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Abstract
Background Various cancers have been found to be associated with heterogeneous and adaptive tumor microenvironments
(TMEs) and to be driven by the local TMEs in which they thrive. Cancer heterogeneity plays an important role in tumor cell
survival, progression and drug resistance. The diverse cellular components of the TME may include cancer-associated fibro-
blasts, adipocytes, pericytes, mesenchymal stem cells, endothelial cells, lymphocytes and other immune cells. These components
may support tumor development through the secretion of growth factors, evasion from immune checkpoints, metabolic adapta-
tions, modulations of the extracellular matrix, activation of oncogenes and the acquisition of drug resistance. Here, we will
address recent advances in our understanding of the molecular mechanisms underlying stromal-tumor cell interactions, with
special emphasis on basic and pre-clinical information that may facilitate the design of novel personalized cancer therapies.
Conclusions This review presents a holistic view on the translational potential of the interplay between stromal cells and cancer
cells. This interplay is currently being employed for the development of promising preclinical and clinical biomarkers, and the
design of small molecule inhibitors, antibodies and small RNAs for (combinatorial) cancer treatment options. In addition, nano-
carriers, tissue scaffolds and 3-D based matrices are being developed to precisely and safely deliver these compounds.
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1 Introduction

Cancer is the second leading cause of death worldwide [1]. In
the past several basic, preclinical and clinical studies have
been aimed at the development of novel, and/or the improve-
ment of existing, cancer drugs [2–5]. The efficacies of these

drugs, that are subjected to successive preclinical and clinical
trials in various cancer models, face a plethora of hurdles,
including the occurrence of tumor heterogeneity. In addition,
it has become evident that several of the drugs usedmay be, or
may become, ineffective due to the resurgence of drug resis-
tance [4–13]. A major factor that promotes cancer develop-
ment, including accelerated tumor cell proliferation, invasion,
metastasis, angiogenesis and drug resistance, is related to tu-
mor microenvironment (TME) heterogeneity [5, 11, 12,
14–19]. The TME is defined as a diverse environment that
includes stromal cells, extracellular matrix components and
secreted extracellular factors [4, 6–8, 11, 13, 17]. The cellular
components of the TME include cancer-associated fibroblasts,
adipocytes, pericytes, mesenchymal stem cells, endothelial
cells, lymphocytes and other immune cells. [5, 11, 12,
15–19]. Ample evidence indicates that intercellular communi-
cation between cancer cells and stromal cells may be achieved
through paracrine signaling. This paracrine signaling is
thought to promote tumor development and progression, in-
cluding invasion, metastasis, angiogenesis, drug resistance
and recurrence [3, 6, 20–25]. In this review we summarize
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our current understanding of the paracrine crosstalk between
stromal cells and cancer cells and its potential use for the
design of novel therapeutic approaches at both preclinical
and clinical levels.

2 Heterogeneous tumor landscapes

Intra-tumor heterogeneity refers to the occurrence of different
cellular and non-cellular factors within a single tumor, where-
as inter-tumor heterogeneity refers to the occurrence of differ-
ent cellular and non-cellular factors within a similar tumor
type in different patients [4, 5, 7, 9–11]. Several accumulating
alterations and synergistic factors emanating from genetic and
epigenetic changes are known to contribute to these heteroge-
neities [3–5, 10, 26] (Fig. 1), whereas their TMEs in conjunc-
tion with the genetic and epigenetic alterations, contribute to
cancer development, progression, metastasis, angiogenesis
and drug resistance [20, 23–25] (Fig. 2). A significant portion
of tumor heterogeneity is attributed to its cellular heterogene-
ity, and the cellular components within the TME (see above)
are known to be structurally, genetically, physiologically,
functionally and anatomically distinct [20, 23–25]. These cel-
lular components are subject to intensive investigations aimed
at establishing their role in tumor development and drug
resistance.

In recent years, accumulating data have also uncovered a
role of the cancer microbiome in tumor initiation and progres-
sion [27–30]. Currently, the diversity of microbiomes in local
tumor niches is widely appreciated and some microorganisms
have even been shown to support tumor development [28, 29].
Conversely, it has been found that some microbiomes may
exhibit anti-tumor activities and, as such, increase the efficacy
of chemotherapy [30]. So, also local microbiomes may con-
tribute to inter- and intra-tumor heterogeneity. It should also
be noted here that intra-tumor heterogeneity and tumor evolu-
tion over time may be linked to gradually changing
microbiomes within individual tumors.

3 Cancer-associated fibroblasts

It has amply been reported that cancer-associated fibroblasts
(CAFs) may play significant roles in cancer progression and
metastasis through paracrine signaling [5, 19, 31–37]. CAFs
mostly encompass mesenchyme-derived fibroblasts and
myofibroblasts as supporting cells in different tumor types
[19, 31, 32]. CAFs may express myofibroblast markers,
such as stromal cell-derived factor-1 (SDF-1) and α-
smooth muscle actin (α-SMA), as well as transforming
growth factor-β1 (TGF-β1) [19, 31, 32]. Overall, it has been
found that CAFs may secrete vast amounts of growth factors,
chemokines, cytokines and proteases, as well as small

regulatory RNAs, to enhance tumor cell proliferation, angio-
genesis and invasion [19, 21, 31, 34, 35, 38–41].

3.1 Factors secreted by CAFs and their roles in tumor
development

It has been reported that CAFs may play a role in modulating
TMEs in various cancers, including breast cancer, prostate
cancer, pancreatic cancer and oral cancer [41–57], and that
the pro-cancer capabilities of these CAFs are mediated by
paracrine signaling mediators [45–57]. Hendrayani et al.
[44], for example, reported a tumor promoting role for CAF-
secreted IL-6 in highly invasive breast carcinomas, indicated
by the induction of reduced levels of the tumor suppressor
proteins p16INK4A, p21WAF1 and p53. It has also been found
that the CAF-secreted chemokines C-X-C motif ligand 14
(CXCL14) and CC chemokine ligand 2 (CCL2) may serve
as paracrine signaling molecules to promote breast cancer cell
survival. These secreted chemokines have also been found to
serve as useful prognostic biomarkers [46, 47]. Others have
found that TGF-ß1 levels in gastric cancer cells may be affect-
ed by rhomboid 5 homolog 2 (RHBDF2) in CAFs. Additional
studies have revealed bidirectional communications between
CAFs and cancer cells through the secretion of inflammatory
cytokines by cancer cells, such as IL-1A, IL-1B and tumor
necrosis factor (TNF), which may control the expression of
RHBDF2 in CAFs [45]. Similarly, it has been found that
CAFsmay secrete CXCL12 andα-SMA and that these factors
may enhance the invasive potential of breast cancer cells [55].
Importantly, Orimo et al. [56] found that CAFs can promote
various cancer characteristics including growth and angiogen-
esis via increased secretion of SDF-1 and CXCL12. Cohen et
al. [33] reported a new class of chitinase 3 like-1 (Chi3L1)
factors that may be secreted by CAFs, thereby revealing a role
of cellular crosstalk between CAFs, immune cells and cancer
cells to establish favorable local tumor niches. Others have
reported that platelet-derived growth factor (PDGF) secreted
by CAFs may induce angiogenesis in luminal breast carcino-
ma and metastasis in colon carcinoma [52, 53]. Neri et al. [54]
reported that the process of epithelial-mesenchymal transition
(EMT) in cancer cells may result in an elevated secretion of
PDGF-BB by CAFs, which is a subunit of the dimeric
platelet-derived growth factor. This secreted growth factor
plays a role in CAF-mediated cancer invasion. Kramer et al.
[49] reported that canonical Wingless-Type 2 (WNT2) signal-
ing may facilitate the communication between CAFs and co-
lorectal cancer cells. Specifically, they found that WNT2 is
secreted as a paracrine signaling molecule by CAFs that can
induce canonical signaling in wild-type APC/β-catenin colon
cancer cells. In another clinical breast cancer cohort study a
role for tumor cell-secreted WNT7a in the modulation of
TGF-β signaling in CAFs within the TME has been reported
[50]. A recent report also indicated that communication
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between CAFs and pancreatic ductal adenocarcinoma
(PDAC) cells may drive their invasive tendency [32, 57].

The authors revealed a role of SerpinB2 in collagen remodel-
ing, and that reduced SerpinB2 levels may create a favorable
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TME. Subsequent data from a clinical study indicated that
direct crosstalk between cancer cells and CAFs may drive
tumor progression and extracellular matrix (ECM) remodeling
[32]. Taken together, it has become evident that various fac-
tors secreted by CAFs may create favorable tumor niches via
paracrine signaling. Disruption of the signaling axes created
by these factors may pave the way for the design of novel
therapeutic options.

3.2 Receptor-mediated CAF signaling within tumor
niches

For both intracellular and extracellular signaling within the
TME, CAFs and other cells use several types of receptors
[50–63]. It has, for example, been reported that endothelial
protein C receptor (EPCR) expression by endothelial cells
can promote cancer progression and metastasis. These effects
may be mediated by the matricellular secreted proteoglycan
SPOCK1/testican 1 [58]. Another study has uncovered a role
for transforming growth factor-β receptor type-2 (TGFβR2),
a receptor of pleiotropic cytokines, in bridging crosstalk be-
tween CAFs and breast cancer cells. Additional data indicate
that down-regulation of TGFβR2 in CAFs can trigger breast
cancer cell growth and survival [59]. Hammer et al. [60] re-
ported that stromal-derived platelet derived growth factor re-
ceptor (PDGFR)-α can modulate ECM components within
the tumor niche. Another study has reported a role of cell
surface marker CD44 expression on CAFs in maintaining
stem cell-like properties of cancer cells, and that this marker
may induce drug resistance [61]. Additional data suggest that
CAFs may play essential roles in drug resistance through
EMT mediated by HGF and, by doing so, stimulate anti-
apoptotic signaling pathways [62]. Substantial evidence also
suggests that PDGFR-ß may play a role in promoting tamox-
ifen resistance in breast cancer [63] and Corsa et al. [64] noted
a role for fibrillar collagen receptor discoidin domain receptor
2 (DDR2) as potential therapeutic target to interrupt paracrine
signaling during breast cancer metastasis. Among various fac-
tors investigated, clinical findings have suggested that fibro-
blast growth factor-inducible 14 (Fn14) may impart growth
and drug resistance by activating the NF-κB pathway in
small-cell lung cancer (SCLC) cells [65]. Another study has
reported that IL-6 plays a role in enhancing the expression of
the chemokine receptor CXCR7 via the STAT3/NF-κB sig-
naling pathway in CAFs, and that the IL6-CXCR7 axis con-
tributes to drug resistance in esophageal squamous cell carci-
noma (ESCC) [10]. Another G protein-coupled estrogen re-
ceptor (GPER) has been found to play a role in insulin growth
factor 1/insulin growth factor receptor signaling by modulat-
ing interactions between tumor cells and CAFs. Targeting the
multifaceted interactions between cancer cells and their mi-
croenvironmental components through both G protein-

coupled receptors (GPCRs) and other receptors may hold
promise for the design of future anticancer therapies [65, 66].

3.3 Transcriptional and epigenetic regulation of CAF
signaling

Crosstalk between cancer cells and CAFs has been found to be
orchestrated by various downstream signaling pathways, in-
cluding the Janus kinase/signal transducers and activators of
transcription (JAK/STAT), mammalian target of rapamycin
(mTOR), sonic hedgehog (SHH) and NF-kB pathways [19,
21, 31, 42, 43]. Yeo et al. [67] emphasized that overexpression
of Twist Family BHLH Transcription Factor 1 (TWIST1) in
CAFs may enhance ESCC development, and they suggested
that this transcription factor may serve as a prognostic factor.
CAFs may also favor breast tumor development through in-
duction of the p38-signal transducers and activators of tran-
scription 1 (STAT1) signaling axis. Other interesting data re-
vealed a key role of STAT4 in CAF-mediated ovarian cancer
development via cancer-secreted Wnt7a signaling [48].
Additionally, downregulation of ATF3, a stress-responsive
transcriptional repressor, and its crosstalk with CSL-1, another
type of transcriptional repressor, has been observed in CAFs.
These two transcriptional repressors can modulate the epige-
netic landscape in CAFs and, by doing so, promote cancer
progression and metastasis [68].

3.4 Contribution of CAFs to metabolic tumor
adaptations

Experimental evidence suggests that energy crosstalk between
tumor cells and CAFs may create a favorable metabolic niche
[21, 69, 70]. It has, for example, been found that CAFs can
recycle tumor-derived lactate to meet cellular energy demands
and that, in turn, CAFs may secrete other metabolites required
for the lactate pathway, such as pyruvate, to support tumor
growth. It has also been found that the majority of CAF-
derived glucose is spared for tumor metabolic needs to support
invasion and metastasis [70, 71] and that high levels of gly-
colysis in CAFs and secreted energetic metabolites may drive
tumor growth and invasion [19, 21, 31, 70]. Additionally, it
has been reported that energy metabolites, such as lactate and
ketone, can serve as fuel for oxidative metabolism in cancer
cells. Genetic evidence has also indicated that enhanced py-
ruvate kinase (PKM1 or PKM2) expression in CAFs may
support the growth of breast cancer cells [72]. Alterations in
lipid metabolism in cancer cells have been found to promote
associations of CAFs with cancer cells [19, 21, 70, 73]. CAF
exposure may enhance lipid levels in cancer cells and meta-
bolic synergy between CAFs and cancer cells, which may be
mediated by fatty acid transporter protein 1 (FATP1) [73].
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3.5 Role of small regulatory RNAs in CAF-mediated
cancer development

Several reports indicate that microRNAs (miRNAs) may
modulate CAFs within the TME [39, 40, 74, 75]. Liu et al.
[75] reported, for example, that miRNA-29b may play a role
in interactions between cancer cells and CAFs and that
miRNA-29b levels may be reduced in CAFs. Others found
that downregulation of miRNA-200 in CAFs may play a role
in ECM remodeling and, thereby, in promoting tumor cell
invasion [74]. Another interesting report has suggested that
high levels of initiator methionine tRNA in CAFs may pro-
mote tumor growth and angiogenesis [76]. Concise informa-
tion on molecular signaling and potential therapeutic inhibi-
tors specific for CAFs and the TME is depicted in Fig. 3.

3.6 p53 and PTEN mutations in CAFs and their role
in the TME

The tumor suppressor p53 is known to play a pivotal role as
transcription factor in preventing tumorigenesis by activating
apoptosis and senescence [13, 77, 78]. Another classical tu-
mor suppressor, i.e., phosphatase and tensin homologue
(PTEN), has also been found to be involved in the regulation
of cellular proliferation [13, 79]. Dysfunction of p53 (due to
mutation) has been reported to be associated with various
hallmarks of cancer and with adaptations of the TME
[77–79]. Although p53 mutations in cancer cells and their role
in carcinogenesis are well known, p53 alterations and defects
in CAFs have only recently gained interest. A recent report
highlights, for example, the importance of simultaneous loss
of CBF1/Suppressor of Hairless/Lag1 (CSL) and p53 activity
in CAFs to support cancer cell expansion in a keratinocyte-
derived tumor model [80]. Dauer et al. [81] also suggested that
functional deficiency of p53 in human pancreatic cancer cells
may promote angiogenesis mediated by CAFs within the
TME. These authors found that a novel drug, minnelide, could
attenuate CAF activity and, in turn, diminish the progression
potential of KRAS/mut p53-deficient pancreatic cancer cells.
Another recent study revealed crosstalk between CAFs and
tumor epithelial cells derived from KRAS/mut p53-deficient
colon cancer cells [82]. Yet another study supported the inter-
play between p53-mediated activities in cancer cells and
CAFs within the tumor niche, including their response to cis-
platin treatment [83].

To emphasize the importance of PTEN in the TME, Liao et
al. [84] reported on the role of CAFs in enhancing the poten-
tial of prostate cancer stem cells in a conditional PTEN dele-
tion prostate cancer mouse model. Additionally, Trimboli et
al. [85] found that genetic loss of PTEN in CAFs of mouse
mammary glands can enhance the development of mammary
epithelial tumors by increasing the activity of Ets2 transcrip-
tion factors. Recent findings have also indicated that PTEN

deficiency in CAFs may play a role in carcinogenesis involv-
ing the JAGGED-1 axis within the NOTCH signaling path-
way [86]. It was found that this signaling axis may promote
the proliferation of mammary epithelial stem cells and, con-
sequently, support tumor progression. Taken together, these
data indicate that impairment of p53 and PTEN may mediate
responses in CAFs that support a pro-growth and survival
TME. As such, they may provide clues to the development
of novel therapeutic approaches aimed at restoring the anti-
cancer cellular signaling axes mediated by p53 and PTEN.

4 Adipocytes and their crosstalk with cancer
cells

Adipocytes represent another component of the TME, and
they are known as cancer-associated adipocytes (CAAs)
[87–91]. Growing evidence indicates that these CAAs may
secrete several key signaling mediators, such as hormones,
growth factors, cytokines and adipokines, and that these me-
diators can establish crosstalk between cancer cells and stro-
mal cells [87–90]. Recently, CAAs have been associated with
the induction of particular cancer characteristics, such as EMT
and drug resistance [87–93]. It has also been reported that
adipocyte-derived fibroblasts may secrete fibronectin and col-
lagen I and, by doing so, increase the level of the CAF marker
FSP-1 [88]. As an example of the role of CAAs in ECM
remodeling, Lee et al. [91] reported that CAAs may be asso-
ciated with elevated levels of matrix metallopeptidase
(MMP)-9 and TWIST1, whichmay promote breast cancer cell
migration and invasion. Huang et al. [92] reported that asso-
ciations between adipocytes and cancer cells may be driven by
β-hydroxybutyrate secreted by primary mammary gland-
derived adipocytes (MGDAs). Jia et al. [93] found that
adiponectin, a hormone secreted by adipocytes, can induce
the migration of breast carcinoma cells. Additional evidence
suggests that adipocytes can produce adipokines and energy to
support cancer development and metabolic heterogeneity,
whereas lipids and other secreted factors, such as endotrophin,
may sustain cancer growth and invasion [87, 89]. It has also
been reported that within the breast TME, adipocytes may
affect gene expression via the regulation of hypoxia and
EMT through an increased expression of hypoxia-inducible
factor 1-alpha (HIF1α), TGF-β1, lectin-type oxidized LDL
receptor 1 (LOX1) [90], forkhead box protein C2 (FOXC2)
and TWIST1 [94]. Wang et al. [95] have reported that several
components are secreted by adipocytes to induce up-
regulation of MMP-2 within the TME and, additionally, it
has been found that elevated MMP-2 levels in CAFs may
enhance the expression of human epidermal growth factor
receptor 2 (HER2) in invasive breast carcinomas [96].
D’Esposito et al. [97] found that insulin-like growth factor-1
(IGF1) released from adipocyte-derived differentiating cells
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may be involved in the modulation of breast cancer growth
and progression. Bochet et al. [98] reported that adipocytes
may be involved in modulating breast cancer characteristics to
thwart radio-resistance via increasing checkpoint kinase 1
(CHEK1) expression levels. Through an in vitro co-culture
study it was found that cytokines, such as IL-6 and monocyte
chemotactic protein-1 (MCP-1), may facilitate the crosstalk
between adipocytes and breast cancer cells [99–102].
D’Esposito et al. [100] reported that CC-chemokine ligand 5
(CCL5) secreted by adipocytesmay contribute to invasion and
metastasis in triple-negative breast cancer cells. It has also
been found that trastuzumab-treated HER2 expressing breast
cancer cells may acquire drug resistance through crosstalk
with adipocytes [101]. In addition to breast cancer, recent
work has shown that adipocyte differentiation may result in
blocking STAT3 activity, which affects the invasiveness and
metastasis of melanoma cells [102]. So, currently several stud-
ies have highlighted molecular and cellular aspects of
adipocyte-guided TME development. This knowledge may
be employed for the design of novel therapeutic options
(Fig. 4).

5 Pericytes and their modulatory roles

Pericytes are multipotent perivascular cells that have been
found to play a role in promoting tumor vasculature develop-
ment [27, 103, 104].Within the TME pericytes have also been
found to play a role in the transmigration of myeloid-derived
suppressor cells, which are immature myeloid cells that ex-
hibit antagonistic effects against the antitumor activities of T
cells [27, 103, 104]. Based on their results, Hong et al. [105]

suggested the existence of paracrine signaling between
pericytes and inflammatory cells, leading to a pro-cancer hyp-
oxic TME in breast cancer. In addition, it has been reported
that pericyte-mediated promotion of angiogenesis and vessel
maturation in tumors may be mediated by the pericyte surface
receptor tyrosine kinase with Ig and EGF homology domains-
2 (TIE2) and its downstream targets, including calpain, pro-
tein kinase B (PKB) and FOXO3 [106, 107]. Reynolds et al.
[108] reported a prominent role of α6β1-integrin in the mod-
ulation of PDGFRβ and PKB-mTOR signaling in cancer.
This integrin is a major laminin receptor expressed on
pericytes. Additional evidence from Hosaka et al. [104] has
indicated that pericyte-fibroblast transition can be induced by
secreted PDGF-BB, which may subsequently augment cancer
invasion andmetastasis. In addition to breast tumors, pericytes
have been found to contribute to the melanoma TME by pro-
moting EMT and invasion via the secretion of TGF-β1 sig-
naling molecules [106]. In a preclinical study, Sinha et al.
[109] observed a potential role of pericytes in the promotion
of ovarian cancer in mice, and they suggested that these cells
may be used as prognostic markers for the occurrence of re-
lapse. So, emerging data indicate that pericytes within the
TME may play a role in tumor progression, angiogenesis
and metastasis.

6 Role of mesenchymal stem cells in the TME

One category of adult multipotent stem cells is denoted as
mesenchymal stromal cells (MSCs) [12, 110, 111]. These cells
are found in various tissues and organs and are thought to give
rise to specialized cells to assist wound healing and tissue
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repair [110, 112–114]. Watts et al. [115] found that the recruit-
ment of MSCs in the head and neck squamous cell carcinoma
TME is driven by the secretion of PDGF-AA by the tumor
cells. To establish the role of secreted factors within the TME,
it has been found that the ability of umbilical cord-derived
MSCs (UC-MSCs) to orchestrate breast tumor-promoting sig-
naling pathways is driven by IL-6 and IL-8 [116].McAndrews
et al. [113] emphasized the importance of MSCs in the direc-
tional migration of invasive breast cancer cells, which was
found to be guided by MSC-sec re ted TGF-β1 .
Concordantly, also Yu et al. [117] reported the existence of
bidirectional paracrine signaling between MSCs and cancer
cells and that this signaling may potentially be mediated by
secreted TGF-β1 and reduced CXCL12 expression levels.
Leyh et al. [111] found that MSCs and CAFs may contribute
to resistance against the anti-estrogen drug fulvestrant through
the insulin-like growth factor binding protein 5/B-cell
leukemia/lymphoma 3 (Bcl-3) pathway in ERα-positive
breast carcinomas. In addition to the role of MSCs, it has been
found that bone marrow mesenchymal stem/stromal cells
(BM-MSCs) derived from acute myeloid leukemia (AML)
patients can protect AML cells from genotoxic threats [110,
112]. Specifically, the authors found that AML-derived BM-
MSCs can be immunosuppressive and anti-inflammatory, and
express low levels of pro-inflammatory cytokines. In
summary, these reports indicate that MSCs have the
potential to promote cancer development, metastasis
and drug resistance. Inhibitors that can prevent paracrine
interactions between MSCs and cancer cells may have
therapeutic potential.

7 Changing roles of endothelial cells
from gatekeepers to tumor promoters

Accumulating evidence indicates that organ-specific endothe-
lial cells may play a role in tissue homeostasis, cancer angio-
genesis and metastasis, as well as in metabolic and other path-
ological adaptations [11, 118–121]. As an example of func-
tional crosstalk between endothelial cells and cancer cells,
Wieland et al. [121] found that NOTCH1 expressed on endo-
thelial cells may facilitate ovarian and melanoma cancer cell
progression and metastasis through activation of the intracel-
lular domain of the NOTCH1 receptor. In addition to this
NOTCH signaling pathway crosstalk, it has been found that
the application of vascular endothelial growth factor (VEGF)
inhibiting drugs in glioblastoma multiforme (GBM) may lead
to increased expression of angiopoietin-2 in endothelial cells
[119]. Others have reported a role of NOTCH3 signaling in
promoting juxtacrine interactions between melanoma cells
and endothelial cells to create growth-promoting tumor niches
[120]. Crosstalk between endothelial cells and cancer cells
may also be facilitated by the action of prolactin on endothe-
lial cells, which may promote pro-vascular tumor heterogene-
ity [122]. Ghiabi et al. [123] additionally found that NOTCH
signaling may induce mesenchymal phenotypes in endothelial
cells, thereby forming a favorable TME. They also noted that
NOTCH and TGF-β1 signaling pathways may play a role in
maintaining the mesenchymal phenotype, and that these path-
ways may serve as therapeutic targets in breast cancer.
Recently, it was found that miRNA-103 may play a role in
the control over the pro-tumor function of endothelial cells via
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a reduced secretion of pro-inflammatory cytokines in the
TME [124]. Among the various types of stromal cells,
endothelial cells have received specific attention regard-
ing their role in tumor angiogenesis and metastasis.
Currently, promising drugs and inhibitors are being de-
veloped to debilitate the intricacies between endothelial
cells and cancer cells.

8 Microenvironment modulation
in pre-malignancies

Carcinogenesis is a continuous process in which local micro-
environments continually evolve from normal tissue to pre-
malignant tissue to cancer tissue. In particular, the changes
that occur in the pre-malignant microenvironment may be
exploited for cancer prevention. The best experimental models
for such efforts are oral potentially malignant disorders
(OPMDs) that exhibit significant changes in both cellular
and non-cellular components of the microenvironment
[125–127]. First, it has been found that CAFs are present in
abnormally high numbers in OPMDs, and these levels in-
crease as the disease progresses fromOPMD to oral squamous
cell carcinoma (OSCC) [125, 126]. In addition, it has been
found that cases with oral submucous fibrosis, which exhibits
the highest malignant transformation rate among all OPMDs,
have the highest numbers of (CAF) myofibroblasts. Second, it
has been found that MSCs may display an imbalance between
regenerative and metabolic self-regulatory functions in
OPMD. During malignant progression of oral leukoplakia
(OLK), collagen IV (Col IV) expression was found to be
decreased and MMP-9 expression was found to be increased
in MSCs [127, 128]. In addition, it was found that the Col IV
continuity was destroyed and that the number of MMP-9 pos-
itive cells increased in the zones adjacent to fragmented base-
ment membranes in epithelial dysplasia and cancer [129, 130].
Therefore, MSC impairment may be critical to the destruction
of basement membranes in the mucosa of OPMD and OSCC
patients. Third, it has been found that IL-1 and histamine
secretion by mast cells may aggravate the progression from
OLK to OSCC. In addition, it has been found that the number
of MSCs may increase during the development from normal
tissue to OLK with high-grade dysplasia, and that this process
may be associated with increased angiogenesis [131, 132]. A
high expression of FGF-2 and its receptors, FGFR-2 and
FGFR-3, in the microenvironment of OPMD has been found
to be associated with progression to OSCC [133]. It has also
been found that a high expression of the ECM glycoproteins
tenascins and MMP-2 may predict the malignant poten-
tial of tobacco-associated OLK [134]. Finally, proteo-
mics has revealed that distinct extracellular cues may
be derived from distinct cells within the TME [135] and that
these extracellular cues (i.e., matrisome) may provide new

opportunities to prevent OPMD from acquiring malignant
characteristics.

9 Avenues to target pro-tumor stromal cells

As outlined above, communication between stromal cells and
cancer cells is implicated in tumor development, invasion,
drug resistance and relapse [5–7, 10–12, 136]. Various reports
have suggested that inhibition of CAFs within TMEs may
serve as a promising avenue towards cancer therapy [5–7,
137–151]. Concordantly, several approaches, including the
use of nano-carrier delivery systems, synthetic miRNAs,
small molecule inhibitors and monoclonal antibodies, are cur-
rently being used to combat tumor cells and associated stromal
cells [25–37, 137–139]. In addition, scaffold- and 3D-based
matrix drug delivery systems are being developed. These drug
delivery systems are generated from natural and artificial
sources to deliver drugs to target stromal cells and, by doing
so, to reprogram the TME [137–139]. Also, nano-
modification of peptide drugs and their derivatives may serve
as an approach to target the TME given the selectivity, effi-
ciency, amphoteric nature and activity of these agents towards
several biological processes, such as blood vessel formation
and immune reactions. In addition, it has been found that these
drugs may easily pass through the plasma membrane and act
as signaling molecules in various cellular pathways [138].
Nanoparticle-based therapeutic approaches to disrupt the
TME have also been suggested to serve as a suitable option
to overcome drug resistance. Given their highly selective na-
ture for targeting particular cellular and non-cellular compo-
nents within the TME, these agents may represent effective
treatment options [139].

Along the same line, cell-cell communication between stro-
mal cells and cancer cells has been found to induce prolifera-
tive and survival signaling pathways [23, 25]. In a mammary
tumor model, for example, Valenti et al. [140] found that the
Wnt/β-catenin and Hedgehog signaling pathways in CAFs
may play a role. Others have found that dovitinib can block
the PI3K/PKB/mTOR signaling pathway in CAFs [141].
Through a bidirectional response, it has been found that
CAFs can affect breast cancer stem cell (BCSC) self-renewal
by secreting signaling factors. Based on their results, the au-
thors suggested that the smoothened (Smo) inhibitor vismo-
degib may impair the expansion of both CAFs and BCSCs
[142, 143]. Du et al. [143] found that curcumin can block pro-
cancer paracrine signaling between CAFs and cancer cells via
disruption of the MAO-A/mTOR/HIF-1α signaling pathway.
Another report has described the therapeutic inhibition of
CAFs via cathelicidins, which represent a group of endoge-
nous antimicrobial and anti-inflammatory peptides, such as
LL-37 in humans and mCRAMP in mice. In a similar report,
Li et al. [144] noted a possible role of the aromatase inhibitor
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letrozole in inhibiting signaling responses by preventing the
secretion of cytokines, such as CCL2, CCL5 and CXCL1,
from CAFs. Brennen et al. [69] reported on the potential of
targeting CAFs with a fibroblast activation protein-activated
prodrug, i.e., post-prolyl endopeptidase, to deliver cytotoxic
prodrugs to the TME. Through a combinatorial therapy,
Fabian et al. [145] found that specific vaccines can block
tumor pericyte-associated antigens, such as the NOTCH an-
tagonist delta-like homolog 1 (DLK1) and its homologue
DLK2, in a range of vascularized cancers. This group also
advocated the use of AMD3100 and imatinib to abolish
MSC maturation and migration to treat cancer. A clinical ef-
ficacy of the anti-PDGFR agent imatinib has also been report-
ed for luminal breast and colon cancers [52, 53]. A novel
flavonoid, FLA-16, has been found to exhibit therapeutic ef-
fects on endothelial cells within the glioma TME by reducing
the enzymatic activity of cytochrome P450 [146]. Another
compound, GDC-0449, which inhibits sonic hedgehog
(SHH) signaling, has been found to target CAF-mediated
pro-tumor induction in pancreatic cancer cells [147]. More
recently, it has been found that GDC-0449 inhibits the activity
of NAD(P)H Oxidase-4 (NOX4) and, by doing so,

disrupts the pro-tumor effect of CAFs in various tumor
types [148]. Gabasa et al. [149] revealed an inhibitory
effect of nintedanib, a FDA approved multi-kinase re-
ceptor inhibitor, in CAAs within non-small cell lung
cancers (NSCLCs) with an adenocarcinoma (ADC) mi-
croenvironment. Within CAFs, an inhibitory role of
trihydroxyphenolic compounds on the TGF-β1 receptor
has been described and this inhibition may be employed
for cancer therapy [150].

Another prominent example aimed at targeting pericytes
has been reported by Chen et al. [151]. They found that acti-
vated fibroblast activation protein α vascular disrupting
agents may reduce tumor drug resistance [151]. In addition,
it has been found that small molecule inhibitors targeting anti-
NOTCH1 or vascular cell adhesion molecule 1 (VECAM1)
may hinder NOTCH-controlled metastasis [121]. Another
preclinical study reported that the combined use of a CSF1R
inhibitor and a CXCR2 antagonist can prevent the recruitment
of granulocytes within tumors and that these inhibitors, by
doing so, can prevent the activation of pro-cancer CAFs [9].
It has also been noted that SHH ligand secreted by breast
cancer stem cells may regulate the function of the CAFs via

Fig. 5 Scheme of pre-clinical therapeutic drugs/inhibitors that may
disrupt communications between stromal cells and cancer cells.
Robust and appreciable paracrine signaling within the TME is known to
drive pro-cancer activities of stromal cells, including cancer-associated

fibroblasts, cancer-associated adipocytes and mesenchymal stem cells.
Different classes of drugs/inhibitors, including small molecule inhibitors
antibodies, exosomal miRNAs, genetic ablation approaches and cytokine
antagonists, are depicted
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paracrine signaling, and that an inhibitor of multiple tyrosine
kinases may hinder CAF-mediated breast tumor invasion and
reduce the expression and secretion of CCL2, CCL5 and
VEGF by CAFs. Further evidence suggests that CAFs can
modulate the TME via secretion of adrenomedullin
(AM). This multifunctional peptide exhibits a modulatory
role by binding to calcitonin receptor-like modifying protein-2
and -3 on cancer cells [37]. The authors demonstrated the
clinical relevance of this peptide using an anti-AM antibody
to inhibit crosstalk between CAFs and breast cancer cells.

10 Genetic ablation of CAFs as therapeutic
option

Based on the crucial role of CAFs in the TME, therapeutic
approaches aimed at ablating genes contributing to their pro-
tumor activities have been developed [152–155]. Zhou et al.
[152] noted anti-tumor effects of genetic ablation of β-catenin
in melanoma-associated CAFs and that this ablation resulted in
disruption of the MAPK/ERK signaling pathway and an arrest
of the tumor cells in the S and G2/M phases of the cell cycle.
Another approach was aimed at blocking paracrine Hedgehog
signaling through genetic ablation of Smo in CAFs in a mouse
model of pancreatic acinar-to-ductal metaplasia. It was found
that ablation of the Smo gene within CAFs resulted in enhanced
secretion of TGF-α, which in turn led to induction of EGFR
signaling and promotion of pancreatic acinar-to-ductal metapla-
sia [153]. In support of genetic ablation approaches, Shukla et al.
[154] found that genetic ablation of CLIC4, a key protein in
TGF-β signaling, may block the pro-tumor activity of CAFs.
An additional report by Martínez-Bosch et al. [155] showed the
importance of genetic ablation of the galectin 1 (Gal-1) gene in
CAFs in a mouse model of PDAC. They found that Gal-1 abla-
tion hampered both proliferation and angiogenesis via the induc-
tion of Hedgehog pathway signaling in PDAC and CAF cells.

Taken together, ample reports have highlighted the impor-
tance of targeting stromal cells within the TME using various
methods, drugs and inhibitors, ranging from small pharmaco-
logical inhibitors to monoclonal antibodies. Based on pre-
clinical and clinical evaluations, however, there are still con-
cerns regarding the suitability, precision and efficacy of such
approaches. A summary of pre-clinical scopes and conse-
quences pertaining the interplay between cancer-associated
stromal cells and cancer cells is depicted in Fig. 5.

11 Conclusions and future prospects

Stromal cells within tumor niches are indispensable for induc-
ing and sustaining cancer characteristics, such as proliferation,
invasion, metastasis, angiogenesis and drug resistance.
Therefore, translational research is warranted to conceive new

and efficacious drugs or combinations of drugs to disrupt the
communication between stromal cells and cancer cells.
Currently, there is consensus that the recruitment of stromal
cells, including CAFs, adipocytes, pericytes and vascular endo-
thelial cells, to the TME may be prevented using combinatorial
approaches. Conversely, the already existing pool of tumor-
associated stromal cells may be deactivated using multiple-
drugs/inhibitors in order to disrupt the pro-tumor niche support-
ed by these stromal cells. Additional factors that may enhance
pro-cancer activities of stromal cells may be related to cancer
progression and the concomitant evolvement of heterogeneity
within existing stromal cell populations. Therefore, efforts are
beingmade to develop suitable stromal cell-specific biomarkers
to monitor the transition of the TME from a pro-cancer to an
anti-cancer state. Currently, several therapeutic options, includ-
ing the use of small molecule inhibitors, peptide mimetics,
exosomal miRNAs, epigenetic modulators, monoclonal anti-
bodies, natural compounds and genetic ablation are being eval-
uated at various pre-clinical stages to test their efficacy and
potential to disrupt the interplay between stromal cells and can-
cer cells. These therapeutic options aimed at targeting cancer-
associated stromal cells are complemented by the design of
nano-carriers, tissue scaffolds and 3-D-based matrices to pre-
cisely and safely deliver therapeutic compounds with minimal
harm to healthy tissues. Due to these developments, cancer
therapeutics centered on modulating stromal cells holds great
promise. Also, certain bottlenecks need to be mentioned here,
including targeted delivery, reliable efficacy at preclinical and
clinical levels and the importance of addressing the issue of
intra-tumor heterogeneity adaptation in cancer patients.
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