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Abstract

Immunotherapy for solid tumors has shown promise in preclinical as well as early clinical studies.
However, its efficacy remains limited. The hindrance to achieving objective, long-lasting
therapeutic responses in solid tumors is, in part, mediated by the dynamic nature of the tumor and
its complex microenvironment. Tumor-directed therapies fail to eliminate components of the
microenvironment, which can reinstate a tumorigenic milieu and contribute to recurrence. Cancer-
associated fibroblasts (CAFs) form the most preponderant cell type in the solid tumor
microenvironment. Given their pervasive role in facilitating tumor growth and metastatic
dissemination, CAFs have emerged as attractive therapeutic targets in the tumor
microenvironment. In this article, we highlight the cross-talk between CAFs and cancer cells, and
discuss how targeting CAFs has the potential to improve current immunotherapy approaches for
cancer.
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The importance of the microenvironment in providing tumorigenic signals first came to light
in 1889, when Stephen Paget proposed his ‘seed and soil” hypothesis. Contrary to the then
accepted notion that the site of secondary metastasis was simply random, Paget proposed
that the tissue microenvironment or ‘the soil’ dictated the affinity of disseminated cancer
cells to certain organs versus others [1]. Since then, studies have unraveled the complex
interactions between cancer cells and the host microenvironment that govern every facet of
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tumorigenesis and metastatic spread. The microenvironment is highly heterogeneous, where
a multitude of cells secrete autocrine and paracrine factors and form a labyrinth of signaling
networks. Cancer-associated fibroblasts (CAFs) form the nexus of this labyrinth and
regulate the cross-talk between cancer cells and components of the host milieu. CAFs
contribute to desmoplasia, which not only increases tumor growth but also results in
profound therapeutic resistance [2]. In this article, we will review the role of CAFs in tumor
progression and their emergence as novel targets for immunotherapy.

of CAFs

The term CAF is used to describe cells that are morphologically and functionally distinct
from their resting or quiescent counterparts. Elongated into a spindle shape by the
acquisition of contractile stress fibers, CAFs remain perpetually activated resulting in the
‘wounds that never heal’ phenotype that is associated with most cancers. Additionally, they
express markers like the actin isoforms a-SMA and y-SMA; paladin, vimentin, endosialin,
podoplanin, FSP-1 and FAP [3]. There are those that arise from senescent fibroblasts as a
result of chronic inflammation or an accumulation of free radicals. These primed fibroblasts
can easily convert benign lesions into malignant tumors explaining the increased incidence
of certain cancers with age [4]. Chronic inflammation concomitantly induces somatic
mutations in the epithelial compartment resulting in activation of proto-oncogenes and this
further drives tumorigenesis [5]. Inevitably, the expanding tumor expropriates other normal
tissue fibroblasts either by inducing somatic mutations [6,7] or by epigenetic means [8] to
meet its growing demands. The cancer cells also commandeer other components in the
microenvironment, including secondary epithelia [9] and endothelial cells [10], to
transdifferentiate into CAFs. An influx of bone marrow-derived cells provides yet another
source [11], allowing further accumulation of CAFs in the microenvironment. These
seemingly disparate sources highlight the exigency of the growing malignancy for CAF-
mediated support. Consequently, the cancer cells and CAFs enter into a symbiotic
relationship that initiates an irreversible chain of events leading to their activation and
growth.

of CAFs

Once ensconced in to the tumor microenvironment, fibroblasts commence a differentiation
pathway, which is in part evoked by the inflammatory milieu, which closely resembles what
is seen during wound healing. In the first stage, fibroblasts differentiate into proto-
myofibroblasts that are characterized by the formation of stress fibers. These proto-
myofibroblasts generate mechanical tension in the extracellular matrix (ECM), which
activates TGF-p1 [12]. In the second stage, TGF-P1 causes trans-differentiation of proto-
myofibroblasts into myofibroblasts or CAFs, which can be recognized by the neo-expression
of a-SMA [13]. This differentiation event is potentiated by downstream effectors of TGF-
B1, which include heparin sulfate and decorin [14]. The neighboring cancer cells are also
inextricably exposed to these growth factors, facilitating their rapid proliferation. To sustain
CAF-mediated support for the growing tumor mass, cancer cells bring in additional
reinforcements. Macrophages infiltrating the tumor for example, secrete PDGF and TGF-B1
[15]. Accumulating TGF-B1 can then transform resident endothelial cells [10] and
infiltrating mesenchymal stromal cells [16] into CAFs. Additionally, some cancer cells
undergo epithelial-to-mesenchymal transition (EMT) to generate a small proportion of
supportive fibroblasts [17]. Once induced, CAFs deposit increasing amounts of stiff fibrillar
ECM composed of collagen [18] and fibronectin splice variants [19]. Contraction of the
ECM by CAFs causes compression of the granulation tissue. As a result, pools of soluble
factors released by CAFs accumulate in these compressed areas allowing further
differentiation and growth. However, unlike their counterparts in wound healing, CAFs do
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not undergo apoptosis when epithelization is completed. Instead, they form an irreversibly
activated stroma, which contributes to tumor growth and metastatic dissemination.

Functions of CAFs
CAFs support tumor growth

Following activation, CAFs revert to a more fetal phenotype and display an elevated
migratory potential along with the ability to secrete a gamut of soluble factors [20]. Some of
these factors, like TGF-B1, function in an autocrine manner to sustain fibrogenesis. Others,
like HGF [21], IGF-1 [22], FGF [23] and PGE-2 [24] act on neighboring cancer cells and
promote rapid proliferation. Cancer cells reciprocate by secreting soluble factors like PDGF
[25], IL-1a [26] and IL-6 [27] to name a few, which further activate CAFs. The fibrillar
ECM deposited by CAFs aid in this process by binding and distributing soluble factors to
different cell types [28]. An autocrine cytokine and chemokine network secreted by CAFs
causes infiltration of inflammatory cells and promotes neoangiogenesis [29]. SDF-1/
CXCL12 [30], VEGF [31] and PDGF produced by CAFs [32], for example, recruit bone
marrow-derived endothelial progenitor cells to the tumor and promote angiogenesis. Blood
vessels act as conduits for shuttling in nutrients required for tumor expansion. Sites distant
to blood vessels however, become hypoxic and undergo necrosis [33]. To perpetuate the
growth of cancer cells in these areas, CAFs undergo autophagy/mitophagy and generate fuel
(L-lactate and ketone bodies) for their consumption [34]. Cancer cells then adopt a
mesenchymal phenotype characterized by enhanced migratory and invasive capabilities via
EMT [35]. This event is sustained by paracrine factors produced by CAFs, and marks the
transition of a potentially malignant lesion to an aggressive and invasive carcinoma.

CAFs contribute to the immunosuppressive tumor microenvironment

During initial stages of neoplasia, CAFs recruit T cells to the tumor by secreting chemokines
[36] and promote chronic inflammation by sustaining proliferation even in the absence of
antigen stimulation [37]. Alternatively, this pro-tumorigenic inflammatory milieu is
maintained by severely inhibiting antigen-specific T-cell responses. These T cells fail to
control tumor progression because of both extrinsic and intrinsic factors that are
manipulated by CAFs [38]. By secreting a gamut of paracrine factors, CAFs modulate the
microenvironment to a largely Th2 phenotype, which inhibits effector T-cell function and
promotes tumor growth [39]. A variety of immune cells aid in this process. In the presence
of CAFs, monocytes for example, differentiate into a distinct M2 polarized macrophage
population called tumor-associated macrophages. Tumor-associated macrophages in turn
have poor antigen-presenting capacity and further suppress Thl-adaptive immune responses
[40]. For example, in pancreatic cancer, the Th2 phenotype is largely maintained by the
activation and maturation of myeloid dendritic cells (DCs) in the presence of CAF-secreted
thymic stromal lymphopoietin (TSLP). These DCs subsequently migrate to the draining
lymph nodes and activate CD4* T cells towards a Th2 phenotype [41]. This
immunosuppressive, pro-tumorigenic microenvironment is further bolstered by the
recruitment of myeloid-derived suppressor cells and Tregs by CAFs. In the presence of Th2
cytokines, like IL-4, IL-10 and IL-13, myeloid cells fail to differentiate and adopt a
suppressive phenotype giving rise to the myeloid-derived suppressor cell population. These
myeloid-derived suppressor cells secrete immunosuppressive cytokines, reactive oxygen
species and nitric oxide NO [42]. Similarly, naturally occurring Tregs expand in the
presence of CAF-secreted factors like TGF- [43] and indoleamine 2,3 dioxygenase [44].
These regulatory cells greatly suppress the activity of effector T cells allowing tumor
progression. CAFs also contribute to increasing tumor fibrosis, which inhibits the migration
of T cells into the bulk of the tumor, relegating them to the periphery. Furthermore, through
a contact-dependent mechanism, CAFs significantly inhibit the proliferation of activated T
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cells by disrupting their IL-2 production [45]. TGF-B1 secreted by CAFs, inhibits CD4* T
cells by disrupting IL-2 Itk phosphorylation and nuclear factor of activated T-cells (NFAT)
translocation, both essential for its differentiation and function [46]. Additionally, CAFs
express programmed death ligands 1 and 2 (PD-L1 and PD-L2), which can interact with the
programmed death 1 receptor (PD-1) on T cells and inhibit their function [47]. Finally, in
order to evade the NK cells, CAFs secrete indoleamine 2,3 dioxygenase and prostaglandin-
E2 (PGE2), which severely inhibits both the acquisition of activating receptors as well as the
release of cytotoxic granules by these cells [48]. CAFs are therefore the architects of the
tumor inflammatory milieu and subvert the anti-tumor responses of T cells to facilitate
tumor growth and metastasis.

CAFs promote invasion & metastasis

The defining event that signifies cancer progression to a malignant state involves the
disruption of basement membrane. This is assisted by matrix metalloproteinases (MMPs)
that are secreted by CAFs. MMPs degrade the ECM that forms the basement membrane,
freeing the cancer cells from their tight quarters [49]. This is associated with a rapid increase
in reactive oxygen species, which induces genomic instability in the cancer cells and
bolsters EMT [50]. Detachment from the ECM is however known to induce anoikis, a form
of programmed cell death [51]. CAFs secrete HGF, which subsequently induces activation
of the PI3K signaling cascade in the cancer cells and renders them resistant to anoikis [52].
CAFs then generate tracks in the ECM and lead a small minority of motile cancer cells
through the breached basement membrane [53]. These motile cancer cells share properties
with somatic or embryonic stem cells and are selected for by CAFs during EMT [54]. Once
they enter the underlying connective tissue, the leading CAFs secrete TGF-B and subvert
normal fibroblasts to boost their motility [55]. This entourage may then follow an as yet
unidentified chemokine path to reach a specific secondary site. Upon arrival, CAFs colonize
the site and provide a growth advantage to their accompanying cancer cells. The metastatic
cells and CAFs then co-evolve and reinstate their reciprocal relationship as seen in the
primary tumor.

CAFs have a permeating role in all aspects of cancer progression. It is therefore not entirely
surprising that a significant prognostic value is attributed to them. Excessive desmoplasia in
normal breasts for example is an independent risk factor for subsequent mammary cancer
development [56]. When formed, invasive tumors are typified by extensive fibrosis, which is
associated with preoperative chemoresistance and shorter disease-free survival [57].
Furthermore, CAF activation when directly assessed by histological staining of specific
activation markers like FAP [58], aSMA [59] and podoplanin [60] is often correlated with
poor prognosis. These findings corroborate the role of CAFs in cancer development, making
them excellent therapeutic targets.

Targeting CAFs

Historically, cancer treatments have largely focused on targeting the tumor discounting the
stroma as an innocent bystander. It is now accepted that a permissive stroma composed of
activated CAFs can revive dormant tumorigenic cells and establish cancer. Indeed, several
studies have highlighted that co-targeting tumor and stromal cells is necessary to eradicate
large solid tumors, and that killing of the tumor stroma allows the eradication of tumor cells
that have downregulated the expression of the targeted antigen (antigen loss variants) by an
antigen-independent mechanism [61,62]. CAFs also mediate resistance to conventional
therapeutic regimens indirectly by secreting a host of soluble factors. Through the secretion
of TGF-B, CAFs lay out an ECM that juxtaposes different cell types and mediates cell
adhesion-mediated drug resistance [63]. Additionally, the rigid collagen fibers of the ECM
inhibit the transport of macromolecules into the tumor. This is further exacerbated by
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elevated interstitial fluid pressure, which causes blood vessel collapse, further reducing drug
access to the tumors. A combination of leaky blood vessels and ECM remodeling by CAFs
contribute to this increased interstitial fluid pressure [64]. Growth factors released by CAFs
induce rapid proliferation of the tumor cells, which expand beyond the purview of existing
blood vessels. Hypoxia sets into these areas and decreases the effects of therapeutic
regimens that are oxygen or free radical-dependent [65]. Increasing hypoxia also induces
genetic instability in cancer cells selecting for highly aggressive and resistant clones. These
clones often express stem cell markers like Sca-1, CD133, Oct-3/4 and multidrug resistance
efflux pumps [66]. Such self-renewing populations of malignant cells escape cytotoxic
effects, recruit CAFs and other components of the tumor stroma and reinstate tumorigenesis,
which accounts for recurrence. A durable therapeutic response therefore necessitates
targeting stromal elements like CAFs in addition to tumor cells. This hypothesis has
garnered support from immunotherapeutic studies, which showed that successful eradication
of large solid tumors required co-targeting of cancer cells and stromal elements [62].

CAFs express a range of molecules that could serve as targets for immunotherapies
including MMPs and FAP-a [67,68]. Of these, FAP has emerged over the last decade as the
most promising immunotherapeutic target. Besides destruction of CAFs, counteracting
tumor-promoting factors secreted by CAFs also has the potential to increase the efficacy of
immunotherapies (Figure 1). In the remaining review, we will discuss FAP-targeted
therapies and review strategies to counteract CAFs’ tumor-promoting factors.

Targeting FAP

FAP was first isolated from reactive stroma in human sarcomas [69—71]. Its expression was
subsequently compartmentalized to reactive fibroblasts in >90% of solid tumors, including
breast, prostate, colorectal and pancreatic tumors [72]. As a member of the dipeptidyl
peptidase family, FAP retains both collagenolytic and gelatinase activity [73]. While it is
purported to cleave ECM and aid in invasion [74], its exact biological remains ill defined.
Overexpression of FAP increases tumor incidence, growth and microvessel density in
experimental tumor models [75]. Preclinical studies targeting FAP in the stroma have been
made possible by the finding that murine stromal cells, expressing murine FAP, infiltrate
human tumor xenografts in immunodeficient mice [76]. Selectively depleting FAP* CAFs in
a transgenic mouse model resulted in a cytokine-mediated hypoxic necrosis of the tumor and
the stroma, and allowed for immounological tumor control, highlighting the central role of
CAFs in the tumor microenvironment [77]. Anti-tumor responses have also been seen in
studies that have employed the pharmacological FAP inhibitor PT-630 [78] and the FAP-
activated promelittin protoxin [79]. These studies mark the advent of exciting therapeutic
strategies that have the potential to improve current immunotherapeutic treatments.

FAP-specific monoclonal antibodies

Two clinical studies have been conducted with FAP monoclonal antibodies (MAbs) [80,81].
In the first study, 17 patients with hepatic colon cancer metastases received iodine 131-
labeled FAP-specific F19 MAbs (1311-F19) 7-8 days prior to surgery. Fifteen of 17 patients
were also imaged by single-photon emission tomography. No toxicity was observed and the
smallest lesion that could be detected was 1 cm in diameter. Preferential uptake of 1311-F19
was confirmed by surgery. The half-life of 131|-F19 was approximately 38 h, which is
comparable to other murine MAbs that do not bind normal tissue antigens [82].
Subsequently, one Phase | study was conducted with humanized F19 MAb (sibrotuzumab)
[81]. Twenty six patients received weekly injections of up to 50 mg/m? sibrotuzumab for 12
weeks with pharmacokinetic studies being performed in weeks 1, 5, and 9 with 131|-labeled
sibrotuzumab. Infusions were well tolerated and only one dose-limiting toxicity (back pain)
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was observed. While this study confirmed the preferential uptake of FAP-specific MAbs
into tumor tissue, no objective clinical response was observed [81]. Since the tissue
distribution of FAP-specific MAbs was encouraging, investigators have explored the use of
these MADs to deliver therapeutics to tumor sites. In preclinical studies a FAP-specific
maytansinoid MADb conjugate has shown potent anti-tumor activity in several murine
xenograft models without any side effects [83]. In addition, FAP-specific single-chain
variable fragments have been used to deliver lipidcoated nanoparticles or TNF to FAP* cells
[84,85]. Anti-FAP fusion proteins have also been developed and tested in preclinical
models. For example, a FasL fusion protein (sc40-FasL) induced apoptosis and prevented
FAP* tumor growth [86], and an anti-FAP-murine glucocorticoid-induced TNF receptor
ligand (mGITRL) fusion protein induced significant co-stimulation of CD8~ and CD4* T
cells resulting in enhanced anti-tumor effects, upon dimerization with both murine GITR
and FAP [87].

FAP-targeted vaccines

Several groups have explored the use of FAP vaccines [39,88-90]. In one study,
investigators showed that mice vaccinated with DCs loaded with mMRNA encoding FAP
decreased tumor growth in several immune-competent animal models [88]. Anti-tumor
activity was dependent on the presence of CD4" and CD8™ T cells. Similar results were
obtained with a plasmid DNA vaccine [90]. Loeffler and colleagues evaluated a FAP-
targeted Sa/monellavaccine in murine models [89]. While the anti-tumor activity of this
vaccine was modest, vaccination reduced tumor collagen content facilitating both the
diffusion of small molecules as well as the convection of larger molecules. Combining FAP
vaccination with doxorubicin resulted in a significant increase in overall survival when
compared with mice treated with vaccine or doxorubicin alone. In another study, the same
group of investigators examined the effects of the vaccine on the tumor microenvironment in
the 4T1 breast cancer models [39]. FAP vaccination reversed the immunosuppressive
microenvironment and decreased tumor angiogenesis, indicating that combining CAF-
targeted immunotherapies could enhance immunotherapeutic approaches that target tumor
cells.

FAP-specific T-cell therapies

Limited information is available in regards to the adoptive immunotherapy of FAP-specific
T cells. In one study, adoptively transferred splenocytes from FAP-vaccinated mice
significantly decreased tumor growth [90]. Fassnacht and colleagues determined the ability
to generate CAF-specific T cells ex vivoin humans by targeting FAP or MMPs expressed
by CAFs [67]. Using a DC stimulation protocol FAP-specific T cells could be activated in
six out of six donors, where has MMP9-specific T cells in one out of four, and MMP14-
specific T cells in three out of five, indicating that it is feasible to induce CAF-specific T-
cell responses in humans. Besides using conventional APCs to generate CAF-specific T
cells, the genetic modification of T cells with chimeric antigen receptors is an alternative
strategy to generate CAF-specific T cells [91]. We have generated a FAP-specific chimeric
antigen receptors and initial evaluation in preclinical models is promising [92].

Targeting TGF-B

TGF-p1 is a potent fibrogenic cytokine that stimulates CAF differentiation and growth.
Once activated, CAFs themselves secrete TGF-f1, creating an autocrine loop to sustain their
differentiated phenotype. Accumulating TGF-B1 in the tumor microenvironment upregulates
growth factors like VEGF [93] and CTGF [94] that allow tumor proliferation and
angiogenesis. TGF-p1 also mediates immunosupression, ECM degradation and tumor cell
invasion [95]. Preclinical studies using a TGF-p2 antisense-modified allogeneic tumor cell
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vaccine showed improved survival in mice with intracranial gliomas [96]. Similar results
were seen in patients with non-small cell lung cancer in a Phase 1l dose study using a TGF-
2 antisense gene-modified tumor cell vaccine (belagenpumatucel-L) [97]. In addition, a
small molecule TGF-B1 kinase inhibitor (LYY2109761) [98] has shown promise in preclinical
studies. While promising, there are safety concerns in regards to systemic treatment with
TGF-p antagonists, mainly because of its pleiotropic effects on tissue remodeling,
immunomodulation and cancer development [99,100]. A solution to this conundrum for the
adoptive immunotherapy of malignancies is the use of T cells that are resistant to the
immunosuppressive effects of TGF-p. Expression of a dominant-negative TGF-p receptor in
human T cells rendered them resistant to the immunosuppressive effects of TGF-f in
preclinical models [101,102] and a clinical study evaluating their safety and efficacy is in
progress.

Targeting MMPs

MMPs are proteolytic enzymes that are ubiquitously produced by several different cell types
in the tumor microenvironment. CAFs form the major source of MMPs (particularly MMP2
and MMP9), which cleave ECM, facilitating cell migration, invasion and metastasis. MMPs
also regulate the bioavailability of soluble factors by cleaving and activating their cell-bound
latent forms [49]. MMP promote the immunosuppressive tumor environment by
proteolytically activating TGF-p [103] and degrading IL-2 receptor-p resulting in inhibition
of intratumoral T-cell proliferation [49]. Blocking MMP synthesis or its activity should
counter these effects and have the potential to enhance immunotherapy for cancer.
Tetracycline analogs like metastat have the ability to inhibit the synthesis and activity of
MMPs, and are in Phase I clinical trials for Kaposi’s sarcoma and brain tumors [104].
Peptido- and non-peptidomimetics like marimastat and prinomastat are another class of
MMP inhibitors, which despite promising results in preclinical studies, have failed to show
beneficial effects as single agents in clinical trials. Dose-limiting toxicities and narrow
therapeutic windows have been attributed to this failure [49]. Nevertheless, combining MMP
inhibitors with cancer immunotherapies warrants further active exploration due to their role
in shaping the immunosuppressive tumor microenvironment.

Targeting growth factors & their receptors

CAFs produce an array of growth factors, including PDGF and VEGF, which mediate tumor
growth, angiogenesis, invasion and dissemination. Small molecule inhibitors that target
multiple growth factor signaling pathways like sunitinib (PDGFR, VEGFR, KIT and FLT-3)
[105], sorafenib (PDGFR, VEGFR, c-Raf-1, B-raf) [106], leflunomide (PDGFR, VEGFR,
FGFR) [105] have the potential to improve cancer immunotherapies and have been recently
reviewed elsewhere [107]. Besides small molecule inhibitors, combining VEGF MAbs with
the adoptive transfer of tumor-specific T cells increased their anti-tumor activity in
preclinical animal models [108].

Conclusion & future perspective

The tumor-associated stroma is no longer considered an innocent bystander, but a key player
in cancer initiation and progression. CAFs, the principle components of the tumor stroma,
play a central role in tumorigenesis, growth and metastasis. CAFs also contribute to the
immunosuppressive tumor microenvironment and thus are excellent therapeutic targets to
improve current immunotherapy approaches for cancer. In addition, their genetic stability
bodes well for a durable therapeutic response with very low probability of acquired
resistance. CAF destruction can result in reversal of the immunosuppressive milieu and
decrease in fibrosis allowing for better infiltration and expansion of effector T cells as well
as APCs. Therapeutic regimens targeting growth factors secreted by CAFs or CAFs
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themselves in combination with therapies that directly target malignant cells have shown
promise in preclinical studies. While clinical studies are underway that evaluate the
combination of kinase inhibitors, such as imatinib, and cancer vaccines, there is currently no
clinical study evaluating the safety and efficacy of CAF-specific T-cell therapies or
vaccines. Integrating CAF-targeted therapies into cancer immunotherapies might help the
‘magic bullet’ to live up to its promise.
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Figure 1. Immunotherapy targeting cancer -associated fibroblasts

Upon activation, cancer-associated fibroblasts express markers like FAP, ED-FN, FSP-1,
SMA and vimentin. They secrete cytokines (TGF-B), proteases (matrix metalloproteinases)
and growth factors (VEGF, PDGF) among others, which directly and indirectly contribute to
tumor growth and metastasis. Either direct targeting of cancer-associated fibroblasts or
targeting their secreted paracrine factors through various immunotherapeutic modalities can
greatly improve therapeutic response.

ED-FN: ED splice variant of fibronectin; MMP: Matrix metalloproteinase; SMA: Smooth
muscle actin.
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