearrangements, the loss of
epithelial cell markers (e.g., E-cadherin, integrins, EpCAM,
Claudin), and the emergence of mesenchymal cell markers
(e.g., N-cadherin, vimentin, fibronectin) [178], which not only
increase tumor motility and migration [31, 157, 195], but also
affect the contact with immune cells. The disruptions of tumor
cell-T cell contact and T cell receptor (TCR) signaling have been
observed in vitro between CTLs and mesenchymal tumor cells
[215, 216]. Acquisition of dramatic morphologic changes and
actin cytoskeleton remodeling in MCF-7 human breast cancer
cells is associated with an inhibition of CTL-mediated lysis, the
effect of which is due to differential induction of autophagy in
tumor cells [71]. Whether the effect is also affected by direct
contact remains to be explored, which could be investigated by
real-time imaging of cell-cell interactions. When tumor cells
come into contact with T cells, molecules on the tumor cell
surface may affect the activity of T cells. E-cadherin, an epithelial
cell marker, interacts with integrin αE(CD103) β7, often expressed
by tumor infiltrating lymphocytes (TILs), which is necessary for T
cell cytolytic granule polarization and subsequent exocytosis.
Either blocking CD103 with antibody or targeting E-cadherin by
genetic depletion abrogated TCR-mediated cell killing [217].
Moreover, enrichment of CD103+ TILs is associated with
improved outcomes in cancer patients and the interaction
between the E-cadherin and the αEβ7 integrin are important for
the retention of CD8+ T lymphocytes in epithelial tumors
[218–222]. This TIL subset displays increased cytolytic activity
upon PD-1/PD-L1 blockade [219, 223], indicating that ICB
therapy may be more effective in tumors with high E-cadherin
expression. However, E-cadherin can also be recognized by
other receptors like killer cell lectin like receptor G1 (KLRG1) on
NK cells and this interaction functions as an inhibitory signal
[224]. Loss of E-cadherin during EMT sensitizes tumor cells to
NK-mediated cytotoxicity, suggesting that EMT confers
increased susceptibility to NK cells and contributes, in part, to
the inefficiency of the metastasis [225]. Once the metastases
formed, T cells, not NK cells, are major sources to kill cancer cells
in patients treated with ICB therapies. Therefore, investigation of
the interactions between tumor surface adhesion proteins and
T cells may not only enhance the antitumor activity of T cells,
but also increase their infiltration, since immune cells are often
excluded from the tumor core and positioned at the tumor
margins.
Besides, EMP is also involved in regulating various additional

aspects of tumorigenesis and metastasis, such as the regulation of

stemness, cellular quiescence and escape from senescence and
apoptosis [179, 226]. It is difficult to assess the specific and direct
effect of EMP on immune response, as these aspects of tumors may
be part of the EMP consequences, or part of the EMP activators that
together with the EMP ultimately allow survival against the immune
system. But EMP interconnects with ICB tumor-intrinsic or extrinsic
resistance mechanisms to evade ICB therapies. When conducting
in vivo/in vitro studies, researchers should consider the EMP
confounding factors such as cell growth, stemness, apoptosis [87],
which may primarily contribute to immune resistance.

POTENTIAL STRATEGIES TARGETING EMP TO ENHANCE THE
ICB RESPONSE
It is well documented that various signaling pathways play a role in
regulating EMP [157, 227]. Here we summarized three-level
approaches to modulate EMP to overcome EMP-induced immune
resistance: 1) targeting EMP activators, such as TGF-β, NOTCH, WNT,
EGF or platelet derived growth factor (PDGF); 2) targeting regulators,
EMT-TFs (SNAI1, SNAI2, ZEB1/2, TWIST) and others; and 3) targeting
effectors, thus activating MET to reverse EMT or antagonizing the
expression of chemokines and extracellular matrix (ECM) proteins
(e.g., by inducing fibronectin expression) [157, 178, 228] (Fig. 6).

Targeting EMP activators
TGF-β is a strong inducer of EMP, and its receptor signaling
pathway is a promising target. Galunisertib (LY2157299), a TGF-β
type I receptor (TβRI)-specific kinase inhibitor [229], was used to
inhibit TGF-β receptor signaling in transplanted Lgr5eGFP-
creERT2::Apcfl/fl-KrasLSL-G12D-Tgfbr2fl/fl-Trp53fl/fl mouse colorectal can-
cer organoids (LAKTP MTOs), in the cecum of syngeneic mice
[230]. This inhibitor reduced primary tumor growth and liver
metastasis by blocking cancer associated fibroblast (CAF)- derived
TGF-β signaling in the TME, and increasing the infiltration and
function of CD8+ CTLs or CD4+ T-helper cells [230]. Interestingly,
the combination of galunisertib with an anti-PD-1 or anti-PD-L1
antibody eliminated established metastases [230], as well as
promoted tumor regression of a mouse xenograft models
established with the Lewis lung cancer (LCC) cell line, primary
esophageal squamous-cell cell line MEC2 and colorectal cancer
cell line CT26 [231, 232]. Another TβRI inhibitor named Vactosertib
via inhibiting ECM hyperplasia was reported to help paclitaxel to
gain more easily access to tumors [233], which further may help
break down the barrier between tumors and T cells. In addition,
TβRII inhibitors, such as TGF-β1/3 ligand trap AVID 200, enhanced
anti-tumor T cells activity via inhibiting TGF-β ligands [234].
Besides the TGF-β pathway, targeting other EMP activators (e.g.,

fibroblast growth factor (FGFR), EGFR, AXL) is also promising. For
example, targeting FGFR using lentivatinib aids to improve anti-
PD-1 efficiency via reducing tumor PD-L1 level and Treg
differentiation [235], remodeling immunosuppressive TME and
increasing functional CD8+ T cells [236]. Targeting EGFR using
either OSI774 [237] or ZD1839 [238] enhances the efficacy of PD-1
blockade. Another target, tyrosine receptor kinase AXL, has been
found aberrantly activated in several cancer types [239–241] and
is also an essential EMT inducer [241–243]. AXL and its ligand, i.e.,
growth arrest-specific 6 (GAS6) proteins axis is reported to
promote cancer cell proliferation, survival, migration, invasion,
and immune evasion [244]. It’s well documented that AXL
functions in triggering an immunosuppressive tumor microenvir-
onment resulting in immune evasion [245]. In a hypoxia-induced
tumor plasticity model, human lung cancer clones with mesench-
ymal features were more resistant to NK- and CTL-mediated
cytotoxicity than clones with epithelial features. A small-molecule,
bemcentinib (also known as BGB324), targeting AXL re-sensitizes
mesenchymal lung cancer cells to cell cytotoxicity [246]. The AXL
targeting agents in preclinical and clinical development include
selective antibodies (e.g., YW327.6S2, D9, E8), selective small-
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molecule inhibitors (e.g., R428, DP3975) and more nonselective
tyrosine receptor kinase inhibitors (e.g., BMS-777607, Cabozanti-
nib, Gilteritinib, Sitravatinib, Crizotinib) [244, 245, 247]. In vivo
pharmacologic inhibiting pan-TAM Tyrosine Kinases, TYRO3, AXL,
and MERTK, diminishes MDSC suppressive capability, promotes
CD8+ T cell infiltration, slows tumor growth, and augments anti-
PD-1 immunotherapy [247–249]. Consistently, another AXL kinase
inhibitor, SKI-G-801, blocks metastasis through inducing anti-
tumor immune responses and potentiates anti-PD-1 therapy in
multiple mouse cancer models (including B16F10 melanoma,
CT26 colon, 4T1 breast, TC1 and C3PQ lung cancer models)

[250, 251]. Similarly, combining AXL kinase inhibitor R428 with
anti–PD-1 in a mouse HER2+ breast cancer model reduces the
primary tumor and metastatic burdens [171]. An AXL-targeting
antibody–drug, Enapotamab vedotin (EnaV), effectively enhances
ICB benefit in human BLM melanoma and lung LCLC-103H cancer
models [252].These results unveiled a potentially promising
combination therapy, which synergistically targets EMP via
extracellular inducers and their transmembrane receptors.
Targeting intracellular transducers of EMP, such as AMP-

activated protein kinase (AMPK) or AKT serine/threonine protein
kinase, is another strategy to block the signaling transduction of

Fig. 6 Therapeutic strategies targeting EMP to enhance ICB therapy. Strategies to modulate EMP include: 1) targeting activators, including
NOTCH, TGF-β, WNT, and growth factors (e.g., EGF, PDGF, HGF, FGF and IGF signaling via RTKs); 2) targeting regulators, including EMT-TFs, such
as Snail, TWISTs, brachyury and ZEB1/2, and associated miRNAs that target the above EMT-TFs; and 3) targeting effectors by inhibiting the
expression/activity of factors that functionally contribute to a mesenchymal state, including N-cadherin, vimentin, fibronectin, MMP family
members and β1,3 integrins, or promoting the expression/activity of factors that mediate an epithelial state, including E-cadherin, occludins,
claudins, cytokeratins and ZO1. This ultimately can help improve the patient response to ICB therapy by overcoming barriers imposed by EMP,
for example, by increasing the tumor antigen expression or antigen presentation and the sensitivity of IFN-γ signaling, or by ameliorating the
immunosuppressive TME to increase the infiltration or function of Teff cells. AVID200 TβRII ectodomain trap, APC antigen presenting cell, EMP
epithelial mesenchymal plasticity, Epi-like epithelial-like, EGF epidermal growth factor, EMP epithelial mesenchymal plasticity, FGF fibroblast
growth factor, IGF insulin growth factor, HDAC histone deacetylase, HGF hepatocyte growth factor, ICB immune checkpoint blockade, IFN
interferon, Mes-like mesenchymal-like, NICD NOTCH intracellular domain, PDGF platelet-derived growth factor, PI3K/AKT phosphatidylinositol-
3-kinase/protein kinase B, SMAD Sma and Mad related proteins, Snail Snail family transcriptional repressor 1, STAT signal transducer and
activator of transcription, TCF/LEF T-cell factor/lymphoid enhancer factor, TME tumor microenvironment, TF transcription factor, TβR TGF-β
receptor, ZO1 zona occludens 1
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EMP. As these transducers are involved in multiple signaling
pathways, as well as multiple biological processes, the efficiency
and specificity should be carefully considered when targeting
them. Metformin, a widely used antidiabetic agent was found to
reverse EMT in EGFR-tyrosine kinase inhibitor (TKI)-resistant
human lung cancers [253]. The combination of metformin with
the protein kinase inhibitor, sorafenib, suppressed EMT and
significantly minimized the postoperative recurrence and lung
metastasis of hepatocellular carcinoma in an orthotopic mouse
model [254], and induced coiled-coil domain containing 65
(CCDC65) expression to suppress alpha-enolase (ENO1)-AKT1
pathway-mediated EMT in gastric cancer cells [255]. Metformin
functions as an activator of AMPK to reverse the mesenchymal
phenotype of cancer cells by targeting the AKT-E3 ubiquitin ligase
MDM2-FOXO3a axis in 4T1 breast cancer and PC-3 prostate cancer
cells [256]. In addition to effectively targeting EMP to reduce
tumor progression, metformin also contributes to ameliorating the
immunosuppressive TME. Metformin has been reported to
increase CTL activity by reducing the stability and membrane
localization of PD-L1 [257]; more specifically, metformin was found
to decrease the cellular abundance of PD-L1 by disrupting the
electrostatic interaction between the PD-L1 cytoplasmic domain
and cell membranes [258]. In addition, metformin enhance the
efficacy of PD-1 blockade by reducing intra-tumoral hypoxia [259]
or by stimulating the production of mitochondrial reactive oxygen
species (mtROS) to ensure CD8+ CTL proliferation [260]. In
addition, combining metformin with CTLA-4 blockade also helped
to increase the efficacy of immunotherapy [257, 261].

Targeting EMP regulators
Besides SNAI, ZEB and TWIST families, which are 3 famous
transcriptional factors contributing to promote EMT, STAT3
pathways and epigenetic regulation such as HDAC are also critical
to this process.
STAT3 can induce EMT [262, 263], and STAT3 inhibitors have

been shown to inhibit EMT in different systems [264–266]. Of
particular interest is the behavior of napabucasin, a small molecule
inhibitor of STAT3, which has been in active clinical development
(up to Phase II) for the treatment of metastatic colorectal cancer,
and helps to enhance the response to anti-PD-1 therapy [267].
Due to difficulties in targeting EMT-TFs directly, another

promising approach is to apply modified synthetic miRNAs which
interfere with EMT-TFs at the posttranscriptional level. In this
respect, miR-34a is a good example, which mediates the
suppression of EMT by directly inhibiting Snail expression
[268, 269]. MRX34 is a therapeutic liposome that was used to
deliver miR-34a mimics into a syngeneic mouse lung adenocarci-
noma model, promoting the recruitment of TILs and reducing the
population of CD8+ PD-1+ exhausted T cells in vivo via the p53/
miR-34/PD-L1 axis [270]. Regarding EMT-favoring compounds that
act on epigenetic changes, several histone deacetylase (HDAC)
inhibitors have been shown to inhibit EMT [271, 272]. Importantly,
the effects of HDAC inhibitors [273, 274] also augmented the
therapeutic effect of anti-PD-1 therapy.

Targeting EMP effectors
Another therapeutic approach is to target the interaction between
cancer cells and ECM. Integrins are a family of ubiquitous cell
member adhesion receptors, which play an essential role in
several physiological processes via attachment to ECM [275].
Integrins are an attractive target due to their crucial role in tumor
progress and metastasis. Inhibiting the function of integrin using
specific mAbs was shown to boost the efficiency of ICB therapy in
animal models and maintain a substantial survival benefit
[210, 211]. The degradation of ECM which is needed for cancer
cell invasion, is mediated by proteases of the MMPs family. MMPs
inhibitors may function (at least in part) by inhibiting EMP. It has
been reported that SB-3CT, an MMP2/9 inhibitor, could improve

the efficacy of anti-PD-1 and anti-CTLA-4 treatment in mouse
models with melanoma and lung cancer via regulating PD-L1
expression [276].
In Table 2, we list additional molecules and agents regulate EMP

to boost immunotherapy. It should be pointed out that further in-
depth mechanistic research on EMP-targeting drugs is needed
before clinical translation can be initiated. More insights are
needed as to how these types of drugs can best be combined with
ICB for each cancer patient to achieve the optimal response. For
example, in an autochthonous BRAFV600EPTEN-/- melanoma model,
a TβRI kinase inhibitor augmented the effects of anti-CTLA-4
treatment but failed to augment the effects of anti-PD-1/PD-L1
blockade. Mechanistically, the TβRI kinase inhibitor was found to
stimulate the cleavage of MMP9-dependent PD-L1, which led to
resistance to anti-PD-1 therapy [277]. Therefore, to maximize
future prospects and directions, it is important to understand the
precise mechanism of action of the drug and its effects on the
TME, and then design the appropriate combination of treatment
in a patient tailored manner. Targeting EMP by anti-inflammatory
compounds will be an interesting topic for future studies, in
particular, the development of synthetic compounds that can
promote the resolution of inflammation seems to be promising.
Above all, due to the plasticity and heterogeneity of various

pathways functioned in EMT, development of clinical drugs to
target EMT inducers, regulators, or effectors is challenging but
meaningful for boosting efficiency of ICB therapy in the near
future.

COMBINATION THERAPY WITH ICB AND EMP-TARGETED
AGENTS IN CLINICAL TRIALS
In Table 3, we list recent clinical trials of EMP-targeted drugs in
combination with ICBs, which may facilitate the response to
immunotherapy. For example, bintrafusp α (a bifunctional fusion
protein) targets TGF-β and PD-L1 [278]. Vactosertib is a highly
potent small molecule TGFβRI kinase inhibitor [178], and NIS793
inhibits TGF-β [279]. GT90001 is an anti-activin receptor-like
kinase-1 (ALK-1) antibody [280]. Sitravatinib and lenvatinib target
intracellular signaling kinases [281, 282], and are combined with
anti-PD-1/PD-L1 or anti-CTLA-4 treatment in different cancer
types. These combination trials are remarkable advances, although
most of the trials are still ongoing.

CONCLUDING REMARKS
Accumulating evidence has demonstrated tumor EMP is a
clinically relevant mechanism for immune evasion [56–61]. The
observation that non-responders to ICB therapy are more likely to
exhibit expression of mesenchymal markers [98–100], suggests
that EMP targeting may boost ICB therapy. Moreover, by applying
different methods to investigate the interplay between cancer cell
EMP and ICB response, it’s becoming increasingly clear that EMP
renders tumors more resistant to ICB therapies. The traditional
in vitro or in vivo models provide methods to mimic simple states
of EMP and investigate their impact on immunotherapy resistance,
while the application of more precise and comprehensive
technical advances such as single-cell sequencing and dual-
reporters lineage tracing systems provide new insights and clarify
for example which dynamic changes in specific cell populations
contribute to immunotherapy resistance.
In this review, we summarized the mechanism of how EMP

regulates immunotherapy resistance from 3 aspects: EMP mediated
tumor-intrinsic, -extrinsic mechanisms and other EMP-associated
changes. EMP displays multilayered changes to directly affect CD8+ T
mediated killing, such as decreased tumor antigen, antigen
presentation machinery, deficiency of IFN-γ signaling and increased
immune checkpoints or indirectly by modifying the immunosup-
pressive microenvironment. It remains unclear which effectors of
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Table 2. Strategies for targeting EMP

Targeting EMP Mouse model How Reference

Targeting extracellular inducers and receptors

TGFβ-TβRI inhibitors

Galunisertib/ LY2157299 (TβRI
inhibitor)

Colon cancer Maintained the cytotoxic T-cell response and
rendered tumors susceptible to anti-PD-1/PD-L1
therapy.

[230]

NSCLC and esophageal squamous-cell
carcinoma (ESCC)

Promoted T-cell infiltration from the stroma into
the tumor, enhanced the response to anti–PD-1
therapy.

[232]

Melanoma Enhanced the CTL response via ubiquitin-
mediated degradation of Smad4.

[289]

TNBC, 4T1 model Increased T-cell numbers in treated tumors. [231]

Vactosertib (TβRI inhibitor) Orthotopic pancreatic cancer models Inhibited ECM hyperplasia to allow paclitaxel to
more easily access cancer cells.

[233]

AVID200 (selective inhibitor of
TGF-β 1&3)

TNBC, 4T1 model Enhanced anti-tumor T-cell activity. [234]

FGFR inhibitors (tyrosine kinase inhibitors that non-specifically target FGFR)

Lenvatinib Hepatocellular carcinoma Reduced the tumor PD-L1 level and Treg
differentiation to improve anti-PD-1 efficacy by
blocking FGFR4.

[235]

Renal cell carcinoma (RCC) cell lines Decreased the population of TAMs and increased
that of IFN-γ+ CD8+ T cells.

[236]

Pazopanib Metastatic RCC Inhibited the ERK/β-CATENIN pathway to
prime DCs.

[290]

EGFR inhibitors

OSI774 EGFR-mutated NSCLC Decreased the number of CD4+ effector
regulatory T cells, and infiltration into the TME
and enhanced the efficacy of anti-PD-1 mAb
therapy.

[237]

ZD1839 Syngeneic mouse models Destabilized PD-L1 and enhanced the
therapeutic efficacy of PD-1 blockade.

[238]

RTK inhibitors (eg. Targeting AXL)

Cabozantinib Advanced kidney cancer Improved progression-free survival and the OS
benefit when combined with nivolumab.

[291]

metastatic castration-resistant prostate
cancer (mCRPC)

Targeted mCRPC-infiltrating MDSCs and
demonstrated a synergistic therapeutic response
with ICB.

[292]

RXDX-106 (pan-TAM- TYRO3, AXL,
MER small-molecule kinase
inhibitor)

Multiple syngeneic mouse models Increased intratumoral CD8+ T cells and
potentiated the effects of α-PD-1 Ab treatment.

[247]

UNC4241 Melanoma Increased CD8+ T-cell infiltration, and
augmented anti–PD-1 checkpoint inhibitor
immunotherapy.

[248]

BGB324 (Bemcentinib) EGFR mutation-positive lung
adenocarcinomas

Decreased the PD-L1 and CXCR6 mRNA levels. [293]

Mesenchymal-like glioblastoma tumors Co-treatment with anti-BGB324 and anti-PD-1
antibodies improved survival in mouse GBM
models.

[294]

Lung cancers Sensitized mesenchymal lung cancer cells to
CTLs and NK cells via intracellular adhesion
molecule-1 (ICAM-1)/leukocyte function-
associated antigen-1 (ICAM1/LFA-1) and UL16
binding protein 1 (ULBP1)/ natural killer group 2,
member D (NKG2D) interactions.

[246]

BMS-777607 Murine Model of Triple-Negative
Breast Cancer

Blocks macrophage efferocytosis and Gas6-
PS–opsonized apoptotic cell, and enhances anti-
PD-1 mAb efficacy via up-regulating PD-L1
expression

[249]

SKI-G-801 B16F10 melanoma, CT26 colon and 4T1
breast model

Blocks metastasis through inducing CD8+ T cells,
decreasing M2 macrophage and potentiates
anti-PD-1 therapy

[250]
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EMP play a major role in different cancer types and whether there are
biomarkers of EMP that can predict tumor sensitivity to ICB therapy.
Since EMP plays multidimensional roles in tumor development

[178, 179], it’s possible that targeting or reversing EMP will alleviate/
overcome multiple resistance mechanisms. Disrupting tumor-
intrinsic resistance, and reshaping the immune microenvironment
to reinvigorate anti-tumor T cells are the main avenues to improve
ICB therapy response in cancer patients [283]. We discussed the

current strategies to modulating tumor EMP signaling and the
potential of combining ICB therapy and EMP targeting therapeutic
approaches to enhance anti-tumor efficiency of T cells in different
cancer types [284]. Remarkable progress has been made in pre-
clinical studies. Most of the combination trials are still in progress
and the results are eagerly awaited. At the same time, the potential
toxicity or side effects of EMP-targeting drugs need to be
considered and carefully monitored.

Table 2. continued

Targeting EMP Mouse model How Reference

TC1 and C3PQ mouse tumor models Improves efficiency of anti-PD-1 therapy,
exhibiting increased proportion of effector
memory helper T cells, CD86+ macrophages.

[251]

Enapotamab vedotin (EnaV) Melanoma and lung cancer models Induced ICB benefit and promoted the induction
of a memory-like phenotype in cytotoxic T cells.

[252]

R428 HER2+ breast cancer Enhances anti-PD-1 responses via increased
CD8+ T cells

[171]

PDGFR inhibitors

Imatinib Gastrointestinal stromal tumors Abrogated the IFN-γ induced upregulation of
PD-L1 via STAT1 inhibition.

[295]

MET inhibitors

Crizotinib NSCLC In combination with cisplatin, induced
immunogenic cell death by increasing PD-1 and
PD-L1 levels in tumors and increased the
response to anti-PD-1 treatment.

[296]

ALK positive anaplastic lymphomas
(ALCLs)

Decreased the PD-L1 level and promoted HLA
class I antigen presentation.

[297]

Targeting intracellular transducers

AMPK activators

Metformin Breast, melanoma and colorectal cancer
(CRC) models (4T1-Luc2, B16-F10, CT26)

By reducing the stability and membrane
localization of PD-L1, CTL activity was increased.
Metformin boosted the efficacy of CTLA-4
immunotherapy.

[257]

Hepatoma and TNBC models (H22
tumor-bearing mice, 4T1)

Repolarized M2-like TAMs to M1-like phenotype,
resulting in the recruitment of CD8+ T cells and
an improved therapeutic effect of anti-PD-1
antibody therapy.

[298]

PI3K/AKT/mTOR inhibitors

Ipatasertib Multiple tumor xenograft models Blocked AKT signaling in vivo and resulted in
potent antitumor activity.

[299]

Targeting regulators

HDAC inhibitors

Vorinostat (SAHA) Melanoma xenografts Promoted SOX2 degradation and augmented
the therapeutic effect of anti-PD-1 therapy.

[273]

Romidepsin Lung adenocarcinoma mouse models Increased chemokine expression, enhanced
T-cell infiltration and enhanced the response to
PD-1 blockade immunotherapy.

[274]

Panobinostat Patients with Hodgkin lymphoma Inhibited PD-1 expression in T cells. [300]

MiRNA inducers or inhibitors

MRX34 (Snail inhibitor) NSCLC Promoted TILs and reduced CD8+ PD-1+ cells
in vivo via the p53/miR-34/PD-L1 axis.

[270]

STAT3 inhibitors

Napabucasin (BBI608) Microsatellite-stable colorectal cancer Enhanced the response to anti-PD-1 therapy. [267]

Targeting downstream effectors

Adhesion molecule inhibitors

Integrin-specific mAbs Metastatic TNBC models Integrin αvβ6/8 mAb induced a substantial
survival benefit in combination with anti-PD-1
therapy.

[210]

Metastatic pulmonary melanoma and
osteosarcoma models

In vitro-generated CD103+ conventional DCs
enhanced the response to CTLA-4 therapy.

[211]
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