
Pharmacological and Immunological Targeting of Tumor 
Mesenchymalization

Justin M. David, Charli Dominguez, and Claudia Palena
Laboratory of Tumor Immunology and Biology, Center for Cancer Research, National Cancer 
Institute, National Institutes of Health, Bethesda, MD, 20892

Abstract

Controlling the spread of carcinoma cells to distant organs is the foremost challenge in cancer 

treatment, as metastatic disease is generally resistant to therapy and is ultimately incurable for the 

majority of patients. The plasticity of tumor cell phenotype, in which the behaviors and functions 

of individual tumor cells differ markedly depending upon intrinsic and extrinsic factors, is now 

known to be a central mechanism in cancer progression. Our expanding knowledge of epithelial 

and mesenchymal phenotypic states in tumor cells, and the dynamic nature of the transitions 

between these phenotypes has created new opportunities to intervene to better control the behavior 

of tumor cells. There are now a variety of innovative pharmacological approaches to preferentially 

target tumor cells that have acquired mesenchymal features, including cytotoxic agents that 

directly kill these cells, and inhibitors that block or revert the process of mesenchymalization. 

Furthermore, novel immunological strategies have been developed to engage the immune system 

in seeking out and destroying mesenchymalized tumor cells. This review highlights the relevance 

of phenotypic plasticity in tumor biology, and discusses recently developed pharmacological and 

immunological means of targeting this phenomenon.
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Introduction

The spread of cancer to distant organs represents the foremost challenge in cancer treatment. 

Whereas localized disease can often be treated with surgery and chemotherapy or radiation, 

metastatic disease is generally not amenable to surgery, is resistant to chemotherapy and 

radiation, and is ultimately incurable for the majority of patients. The use of small-molecule 
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inhibitors that target specific cancer molecular alterations (such as EGFR and BRAF 

inhibitors) or impede tumor angiogenesis (such as VEGFR inhibitors) can succeed in 

enhancing quality of life and delaying progression, but even these sophisticated treatments 

eventually become ineffective due to the development of acquired resistance. The current 

wave of new immunologically targeted therapies (such as anti-PD-1/PD-L1 antibodies) has 

raised hope for the successful treatment of metastatic disease (Borghaei et al., 2015; Garon 

et al., 2015; Powles et al., 2014; Ribas et al., 2016), yet even these approaches have so far 

proven effective for only a proportion of patients. While significantly more research and 

development in tumor immunotherapy will undoubtedly lead to further breakthroughs in 

cancer treatment, another novel approach is quietly emerging that endeavors to complement 

these treatment strategies by targeting the mechanisms underlying tumor progression to 

metastatic disease.

One mechanism that is increasingly being recognized as central to the progression of 

carcinomas is the phenomenon of tumor cell phenotypic plasticity, exemplified by the 

observation that the bulk of a tumor mass can be phenotypically and functionally distinct 

from its invasive front (Brabletz et al., 2001). This phenotypic plasticity of tumor cells often 

occurs in response to local conditions in the tumor microenvironment, such as hypoxia or 

inflammation, that lead to the activation of a molecular program designated as the epithelial-

mesenchymal transition (EMT), or the reverse phenomenon known as the mesenchymal-

epithelial transition (MET) (Kalluri & Weinberg, 2009; Nieto & Cano, 2012; Thiery et al., 

2009). During EMT, epithelial cells lose polarity and the expression of molecules distinctive 

of epithelial status, including cytokeratins, E-cadherin, and several other molecules involved 

in cell-to-cell adhesion (Figure 1). The cells in turn gain motility, the ability to invade the 

basement membrane and surrounding tissues, and the expression of mesenchymal 

molecules, including vimentin, N-cadherin, and a set of transcriptional regulators that 

include the zinc finger proteins SNAI1/2, the zinc-finger homeodomain proteins ZEB1/2, the 

helix-loop-helix transcription factors TWIST1/2, the T-box protein brachyury, and others 

(Bolos et al., 2003; Cano et al., 2000; Eger et al., 2005; Fernando et al., 2010; Yang et al., 

2004). These transcriptional regulators, called EMT-TFs, are ultimately responsible for 

orchestrating the phenotypic changes that take place during an EMT via downregulation and 

upregulation of epithelial- and mesenchymal-associated genes, respectively (Figure 1). The 

EMT and MET differentiation programs occur extensively during normal embryonic 

development, and are also recapitulated in adult tissues during wound healing and fibrosis 

(Lim & Thiery, 2012). Evidence has now been found for the occurrence of these phenotypic 

transitions in tumors during the metastatic process, whereby EMT may facilitate the invasion 

of tumor cells through the basement membrane, their migration to blood and lymphatic 

vessels, and their extravasation into metastatic sites (Rhim et al., 2012; Tsai et al., 2012), 

while MET might allow the proliferation of tumor cells at the distant site (Chaffer et al., 

2006; Tsai et al., 2012).

Realization of the contributions of EMT to cancer pathophysiology has driven the 

development of novel therapeutic strategies that specifically target tumor cells undergoing 

this phenomenon. The aims of such strategies are to eliminate mesenchymalized tumor cells 

in patients that have more advanced disease, or to prevent the development of metastatic 

disease in high-risk patients with localized tumors. Most of these approaches can be 
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classified as pharmacological and antibody-based targeting of the EMT process, but a novel 

immunotherapy targeting EMT has also been developed in recent years. In this review, we 

present a brief survey of the relevance of EMT in tumor biology, and then discuss recently 

developed pharmacological and immunological means of targeting this phenomenon.

Tumor Cell EMT versus Mesenchymalization

As noted above, the phenomenon of EMT was initially described as a developmental process 

characterized by the conversion of epithelial cells into highly migratory, invasive 

mesenchymal cells. During development, EMT allows for the remodeling of various 

embryonic tissues, including the emergence of the mesoderm from epithelial layers during 

gastrulation (Hay, 1995, 2005). Well-characterized in the context of embryonic development 

is also the reverse process named MET, which contributes to the formation of epithelia from 

mesenchymal cells (Kim et al., 2016). While the epithelial and mesenchymal cell states are 

well-defined entities in the context of development, in the particular case of carcinomas, 

however, cellular phenotype is akin to a spectrum, in which intermediate phenotypes 

comprising characteristics of both epithelial and mesenchymal cell types are apparent 

(Figure 1). For example, the existence of an intermediate phenotypic status characterized by 

mixed epithelial and mesenchymal features has been observed with renal carcinoma cells 

expressing the transcription factor WT1 (Sampson et al., 2014). Further evidence of 

intermediate phenotypes was demonstrated in lung adenocarcinomas; several tumor cell 

lines were shown to co-express both epithelial E-cadherin and mesenchymal vimentin, and 

this hybrid protein signature was also observed in vivo in a proportion (~20%) of lung 

adenocarcinoma tissues (Schliekelman et al., 2015). Similarly, an intermediate tumor 

phenotype gene signature that was established in ovarian carcinoma cell lines was also 

detectable in ovarian cancer tissues, and it correlated with worse clinical outcome when 

compared to tumors with a defined epithelial or mesenchymal phenotype (Huang et al., 

2013b).

One of the challenges in the field of EMT has been the inability to document the occurrence 

of tumor phenotypic transitions in human tumor tissues, a fact that has originated 

controversy around the significance of this phenomenon in vivo (Garber, 2008; Tarin et al., 

2005). One reason for this limitation is the lack of definitive markers that can effectively 

discriminate cancer cells that have acquired mesenchymal markers from the normal 

surrounding mesenchymal stroma cells. The analysis of circulating tumor cells (CTCs) in 

the peripheral blood of cancer patients has circumvented this problem by evaluating 

phenotypic traits in isolated tumor cells (Yu et al., 2013). For example, a study conducted 

with metastatic breast cancer patients measured the expression of transcripts encoding for 

several epithelial (E-cadherin, keratins, EpCAM) and mesenchymal (fibronectin, N-

cadherin) markers in CTCs via in-situ hybridization (Yu et al., 2013). A range of CTC 

phenotypes were readily detected in most patients, including CTCs with exclusively 

epithelial or mesenchymal features. More importantly, subgroups characterized by various 

degrees of co-expression of epithelial and mesenchymal markers were also readily 

detectable in circulation. In another study, phenotyping of CTCs isolated via a filter-based 

method from the blood of patients with various tumor types, including liver, colon, lung, and 

others, resulted in the identification of three subpopulations of CTCs named ‘epithelial,’ 
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‘epithelial/mesenchymal,’ and ‘mesenchymal,’ with the latter being predominantly enriched 

in patients with metastasis, as opposed to non-metastatic disease (Wu et al., 2015).

In light of these recent data, we opted to use the term “mesenchymalization” in this review 

to refer to the acquisition of mesenchymal features by formerly epithelial-like carcinoma 

cells. To reflect the range of intermediate phenotypes that are possible, we also stipulate that 

a “mesenchymalized” tumor cell either may, or may not, have relinquished its epithelial 

characteristics. It is our assertion that this terminology better captures the reality of 

phenotypic plasticity in vivo, and we refer to this concept throughout this review.

Tumor Mesenchymalization Underlies Metastasis, Stemness, and 

Resistance

Many lines of evidence indicate that carcinoma mesenchymalization underlies the most 

lethal aspects of cancer, chiefly metastatic dissemination, stemness-dependent colonization 

of foreign tissue sites, and resistance to therapeutic intervention. Clinical evidence 

suggesting an association between tumor phenotypic transitions and cancer progression 

includes the results of multiple correlative studies demonstrating a positive association 

between the expression of mesenchymal markers (such as vimentin or N-cadherin) and/or 

the loss of epithelial E-cadherin in clinical samples with poor prognosis (Gravdal et al., 

2007; Tan et al., 2014). Similarly, aberrant expression of transcriptional drivers of the 

mesenchymal phenotype, including SNAI1, SNAI2, brachyury, and others have been 

positively correlated with poor clinical outcome in a range of human tumor types (Blanco et 

al., 2002; Elloul et al., 2005; Gravdal et al., 2007; Hamilton et al., 2016b; Palena et al., 

2014; Pinto et al., 2014). Direct evidence for a role of this phenomenon in tumor metastasis, 

however, originates from murine models of cancer. For example, Rhim and colleagues 

performed epithelial lineage tracing in a murine model of pancreatic cancer to distinguish 

cancer cells that retained an epithelial phenotype from cells that had acquired mesenchymal 

characteristics (Rhim et al., 2012). The authors found that epithelial-tagged cells that 

invaded and entered the bloodstream co-expressed the mesenchymal proteins ZEB1 or 

fibroblast-specific protein-1 (FSP-1) and/or lacked expression of epithelial E-cadherin, thus 

indicating that in vivo mesenchymalization took place and was associated with enhanced 

cellular invasion and progression.

Other studies, however, have more recently suggested that tumor mesenchymalization is 

dispensable for tumor dissemination; tumor cells with a deletion of SNAI1 or TWIST1 in a 

pancreatic tumor model were nevertheless able to effectively metastasize (Zheng et al., 

2015), and blockade of mesenchymalization via overexpression of microRNA-200 in a 

murine model of breast cancer had no effect on lung metastasis development (Fischer et al., 

2015), thereby disputing the idea that mesenchymal features are absolutely required for 

metastasis. Another point of contention is that, as mentioned previously, 

mesenchymalization may contribute to the invasion and dissemination of tumor cells, but the 

formation of actively growing macrometastases may depend upon an MET-like process of 

re-epithelialization. This would imply that dissemination and proliferation are mutually 

exclusive properties. In this case, metastatic competence would be governed by the ability of 
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tumor cells to undergo dynamic and transient interconversions between phenotypes, as was 

suggested by a recent report in which an embryonic gene signature representative of 

extensive cellular plasticity was found to predict distant metastasis in breast cancer 

(Soundararajan et al., 2015). Still others have proposed that mesenchymalized tumor cells 

may successfully form macrometastases without phenotypic transition provided they have 

accumulated genetic alterations to uncouple invasiveness from growth suppression (Brabletz, 

2012). Further research will be needed to gain a fuller understanding of these issues.

Aside from metastasis, mesenchymalization is undoubtedly associated with the acquisition 

of a stem cell-like phenotype which grants tumor cells the ability to initiate and propagate 

the disease. These two abilities allow tumor cells that have acquired mesenchymal features 

to survive therapy and repopulate the tumor mass, resulting in clinical recurrence with 

treatment-insensitive disease. The link between the acquisition of mesenchymal properties 

and the concomitant gain of features normally attributed to stem cells (i.e., tumor stemness) 

was initially demonstrated with human mammary epithelial cells (HMLEs) induced into a 

mesenchymal-like phenotype via overexpression of TWIST1 or SNAI1, which resulted in 

greater proportion of cells bearing markers associated with stem-like cells (CD44high/

CD24low) (Mani et al., 2008). This association was then demonstrated with breast cancer 

patient tumors obtained after recurrence following treatment with conventional therapies, in 

which a higher proportion of CD44high/CD24low cells with mesenchymal features was found 

(Creighton et al., 2009).

Perhaps the most relevant consequence of a tumor cell’s transition from an epithelial to a 

mesenchymal-like phenotype is the resulting gain of mechanisms of resistance to a variety of 

cell death-inducing signals. For instance, although metastatic dissemination was not reduced 

in the aforementioned studies, suppression of tumor mesenchymalization in pancreatic 

cancer and breast cancer was reported to significantly enhance susceptibility to the cytotoxic 

activities of gemcitabine and cyclophosphamide, respectively (Fischer et al., 2015; Zheng et 
al., 2015). Indeed, multiple studies have now documented both in vitro and in vivo with 

animal models, the acquisition of resistance to a range of chemotherapeutics, including 

paclitaxel, oxaliplatin, gemcitabine, docetaxel, and others, as well as resistance to radiation 

by carcinoma cells transitioned into the mesenchymal phenotype (Fischer et al., 2015; 

Huang et al., 2013a; Kajiyama et al., 2007; Kurrey et al., 2009; Larocca et al., 2013; Shah et 

al., 2007; Zheng et al., 2015). The mechanisms involved in this resistance have been studied 

in detail and include 1) a marked inhibition of cell cycle progression in mesenchymalized 

carcinoma cells due to the modulation of cell cycle-associated proteins, including p21 and 

Cyclin D1, among others (Huang et al., 2013a; Larocca et al., 2013; Mejlvang et al., 2007; 

Vega et al., 2004); 2) the blockade of DNA damage responses (Zhang et al., 2015); and 3) 

the upregulation of drug efflux pumps of the family of ATP-biding cassette (ABC) 

transporters in mesenchymal-like tumor cells (Saxena et al., 2011).

In addition to inducing resistance to conventional therapeutics, tumor cells undergoing a 

transition towards the mesenchymal phenotype have also been shown to exhibit resistance to 

a variety of targeted therapies, including resistance to epidermal growth factor receptor 

(EGFR) kinase inhibitors (Byers et al., 2013; Thomson et al., 2005; Thomson et al., 2008), 

HER2-directed therapy (Kim et al., 2014), hormonal therapy (Hiscox et al., 2006), and 
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others (Richard et al., 2016). Although the molecular mechanisms of resistance induced via 

the acquisition of mesenchymal features in response to each of these targeted therapies may 

vary, overall, resistance has always been associated with the activation of compensatory 

signaling pathways which might be able to sustain the growth and survival of the resistant 

cells even in the presence of the targeted drug. Additional evidence to link therapy-resistance 

with tumor plasticity was documented in studies conducted with the blood of patients pre- 

vs. post-therapy, in which increased numbers of mesenchymal CTCs were associated with 

progressive disease, while patients who responded to therapy exhibited a decrease in the 

number of CTCs and/or a proportional decrease in mesenchymal versus epithelial CTCs (Yu 

et al., 2013).

Direct Targeting of Mesenchymalized Tumor Cells

Given the crucial roles that phenotype transitions play in many aspects of tumor progression, 

an attractive therapeutic approach is to directly target the subpopulation of mesenchymalized 

tumor cells with agents that exhibit preferential toxicity toward these cells as opposed to the 

more epithelial cells that comprise the bulk of the tumor. The drugs referenced below were 

specifically developed for targeting CSCs, but may be applicable to tumor cells with a 

mesenchymal phenotype more generally (Table 1). Perhaps the first agent to be identified 

with such properties is the polyether ionophore salinomycin, which was identified by Gupta 

and colleagues in a high-throughput screen of 16,000 compounds using isogenic HMLE 

breast cells that had been engineered to undergo a transition towards the mesenchymal-like 

phenotype via shRNA-mediated knockdown of the E-cadherin gene (Gupta et al., 2009). In 

this study, salinomycin was reported to reduce the proportion of CSCs by greater than 100-

fold relative to the chemotherapy drug paclitaxel, and such preferential killing of drug-

resistant and stem-like tumor cells has subsequently been shown in several malignancies 

(reviewed in (Naujokat & Steinhart, 2012)). Other ionophores have also been reported to 

impact cells with mesenchymal attributes; the polyether ionophores nigericin (Gupta et al., 
2009) and monensin (Ketola et al., 2012; Shaik et al., 2004) have been reported to 

selectively kill stem-like tumor cells or to reduce drug-resistance and stemness markers, 

respectively, and the channel-forming ionophore gramicidin A was shown to inhibit 

hypoxia-inducible factor (HIF) (David et al., 2014), a well-known driver of 

mesenchymalization in solid tumors (Haase, 2009).

What could account for the differential sensitivity of mesenchymal versus epithelial tumor 

cells to ionophore drugs? One possibility is that mesenchymalized tumor cells in general 

may be more susceptible to disruptions in cellular cation homeostasis due to intrinsic deficits 

in ion transport function. Indeed, EMT has been shown to increase the concentration of 

intracellular sodium and decrease the expression of a gene that regulates sodium transport 

(Espineda et al., 2004; Rajasekaran et al., 2010), while alterations in potassium and pH 

regulation are known to play a role in cancer cell resistance to apoptosis (Pedersen et al., 

2013). Other potential mechanisms that could contribute to the selectivity of these drugs for 

mesenchymalized tumor cells include inhibition of the TGF-β pathway (Zhang et al., 2016), 

inhibition of the Wnt/β-catenin pathway (Lu et al., 2011; Tumova et al., 2014), inhibition of 

drug efflux transporters (Riccioni et al., 2010), induction of ER stress (Yoon et al., 2013), 

and disruption of mitochondrial function (Mitani et al., 1976). However, it must be noted 
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that these agents can also induce significant toxic side-effects in vivo, including 

neurotoxicity (Boehmerle & Endres, 2011). The clinical feasibility of ionophore drugs will 

therefore likely require the development of novel preventative measures (Boehmerle et al., 

2014) or drug-delivery approaches (Zhao et al., 2016) to eliminate toxicity to normal tissues.

Other research groups have also used similar high-throughput screening (HTS) strategies to 

identify CSC-selective cytotoxic agents. Using the same HMLE cell line system employed 

by Gupta and colleagues (Gupta et al., 2009), a much larger screen of over 300,000 

compounds was conducted in which a compound derived from an acyl hydrazone scaffold 

termed ML239 was found to be 23-fold more cytotoxic to CSC-like cells (Carmody et al., 

2012). Mechanistic analyses indicated that ML239 may regulate NF-κB signaling, although 

the specific molecular target was not elucidated (Carmody et al., 2012). Selective 

cytotoxicity was also reported for cinnamide derivatives in this screen (Germain et al., 

2013).

HTS was also used to identify drugs to target triple-negative breast cancer (TNBC), a 

subtype of breast cancer that lacks expression of the estrogen receptor, the progesterone 

receptor, and the HER2/NEU/ERBB2 oncogene, and that often exhibits mesenchymal 

features (Prat et al., 2010). Using an isogenic MCF10A cell line model with ectopic 

expression of the transcription factor TWIST, a driver of mesenchymalization, a library of 

20,000 chemicals was screened and identified midostaurin (PKC412) as a selectively toxic 

compound in mesenchymalized tumor cells (Muellner et al., 2015). Midostaurin is a 

derivative of the natural alkaloid staurosporine, a broad-spectrum kinase inhibitor, and it is 

being investigated in several clinical trials for leukemia and a phase I trial in combination 

with radiation and chemotherapy for advanced rectal cancer (NCT01282502). Additional 

studies with midostaurin demonstrated selective cytotoxicity in other tumor models of 

mesenchymalization, including in cells treated with TGF-β, in mesenchymal-like tumor 

xenograft explants, in TNBC cell lines, and in a TNBC patient-derived xenograft (Muellner 

et al., 2015). Target analysis revealed that midostaurin inhibits both Aurora kinase A 

(AURKA), a target previously implicated in basal-like breast cancer (Staff et al., 2010), and 

spleen tyrosine kinase (SYK), a critical mediator of immune receptor signaling (Turner et 

al., 2000) that was previously unrecognized in TNBC pathology. SYK inhibition was found 

to abrogate signaling by STAT3, a pathway known to be associated with CSC features in 

breast cancer (Marotta et al., 2011), and also synergized with inhibition of AURKA, 

showing that the multiple targets of midostaurin can be targeted in combination to kill 

mesenchymal, basal-like breast tumor cells (Muellner et al., 2015).

Other investigations also suggest that mesenchymalized tumors share molecular 

vulnerabilities that can be targeted with multi-kinase inhibitors. The phosphatidylinositol-3-

kinase/Akt/mechanistic target of rapamycin (PI3K/Akt/mTOR) signaling pathway is a vital 

pathway in tumor development that governs proliferation, survival, metabolism, 

angiogenesis (Engelman, 2009; Porta et al., 2014), and even EMT and stemness (Xia & Xu, 

2015). VS-5584 is a potent dual kinase inhibitor that blocks all four class I isoforms of PI3K 

along with mTOR complexes 1 and 2 (mTORC1/2). This drug was found to be up to 30-fold 

more effective at inhibiting CSC proliferation and survival in vitro compared to the non-CSC 

population in breast tumor cells (Kolev et al., 2015). VS-5584 also preferentially abolished 
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CSCs in vivo in breast tumor cell line xenografts, and diminished CSCs in ex vivo human 

tumor explants (Kolev et al., 2015). Importantly, VS-5584 was found to potentiate the effects 

of chemotherapy in vivo by significantly delaying tumor regrowth following treatment with 

cisplatin (Kolev et al., 2015), thereby validating the notion that selective targeting of CSCs 

combined with conventional tumor debulking treatments can more effectively delay or 

prevent tumor relapse. VS-5584 is currently being evaluated in phase I clinical trials 

(NCT01991938).

Altogether, these studies support the notion that targeting a cell phenotypic state, as opposed 

to specific oncogenic mutations, is a therapeutically feasible strategy (Figure 2). 

Furthermore, the studies of multi-kinase inhibition indicate that selective killing of 

mesenchymalized tumor cells may require the simultaneous targeting of multiple targets in 

order to shut down signaling pathway redundancies that can compensate for single target 

inhibition.

Blocking and Reverting Tumor Mesenchymalization

The acquisition of mesenchymal features involves the activation of specific signaling events 

that ultimately control the expression of EMT-TFs. Mesenchymalization-inducing signaling 

can be the result of cell-intrinsic and irreversible mechanisms, such as oncogenic activation, 

or it may be induced by extrinsic factors that arise from the many complex interactions 

between tumor cells, host cells, and the tumor microenvironment (Savagner, 2015). 

Furthermore, epigenetic mechanisms are known to play a key role in controlling cancer cell 

phenotypic plasticity (Wang & Shang, 2013). Because this plasticity is reversible in 

principle, targeting the various signaling pathways that promote it can be used to block 

phenotypic transition, or to restore epithelial-like differentiation in tumor cells that have 

already undergone mesenchymalization.

Although many signaling pathways have a demonstrated role in the mesenchymalization of 

carcinomas (Pattabiraman & Weinberg, 2014), this review aims to cover only selected TGF-

β and Wnt pathway-targeting agents that have progressed into clinical evaluation (Table 1). 

Additionally, the previously underappreciated role for interleukins in promoting 

mesenchymalization of cancer, along with associated therapeutic strategies, is discussed. 

Finally, recent applications of HTS technology to identify novel modulators of tumor cell 

phenotype is highlighted.

Targeting the TGF-β Signaling Pathway

One of the best-described signaling pathways that induces mesenchymalization is the TGF-β 
pathway, which mediates developmental EMT during induction of the mesendoderm 

lineage, neural crest migration, heart valve formation, and palate fusion (Derynck & 

Akhurst, 2007). TGF-β exerts similar phenotypic transitions in carcinomas; TGF-β signaling 

is well-known to upregulate the expression of several EMT-TFs (Larocca et al., 2013; 

Shirakihara et al., 2007; Thuault et al., 2006), and it plays a vital role in cancer stemness and 

therapy resistance (Bhola et al., 2013; Larocca et al., 2013; Mani et al., 2008). In human 

tumors, the cells with mesenchymal-like features are often located at the invasive front of 

tumors, and this region is known to be rich in stromal TGF-β (Massague, 2008). Tumors 
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benefit greatly from the TGF-β-induced mesenchymalization process that promotes invasion 

and migration, angiogenesis, apoptosis-resistance, and immunoevasion (Massague, 2008; 

Padua & Massague, 2009). Indeed, increased TGF-β expression is correlated with tumor 

progression in lung, colorectal, prostate, and gastric cancers (Padua et al., 2009). However, 

TGF-β signaling paradoxically suppresses tumor growth during the early stages of 

malignancy, and this suppressive effect must be disabled for tumors to unleash the tumor-

promoting potential of TGF-β signaling.

TGF-β is the prototypic member of a gene superfamily that consists of over 40 factors 

divided into various subfamilies, including bone morphogenetic proteins, activins, and 

inhibins (Lebrun, 2012). The TGF-β subfamily consists of three distinct ligands (TGF-β1, -

β2, and -β3) that mediate canonical and non-canonical signaling based upon the dependency 

for Smad activation. Canonical TGF-β signaling occurs when TGF-β ligands that have been 

cleaved into their active form bind and activate a heterotetrameric receptor complex 

composed of two TGF-β type 1 (TGFβRI/ALK-5) and two TGF-β type 2 (TGFβRII) 

receptors, which in turn phosphorylates Smads 2 and 3. These phosphorylated Smads then 

form a complex with Smad4, translocate into the nucleus, and mediate the activation of 

transcriptional targets that suppress epithelial traits while promoting mesenchymal 

properties. Non-canonical TGF-β signaling occurs when activation of other signaling 

cascades (PI3K/Akt, Erk, JNK, p38, RhoA, etc.) takes place independent of Smad activation 

(Zhang, 2009).

Approaches to inhibiting the TGF-β pathway include small molecule inhibitors, antibodies, 

and antisense oligonucleotides (Figure 2). Several novel TGFβRI/ALK-5 inhibitors have 

been developed and investigated preclinically, but only two have progressed to clinical trials 

in carcinoma (Kothari et al., 2014). Galunisertib (LY2157299) is a TGFβRI/ALK-5 inhibitor 

that has been undergoing clinical development since 2006 (Herbertz et al., 2015). In 

preclinical studies, galunisertib was shown to delay tumor growth and confer a survival 

advantage in xenograft tumor models (Herbertz et al., 2015). Furthermore, it demonstrated 

the ability to prevent CSC-mediated tumor recurrence after treatment with paclitaxel in 

triple-negative breast cancer xenografts (Bhola et al., 2013), and it was shown to potentiate 

the antiproliferative and proapoptotic effects of sorafenib in human hepatocellular whole 

tumor tissue samples treated ex vivo (Serova et al., 2015). In order to reduce the severe 

cardiac toxicity seen with other TGFβRI/ALK-5 inhibitors, an optimized intermittent dosing 

regimen was developed in first-in-human studies in cancer patients (Rodon et al., 2015). 

Galunisertib is now undergoing clinical evaluation in numerous trials in combination with 

other agents; 1) phase I combination with radiotherapy for hepatocellular carcinoma 

(NCT02906397); 2) phase I combination with paclitaxel for triple-negative breast cancer 

(NCT02672475); 3) phase I combination with durvalumab (a novel anti-PD-L1 monoclonal 

antibody) for metastatic pancreatic cancer (NCT02734160); 4) phase I/II combination with 

nivolumab for solid tumors, non-small lung cancer, and glioblastoma (NCT02423343); 5) 

phase II combination with chemotherapy and radiation for rectal cancer (NCT02688712); 6) 

phase II combination with enzalutamide for castration-resistant prostate cancer 

(NCT02452008).
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TEW-7197 is another TGFβRI/ALK-5 inhibitor that was shown to inhibit cell migration and 

invasion in vitro, and to block breast cancer metastasis to the lung in vivo (Son et al., 2014). 

This agent also enhanced the intratumoral infiltration and cytolytic potential of cytotoxic T 

lymphocytes, thereby indicating that TGF-β pathway blockade by TEW-7197 can augment 

antitumor immunity. TEW-7197 is now undergoing evaluation in a phase I dose-escalation 

study in advanced, refractory solid tumors (NCT02160106).

Antibody-based targeting of TGF-β ligands has been studied extensively in preclinical 

mouse models, and has been shown to diminish tumor growth, attenuate metastasis, augment 

antitumor immunity, and to synergize with chemotherapy and radiation (Lonning et al., 

2011). Fresolimumab (GC1008) is a fully human IgG4 monoclonal antibody that neutralizes 

the active forms of human TGF-β1, -β2, and -β3. The safety of this agent was established in 

phase I trials for melanoma and renal cell carcinoma, in which multiple doses were generally 

well tolerated and no dose limiting toxicities reported (Morris et al., 2014). Preliminary 

evidence of efficacy in patients with melanoma was also reported, as one patient achieved a 

partial response and six patients experienced stable disease. Fresolimumab is now 

undergoing clinical trials in combination with radiotherapy for early stage non-small cell 

lung cancer (NCT02581787) and metastatic breast cancer (NCT01401062).

Trabedersen (AP-12009) is an antisense oligonucleotide targeting TGF-β2. It was tested in 

clinical trials in patients with glioma, and demonstrated an acceptable safety profile 

(Jaschinski et al., 2011). In preclinical studies, trabedersen was reported to reduce tumor 

growth, lymph node metastasis, and angiogenesis in orthotopic pancreatic tumor xenografts 

(Schlingensiepen et al., 2011).

Targeting the Wnt Signaling Pathway

The Wnt signaling pathway is a central regulatory pathway that is integral to numerous 

biological processes in both normal and malignant cells. This pathway has been associated 

with cancer since its initial discovery in which proviral insertion into the WNT1 gene locus 

induced tumor formation in a murine model of breast cancer (Nusse et al., 1984). Wnt 

pathway components are known to be mutated in many cancer types, most notably in 

colorectal tumors (Tai et al., 2015), and target genes for this pathway include regulators of 

proliferation (Myc, cyclin D1), survival (p-glycoprotein, survivin), migration (MMP7, 

MMP14), and angiogenesis (VEGF) (Herbst et al., 2014a). Similar to the TGF-β pathway, 

Wnt signaling is a known inducer of mesenchymalization during embryonic development 

(gastrulation, cardiac valve formation, mammary bud formation) and in cancer (Micalizzi et 

al., 2010; Zhan et al., 2016). Examples include the induction of SNAI1 and vimentin in 

breast cancer cells (Yook et al., 2006), activation of stem-like characteristics and metastasis 

in colon cancer (Brabletz et al., 2005; Zhan et al., 2016). These insights indicate that 

targeting Wnt signaling may be another means of interfering with tumor cell 

mesenchymalization (Figure 2).

Similar to the TGF-β pathway, the Wnt signaling cascade is divided into canonical and non-

canonical pathways that reflect their involvement with the transcriptional coactivator β-

catenin (outlined in (Zhan et al., 2016)). Briefly, in both types of pathways, signal initiation 

occurs when Wnt ligands glycoproteins bind to a family of G-protein coupled receptors 
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known as Frizzled receptors (Fzd). There are 19 Wnts and 10 Fzds, thus highlighting to 

complexity of this pathway. During canonical signaling, the usual destruction of β-catenin is 

inhibited, and β-catenin translocates into the nucleus where it acts as a transcriptional 

coactivator with the TCF/LEF family of transcription factors to regulate the expression of 

target genes. Non-canonical Wnt signaling leads to the activation of Rho family GTPases 

that regulate the cytoskeleton, and activation of the stress kinase JNK, phospholipase C 

(PLC), intracellular calcium fluxes, activation of protein kinase C (PKC), and downstream 

modulation of transcriptional responses.

Numerous Wnt pathway inhibitors are undergoing development and preclinical testing, and 

some have progressed into clinical trials (Figure 2). LGK974 is an inhibitor of a membrane-

bound O-acyltransferase known as Porcupine (gene name PORCN), which catalyzes the 

palmitoylation of Wnt ligand (Kadowaki et al., 1996; Willert et al., 2003). This 

posttranslational modification is crucial for Wnt secretion and interaction with Fzd 

receptors. In preclinical models, LGK974 was shown to inhibit Wnt signaling and reduce 

target gene expression in vitro and in vivo (Liu et al., 2013). Additionally, this drug induced 

strong anti-tumor effects in murine MMTV-Wnt1 tumors and in human HN30 and NSU1076 

head and neck squamous cell carcinoma (HNSCC) xenografts (Liu et al., 2013). This agent 

is currently in phase I clinical trials for patients with various tumor types (NCT01351103).

OMP-54F28 is another inhibitor of Wnt ligand signaling. This agent is a recombinant fusion 

protein that combines the ligand-binding domain of Fzd7 with the human IgG1 Fc region. It 

acts as a soluble decoy receptor that competes with native Fzd8 to bind and sequester Wnt 

ligands. Similar to LGK974, OMP-54F28 was shown to block Wnt signaling and inhibit the 

growth of murine MMTV-Wnt1 tumors (Le et al., 2015). Furthermore, this agent reduced 

the growth of patient-derived xenografts (PDXs) of pancreatic tumor cancer, and showed 

additive anti-tumor effects with chemotherapy (Le et al., 2015). Importantly, OMP-54F28 

exhibited the ability to reduce the frequency of CSCs and re-sensitize resistant tumors to 

chemotherapy, thereby demonstrating an ability to revert features associated with tumor 

mesenchymalization (Le et al., 2015). A phase 1 dose-escalation study in solid tumors was 

recently completed (NCT01608867), and no dose-limiting toxicities have been reported to 

date (Tai et al., 2015). Three phase 1b trials are now ongoing to test OMP-54F28 in 

combination with nab-paclitaxel and gemcitabine in pancreatic cancer (NCT02050178), with 

sorafenib in hepatocellular carcinoma (NCT02069145), and with paclitaxel and carboplatin 

in ovarian cancer (NCT02092363).

Inhibition of Wnt signaling via receptor inhibition is another strategy that is being explored. 

Vantictumab (OMP-18R5) is a fully human IgG2 monoclonal antibody that was initially 

found to bind the Fzd7 receptor to block Wnt ligand interaction. Subsequent analysis 

determined that it also binds Fzd1, 2, 5, and 8 (Gurney et al., 2012). Vantictumab 

demonstrated significant growth inhibition and synergy with several chemotherapeutic 

agents in preclinical studies of human PDXs from breast, colon, pancreas, lung tumors 

(Gurney et al., 2012). Furthermore, treatment was shown to reduce the expression of 

stemness-related genes in breast tumors (CD44, ALDH1A1, SOX1, SOX2), to restore 

mucinous differentiation in pancreatic tumors, and to reduce tumor-initiating cell frequency, 

thereby indicating the ability to revert mesenchymal features (Gurney et al., 2012). A phase 
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1 dose-escalation study in solid tumors was recently completed (NCT01345201) in which 

Wnt pathway inhibition was confirmed in pharmacodynamics studies of hair follicles, and 

prolonged stable disease was achieved in three patients with radiologically progressing 

neuroendocrine tumors (Tai et al., 2015). Three combination trials are now ongoing to test 

vantictumab with paclitaxel in breast cancer (NCT01973309), with nab-paclitaxel and 

gemcitabine in pancreatic cancer (NCT02005315), and with docetaxel in lung cancer 

(NCT01957007).

An alternative strategy to target the Wnt pathway is to interfere with β-catenin-dependent 

transcriptional regulation. PRI-724 is a small molecule inhibitor that prevents the binding of 

β-catenin with the transcriptional coactivator CBP (cAMP response-element binding 

[CREB] binding protein). Targeting this association reduces stemness and enhances 

differentiation (Lenz & Kahn, 2014; Tai et al., 2015). In a phase 1 dose-escalation testing in 

solid tumors (NCT01302405), PRI-724 was reported to have a very acceptable safety 

profile, and no maximum tolerated dose was identified (Tai et al., 2015). Although objective 

responses were not observed in the 18 patients that were evaluated, reduced β-catenin target 

gene expression circulating tumor cells was reported (Tai et al., 2015). PRI-724 is now 

undergoing clinical evaluation in myeloid malignancies (NCT01606579) and in combination 

with chemotherapy and the anti-VEGF antibody bevacizumab in colon cancer 

(NCT02413853).

Targeting the IL-6 and IL-8 Pathway

Cytokine expression in the tumor microenvironment can often have beneficial effects on 

tumor growth and progression. These factors are often secreted by infiltrating immune cells 

and other cell types found within the tumor microenvironment. The tumor cells themselves 

can often acquire the expression of certain cytokine receptors to gain the ability to respond 

to signaling by these molecules. Furthermore, tumor cells may also be capable of secreting 

numerous cytokines to exploit their chemoattractant abilities to engage and remodel the 

surrounding stroma. Several studies have now implicated key cytokines and chemokines as 

playing a major role in the acquisition of mesenchymal characteristics, particularly 

interleukin-6 (IL-6) and IL-8 (Palena et al., 2012).

IL-6 is a pleiotropic cytokine that performs many functions critical to innate and adaptive 

immunity (Hirano et al., 1986). The first report of IL-6 in cancer was seen in myeloma, in 

which IL-6-targeting antibodies reduced proliferation (Kawano et al., 1988). IL-6 is now 

recognized as one of the most ubiquitously expressed and dysregulated cytokines in cancer, 

with increased expression found in multiple cancers (Becker et al., 2004; Fulciniti et al., 

2009; Okamoto et al., 1997; Qu et al., 2015; Salgado et al., 2003). This cytokine has also 

been shown to induce mesenchymal features in cancers of the cervix (Miao et al., 2014), 

prostate (Shiota et al., 2013), lung (Shintani et al., 2016), and head and neck (Yadav et al., 

2011), among others. Sullivan and colleagues (Sullivan et al., 2009) showed that exposure to 

exogenous IL-6 repressed E-cadherin expression in breast cancer cells, and ectopic 

expression resulted in a mesenchymal-like phenotype and gene expression pattern both in 
vitro and in vivo. Furthermore, constitutive overexpression of the EMT-TF TWIST was 

found to induce the production of IL-6 and activate STAT3 signaling (Sullivan et al., 2009). 
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In line with these findings, treatment of colorectal cancer cells with IL-6 markedly increased 

mesenchymal marker expression, reduced E-cadherin expression, and enhanced invasion. 

These effects were abrogated via knockdown of either the IL-6 receptor or STAT3 (Rokavec 

et al., 2014).

Inhibitors and antibodies that target IL-6 or its receptor are currently in clinical use for 

treating rheumatoid arthritis, Castleman disease, and inflammatory bowel disease (Kang et 

al., 2015). In particular, the IL-6-targeting antibody siltuximab and the IL-6 receptor-

targeting antibody tocilizumab are FDA-approved agents that have advanced into clinical 

trials for cancer treatment (Figure 2). Siltuximab was recently evaluated as a monotherapy in 

a dose-escalation phase I/II study and was observed to be well tolerated in patients with 

advanced solid tumors, although no clinical benefit was observed (Angevin et al., 2014). It 

was also studied in combination with docetaxel in a phase I trial for patients with castration-

resistant prostate cancer (Hudes et al., 2013). The combination therapy was well tolerated in 

patients, and preliminary evidence of efficacy was observed as 62% of patients treated with 

the combination achieved decreased PSA levels of 50% or greater. Tocilizumab was recently 

evaluated in combination with chemotherapy in a phase I trial for patients with epithelial 

ovarian cancer (Dijkgraaf et al., 2015). This trial demonstrated safety as well as potential 

immunological benefit, as changes indicative of enhanced anti-tumor immunity were 

reported. A phase II trial of tocilizumab in combination with nab-paclitaxel and gemcitabine 

for pancreatic cancer is currently underway (NCT02767557).

IL-8 is a chemotactic cytokine that stimulates the activation and migration of leukocytes in 

response to tissue injury and inflammation. The biological effects of IL-8 are mediated via 

binding with two G protein-coupled receptors, CXCR1(IL-8Rα) and CXCR2 (IL-8Rβ) 

(Holmes et al., 1991; Rollins, 1997). IL-8 signaling can potentially promote tumor growth 

by activating multiple signaling pathways, including PI3K/Akt/mTOR (MacManus et al., 

2007), MAPK (Knall et al., 1996), FAK (Feniger-Barish et al., 2003), JAK/STAT (Fu et al., 

2015), and elevated IL-8 expression has been implicated as a marker of poor prognosis, 

particularly in lung cancer (Pine et al., 2011) and breast cancer (Benoy et al., 2004). IL-8 has 

also been linked to mesenchymalization of carcinomas; enhanced expression of IL-8 and 

CXCR1, for example, was observed to occur after TGF-β treatment of colon carcinoma cells 

(Bates et al., 2004). Similarly, upregulation of the EMT-TF brachyury was shown to induce 

EMT along with IL-8 secretion, and neutralization of IL-8 reversed this phenotype 

(Fernando et al., 2011). Finally, resistance to EGFR inhibition in EGFR-mutant lung cancer 

cells was shown to enhance IL-8 secretion along with features of tumor mesenchymalization 

and stemness, and blockade of IL-8 was sufficient to revert these features and re-sensitize 

these cells to treatment with EGFR inhibitors (Fernando et al., 2016; Liu et al., 2015). 

Further evidence linking IL-8 and tumor mesenchymalization can be found in a recent 

review (David et al., 2016).

Therapeutic targeting of IL-8 signaling can be accomplished by IL-8-neutralizing antibodies 

or via small molecule inhibitors targeting CXCR1/2 (Figure 2). Monoclonal antibodies that 

target IL-8 include ABX-IL8 and HuMax-IL8. ABX-IL8 was evaluated in preclinical studies 

and was shown to decrease invasion through downregulation of MMP2 and MMP9 and to 

reduce the growth of urothelial tumors in vivo (Mian et al., 2003). Similar results were also 
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seen in melanoma (Huang et al., 2002). HuMax-IL8 has been studied clinically in the 

inflammatory disease palmoplantar pustulosis, and it demonstrated safety along with 

effective sequestration of IL-8 and associated decreased activation and migration of 

neutrophils (Skov et al., 2008). It is currently undergoing evaluation in a phase I clinical trial 

in solid tumors (NCT02536469). The majority of IL-8 receptor-targeting studies in cancer 

have utilized the small molecule antagonist reparixin (formerly known as repertaxin), a 

noncompetitive inhibitor of CXCR1 and CXCR2 that prevents IL-8 signaling by locking the 

receptors in an inactive form (Casilli et al., 2005). In preclinical analyses, reparixin was 

shown to effectively reduce tumor growth, to deplete CSC frequency in vitro and in vivo 
(Ginestier et al., 2010), and to synergize with chemotherapy to reduce metastases 

(Brandolini et al., 2015). Reparixin was recently evaluated in a phase 1b trial of patients 

with HER2 negative breast cancer in which it demonstrated acceptable safety and 

tolerability in combination with paclitaxel (NCT02001974). It is currently in a phase 2 

clinical trial in combination with paclitaxel for metastatic triple-negative breast cancer 

(NCT02370238).

High-Throughput Screens Identify Novel Modulators of Tumor Phenotype

As noted above, HTS technology has been used to identify cytotoxic agents capable of 

directly killing mesenchymalized tumor cells. However, in recent years a relatively new 

application of HTS technology has emerged in which the goal is to identify compounds that 

are not necessarily cytotoxic, but are instead able to prevent or revert features of tumor 

mesenchymalization. One early example was a relatively small screen of 267 compounds 

designed to identify compounds capable of inhibiting the spot migration of tumor cells that 

had been treated with EMT-inducing growth factors (Chua et al., 2012). Another example 

used a cell-based reporter assay system to identify compounds capable of upregulating the 

expression of a cell adhesion molecule that is frequently downregulated during 

mesenchymalization (Huynh et al., 2015). Validation studies determined that the identified 

compounds could attenuate tumor cell motility and invasiveness in vitro, while also reducing 

tumor xenograft growth and local invasion in vivo. These examples confirm the feasibility 

and potential utility of this novel approach.

Screening with a collection of over 2,000 FDA-approved compounds was recently 

undertaken to identify novel modulators of tumor phenotype that could be repurposed from 

their original indications (Hamilton et al., 2016a). Unlike similar assays, which screened 

mesenchymal cell line models that had been stably transfected with exogenous DNA, this 

study utilized single-cell cloning to derive an isogenic pair of highly homogeneous 

epithelial-like or mesenchymal-like clones of the H460 lung cancer cell line that had not 

been artificially manipulated. Furthermore, this screen was also unique in that it was 

designed to identify non-toxic compounds capable of enhancing the susceptibility of 

mesenchymalized tumor cell clone to killing by TNF-related apoptosis-inducing ligand 

(TRAIL), which was used as a surrogate for immune-mediated killing. The estrogen receptor 

antagonist fulvestrant was identified as the lead compound from this screen. Treatment with 

fulvestrant was found to not only improve TRAIL-mediated killing of the mesenchymalized 

clone, but to also markedly enhance the susceptibility of these cells to chemotherapy and to 

lysis by innate and antigen-specific immune cells. Mechanistic studies identified a robust 
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association between mesenchymal features and expression of estrogen receptor 1 (ER-α) in 

lung cancer, and blockade of estrogen signaling with fulvestrant was able to revert these 

features. These results suggest that fulvestrant (Figure 2) can be used to alter the phenotype 

of lung tumors to become more amenable to treatment with chemotherapy and/or 

immunotherapy.

In addition to cell signaling, phenotype modulation in tumor cells is also regulated by 

epigenetic mechanisms. Functional loss of E-cadherin expression, a pivotal occurrence 

during tumor plasticity, can be accomplished through silencing of the CDH1 gene (encoding 

E-cadherin) via promoter hypermethylation (Lombaerts et al., 2006). CDH1 silencing can 

also be accomplished by EMT-TF-mediated recruitment of histone deacetylase (HDAC) 

enzymes at the CDH1 promoter, which deacetylate histone proteins thereby causing 

chromosomal condensation and gene repression (Peinado et al., 2004). Indeed, genome-wide 

reprogramming of histone modifications in specific chromatin domains was reported to 

occur in cells undergoing TGF-β-mediated mesenchymalization (McDonald et al., 2011). 

Accordingly, a recent screening employing restoration of E-cadherin expression as the 

readout identified inhibitors of HDAC enzymes (HDACi) as candidate drugs to restore 

epithelial differentiation in tumor cells (Tang et al., 2016). Among 41 HDACi screened, 28 

showed the ability to upregulate E-cadherin promoter activity, and the top ranking 

compounds all had selectivity for class I HDACs. Subsequent studies using class I HDACi 

(vorinostat, mocetinostat, entinostat, and/or CI994) determined that only mesenchymal-like 

tumor cells were susceptible to phenotype reversal, and that restoration of epithelial 

differentiation by HDACi reduced both anchorage-independent growth and spheroid forming 

efficiency. Notably, class I HDACi (vorinostat, romidepsin) are already FDA-approved 

agents for treating patients with T-cell lymphoma, and several other HDACi are currently 

undergoing evaluation in numerous clinical trials for cancer. The results of this screen 

suggest that tumor phenotype modulation may be another promising indication for HDACi 

(Figure 2).

Immunological Targeting of Mesenchymalized Tumor Cells

The landscape of cancer medicine has been profoundly altered in recent years by the 

successful implementation of immunotherapy. Such approaches include tumor vaccines, 

immune checkpoint inhibition, and adoptive T-cell transfer with native or modified T cells. 

The prospect of using immunotherapy to activate antitumor responses against specifically 

those malignant cells that exhibit a mesenchymalized phenotype represents a radical new 

approach to cancer immunotherapy, as it would seek to educate the patient’s own immune 

cells to preferentially eliminate those cells that contribute the most to metastatic spread and 

therapy resistance. As with pharmacological targeting of EMT, the generation of robust 

immune responses against these cells could ideally be combined with conventional therapies 

that eradicate the epithelial-like component of the tumor, thereby resulting in better long-

term tumor control. To our knowledge, there is only one immunotherapy that is specifically 

designed to target mesenchymal-like tumor cells which has progressed to clinical trials. 

However, emerging research also suggests that mesenchymalized tumors in general may be 

more susceptible to certain immune-based treatments. These recent advances are discussed 

below.
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Antitumor Immune Responses

Immune responses can be classified as innate (non-specific) and adaptive (specific) 

responses. Adaptive immunity depends upon the detection of an antigen that is recognized as 

foreign to the host, and these responses exhibit persistence upon re-challenge with the 

antigen, a phenomenon known as immunological memory. To generate adaptive immunity, 

antigen must first be internalized, processed into short peptides, and displayed upon major 

histocompatibility complex (MHC) molecules by antigen-presenting cells such as dendritic 

cells (DCs). Peptide-MHC complexes are in turn bound by T-cell receptors (TCRs) found on 

T cells that are capable of recognizing the specific antigen. T cells that express the cell 

surface marker CD4 bind to MHC class II, while T cells that express CD8 bind to MHC 

class I. Once activated, T cells migrate to the periphery, proliferate rapidly, and enter the 

effector phase in which they exert their immune functions; CD4+ cells, known as T helper 

cells (TH), secrete inflammatory cytokines to support other immune cells, while the CD8+ 

cells, known as cytotoxic T lymphocytes (CTLs), seek out and destroy other cells that 

express the recognized antigen. Once the provoking immune event has been resolved, a 

subset of these activated cells become memory T cells that persist for many years in order to 

rapidly respond to the offending stimulus should it ever be encountered again.

Adaptive responses can also be generated artificially by vaccination, and this approach can 

be exploited against tumors in the form of a cancer vaccine. Unlike vaccines for infectious 

diseases that seek to primarily elicit B cell-dependent antibody responses, cancer vaccines 

are designed to provoke T-cell responses, especially CTL functions that can recognize and 

destroy tumor cells. Cancer vaccines are designed to target antigens expressed solely by the 

tumor (known as tumor-specific antigens) or those expressed at higher levels in tumor cells 

compared to normal cells (termed tumor-associated antigens) thereby preventing or limiting 

undesirable autoimmunity. A key advantage of anticancer vaccines is the ability to target any 

protein expressed by tumor cells, as all cells process virtually all expressed proteins and 

display the resulting peptides with MHC class I molecules on the cell surface. This is in 

contrast to small molecule inhibitors, which cannot target “undruggable” molecules that lack 

a specific binding groove, or antibodies, which can only target cell surface proteins.

Brachyury as a Cancer Vaccine Target

To specifically target elements of the mesenchymalization process with a cancer vaccine, the 

choice of an appropriate antigen is critical; the antigen must exhibit a tissue-restricted 

pattern of expression in primarily neoplastic tissues, and it must be capable of inducing an 

immune response. Molecules commonly upregulated during mesenchymalization of 

carcinomas, such as vimentin or N-cadherin, would not be good candidates as they are also 

abundantly expressed on various normal cell types. Efforts to find a suitable tumor-

associated antigen of relevance to the phenomenon of mesenchymalization identified the T-

box transcription factor brachyury encoded by the T gene). This embryonal gene is 

transiently expressed in mesodermal precursor cells during formation of the posterior 

mesoderm, but is virtually undetectable in normal adult tissues other than the testes and 

thyroid (Roselli et al., 2012). However, brachyury has been found to be overexpressed in a 

wide variety of carcinomas, including lung, breast, colon, and prostate, among others 

(Palena & Hamilton, 2015). In tumor cells, brachyury has been shown to be a driver of 
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mesenchymalization, as high expression of brachyury resulted in loss of epithelial markers 

(including repression of E-cadherin), acquisition of mesenchymal markers, gain of motility 

and invasiveness, increased metastatic dissemination (Fernando et al., 2010), increased 

stemness characteristics (Sarkar et al., 2012), and enhanced resistance to radiation and 

chemotherapy (Huang et al., 2013a; Larocca et al., 2013). In recent years, high levels of 

brachyury expression were reported to associate with poor clinical outcome in patients with 

hormone-receptor positive breast cancer (Palena et al., 2014), triple-negative breast cancer 

(Hamilton et al., 2016b), colorectal cancer (Kilic et al., 2011; Sarkar et al., 2012), lung 

cancer (Haro et al., 2013), prostate cancer (Pinto et al., 2014), gastrointestinal stromal 

tumors (Pinto et al., 2016), hepatocellular carcinoma (Du et al., 2014), and oral squamous 

cell carcinoma (Imajyo et al., 2012).

In addition to satisfying the first requirement of an anticancer vaccine target by exhibiting a 

restricted pattern of expression in primarily neoplastic tissues, brachyury has also been 

shown to satisfy the second requirement by demonstrating immunogenicity both in vitro and 

in vivo. Using blood from cancer patients, brachyury-specific CD8+ T cells could be 

expanded by in vitro stimulation with an HLA-A0201-restricted epitope of brachyury 

identified using an HLA-binding prediction algorithm (Palena et al., 2007), and these 

patient-derived CD8+ T cells proved capable of lysing brachyury-expressing carcinoma cells 

(Palena et al., 2007; Palena et al., 2014; Roselli et al., 2012). In addition, the development of 

brachyury-reactive CD8+ T cells was observed in prostate cancer patients who received 

vaccinations against CEA or PSA (Madan et al., 2012), likely due to cross-presentation of 

antigen following tumor destruction in response to vaccine, a phenomenon known as antigen 

cascade. These data indicate that anti-brachyury immunity can be developed both directly 

and indirectly in cancer patients, thereby paving the way for the development of brachyury-

targeted vaccines.

Brachyury-Targeting Cancer Vaccines

Several approaches can be used to vaccinate a patient against a given tumor antigen, 

including 1) the direct delivery of the antigenic peptide(s) or protein(s); 2) the use of DCs 

loaded with peptides, proteins, or mRNA encoding for a given antigen; 3) the use of whole-

tumor cell vaccines; and 4) the use of vector-based vaccines in which a recombinant viral, 

yeast, or bacterial vector is engineered to overexpress an antigen of choice (Schlom et al., 

2014). In the particular case of brachyury, three vector-based cancer vaccine platforms have 

been developed, and two of these are currently undergoing clinical testing as delineated 

below.

The first brachyury cancer vaccine that reached the clinical stage is a recombinant yeast-
brachyury vector (designated as GI-6301) that consists of heat-killed Saccharomyces 
cerevisiae engineered to express the full-length human brachyury protein. In vitro studies 

conducted with human DCs incubated with recombinant yeast-brachyury initially showed 

the ability of this vector to activate previously established human brachyury-specific T-cell 

lines, as well as to expand brachyury-specific CD4+ and CD8+ T cells from the blood of 

cancer patients (Hamilton et al., 2013). Experiments conducted in vivo also showed the 

ability of this vaccine to activate and expand murine brachyury-specific CD4+ and CD8+ T-
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cell responses, while inducing tumor control in a murine model of experimental metastasis 

(Hamilton et al., 2013). A phase I clinical trial of this vaccine (NCT01519817) was recently 

completed in patients with advanced carcinomas or chordoma (Heery et al., 2015b). The 

vaccine was well tolerated with no associated toxicities and elicited brachyury-specific 

CD8+ and/or CD4+ T-cell responses in approximately half of the patients, post-vaccination. 

Some evidence of clinical activity was also reported, particularly in two of the chordoma 

patients enrolled in the study in whom a confirmed partial response and a reduction of tumor 

burden were observed, respectively. Based on these results, a phase II study of the yeast-

brachyury vaccine is currently ongoing in patients with chordoma (NCT02383498).

Another platform undergoing extensive clinical investigation in the field of cancer 

immunotherapy consists of recombinant poxvirus vectors, including vaccinia and fowlpox 

viruses modified to express tumor antigen(s) and costimulatory molecules (Gulley et al., 

2014). Recently, an MVA-brachyury-TRICOM vaccine has been developed. This vaccine 

consists of a highly attenuated and safe strain of vaccinia, namely Modified Vaccinia Ankara 

(MVA), engineered to express the full-length brachyury protein and a triad of costimulatory 

molecules named TRICOM (B7-1, ICAM-1, LFA-3). This vector has been evaluated in a 

recently completed phase I clinical trial in patients with advanced carcinomas or chordoma 

(NCT02179515), demonstrating the ability to elicit CD4+ and/or CD8+ T-cell responses 

post-vaccination in up to 80% of the patients, in the absence of toxicities (Heery et al., 

2015a).

A novel adenoviral-based vaccine encoding for brachyury was also recently developed 

(Gabitzsch et al., 2015). In preclinical studies, this vaccine demonstrated the ability to elicit 

the activation of antigen-specific human T cells in vitro, and induced antigen-specific CD4+ 

and CD8+ T cells in vaccinated mice.

Immune Checkpoint Inhibition

As discussed above, activated CD8+ T cells enter into the effector phase in which they are 

capable of destroying tumor cells that express the recognized antigen. However, the degree 

and duration of effector responses depends upon the balance between co-stimulatory versus 

inhibitory signals that are received by the T cell. Such inhibitory signals can be delivered via 

binding with immune checkpoint molecules expressed by antigen-presenting cells or tumor 

cells. In normal physiology, these inhibitory signals serve to maintain self-tolerance and 

regulate peripheral responses to pathogens in order to prevent excessive tissue damage 

caused by chronic inflammation. However, these same pathways are often co-opted during 

tumor progression to prevent host anti-tumor immune responses.

Monoclonal antibodies designed to inhibit immune checkpoints or their ligands, including 

cytotoxic T lymphocyte associated protein-4 (CTLA-4), programmed cell death-1 (PD-1), 

and programmed cell death ligand-1 (PD-L1), have yielded striking clinical responses in 

subsets of patients with melanoma and cancers of the lung, kidney, and bladder (Brahmer et 

al., 2012; Rosenberg et al., 2016; Topalian et al., 2012; Wolchok et al., 2013). These 

therapies work by relieving T cell inhibitory signals that maintain tumor immune tolerance, 

thereby unleashing a patient’s own pre-existing anti-tumor immune response. Early 

investigations into predictive correlates for PD-1/PD-L1 checkpoint inhibitor response have 
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found that tumor and immune cell PD-L1 expression as well as the presence of tumor-

infiltrating lymphocytes (TIL) can discriminate responding patients (Herbst et al., 2014b; 

Tumeh et al., 2014).

Continued investigation into predictive parameters of response has now revealed an 

intriguing potential connection between checkpoint immunotherapy and tumor cell 

mesenchymalization. The first line of evidence comes from the independent development of 

two different universal ‘EMT scoring’ methods that quantitatively assessed the degree of 

tumor mesenchymalization across an array of cancer types (Mak et al., 2016; Tan et al., 
2014). In these analyses, those tumor types known to respond well to checkpoint inhibition 

(melanoma, renal, and lung) also tended to have a more mesenchymal score. Second, a 

preclinical study in human and murine cell lines revealed that ZEB1-driven 

mesenchymalization suppresses host immunity by controlling the expression of tumor cell 

PD-L1 (Chen et al., 2014). Using murine tumor models, the authors showed that 

mesenchymal-like tumors, but not epithelial tumors, are susceptible to PD-L1 blockade 

therapy (Chen et al., 2014). Lastly, an analysis of patient tumor genomic and proteomic 

profiles across 11 cancer types showed a strong correlation between mesenchymal score and 

markers of immune activation (Mak et al., 2016). These results were confirmed in a 

subsequent analysis of lung adenocarcinoma (Lou et al., 2016), indicating that immune 

checkpoint inhibitors may be well suited to exploit these preexisting inflammatory immune 

responses. However, the putative connection between checkpoint immunotherapy and tumor 

phenotypic status may be tumor-type specific, as the mesenchymal phenotype was found to 

be associated with innate resistance to PD-1 blockade in melanomas (Hugo et al., 2016). 

There are currently two FDA-approved PD-1- targeting antibodies (pembrolizumab, 

nivolumab), one FDA-approved PD-L1-targeting antibody (atezolizumab), and several other 

antibodies undergoing clinical trials. Whether PD-1/PD-L1 checkpoint inhibition can truly 

be thought of as indirectly targeting tumor mesenchymalization remains a tantalizing 

possibility that awaits further experimental validation.

Conclusions

As researchers have probed the complexity of cancer, it has become abundantly clear that 

individual carcinoma cells that comprise a tumor are not a homogeneous group, but instead 

exist as a heterogeneous assembly of cells that exhibit markedly differing biological 

behaviors and functions due to intrinsic factors (mutational diversity) and extrinsic factors 

(oxygenation, proximity to microenvironmental factors, etc.). These factors dictate the 

phenotypic state in which tumor cells reside, and these differing states signify important 

functional attributes that influence tumor cell behavior and disease progression. Continuing 

knowledge of these phenotypic states and the dynamic nature of tumor cell phenotype 

transitions has created new opportunities to intervene to control the behavior of tumor cells.

There are now a variety of pharmacological approaches to targeting tumor 

mesenchymalization, and novel immunological means have emerged in recent years. The 

time for evaluating the various strategies of targeting mesenchymalized tumor cells has 

arrived, and it is conceivable that combinations with conventional treatments could be used 

as to eliminate those susceptible tumor cells that exhibit more epithelial-like features, thus 
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granting better long-term tumor control. Furthermore, use of immunological targeting of 

tumor mesenchymalization could be administered concurrently to engage the immune 

system in seeking and destroying those cells that may have avoided pharmacological 

targeting.

In summary, advances in our understanding of tumor cell phenotypic plasticity in the 

laboratory combined with the advent of personalized medicine approaches in the clinic has 

presented a rich opportunity to develop a new arsenal of both pharmacological and 

immunological therapies to target tumor mesenchymalization. Such an opportunity must be 

seized in order to produce the next big leap in cancer therapy.
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Figure 1. Tumor plasticity generates a range of phenotypes in carcinoma cells
Phenotype characteristics and markers typically expressed are indicated below each 

phenotype. Arrows indicate the reversibility of the phenomenon.
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Figure 2. Pharmacological and immunological agents with the potential to target 
mesenchymalization in solid tumors
Selected agents used for signaling pathway inhibition or for targeting mesenchymalized 

carcinoma cells via direct or immune-mediated killing.
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Table 1

Pharmacological and immunological agents with the potential to target mesenchymalization in solid tumors.

Agent Target Stage Current Clinical Trials in Solid Tumors Clinical Trial Indication

Ionophores

1. Salinomycin Broad Preclinical

2. Nigericin Broad Preclinical

3. Monensin Broad Preclinical

4. Gramicidin A HIF, Broad Preclinical

Small Molecules

1. ML239 Nf-κB, undefined Preclinical

2. Cinnamides Undefined Preclinical

Inhibitors

1. Midostaurin (PKC412) SYK, AURKA, broad Phase I NCT01282502 Locally advanced rectal 
cancer

2. VS-5584 PI3K, mTOR Phase I NCT01991938 Non-hematologic 
cancers, metastatic 
cancer, lymphoma

3. TEW-7197 TGFβRI/ALK5 Phase I NCT02160106 Advanced stage solid 
tumors

4. Galunisertib (LY2157299) TGFβRI/ALK5 Phase I/II/III NCT02906397, NCT02672475, 
NCT02734160, NCT02423343, 
NCT02688712, NCT02452008

Hepatocellular 
carcinoma, triple-
negative breast cancer, 
solid tumors, non-small 
cell lung cancer, 
glioblastoma, rectal 
cancer, castration-
resistant prostate cancer

5. LGK974 Porcupine Phase I NCT01351103 Pancreatic 
adenocarcinoma, BRAF-
mutant colorectal cancer, 
other tumor types

6. PRI-724 β-catenin-CBP binding Phase I/II NCT01606579, NCT02413853 Advanced myeloid 
malignancies, metastatic 
colorectal cancer

7. Reparixin CXCR1, 2 Phase II NCT02370238 Metastatic breast cancer

8. Fulvestrant ER FDA-approved Multiple Hormone-receptor 
positive breast cancer

9. Vorinostat Class I HDAC FDA-approved Multiple Multiple

Antibodies

1. Fresolimumab (GC1008) TGF-β1, 2, 3 Phase I/II NCT02581787, NCT01401062 Early-stage non-small 
cell lung cancer, 
metastatic breast cancer

2. Vantictumab (OMP-18R5) Fzd1, 2, 5, 7, 8 Phase I NCT01973309, NCT02005315, NCT01957007 Metastatic breast cancer, 
pancreatic cancer, non-
small cell lung cancer

3. Siltuximab IL-6 FDA-approved

4. Tocilizumab IL-6R FDA-approved NCT02767557 Pancreatic carcinoma

6. HuMax-IL8 IL-8 Phase I NCT02536469 Solid Tumors

Fusion Proteins
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Agent Target Stage Current Clinical Trials in Solid Tumors Clinical Trial Indication

1. OMP-54F28 Wnt ligands Phase I NCT02050178, NCT02069145, NCT02092363 Pancreatic cancer, 
hepatocellular cancer, 
ovarian cancer

Antisense Oligonucleotides

1. Trabedersen (AP- 12009) TGF-β2 Phase I/II

Immunotherapies

1. MVA-Brachyury-TRICOM Brachyury vaccine Phase I NCT02179515 Solid tumors

2. Yeast-Brachyury (GI-6301) Brachyury vaccine Phase I/II NCT01519817, NCT02383498 Solid tumors, chordoma

3. Ad5-Brachyury Brachyury vaccine Preclinical

4. Pembrolizumab PD-1 FDA-approved Multiple Multiple

5. Nivolumab PD-1 FDA-approved Multiple Multiple

6. Atezolizumab PD-L1 FDA-approved Multiple Multiple
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