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Simple Summary: Normal epithelial cells in our organs are surrounded by stroma, which is an
ecosystem made up of a variety of cells and proteins that support their intended functions. When
normal epithelial cells go through a series of genetic steps that transform them into cancer cells, the
cancer cells, in turn, change the character of the stroma. The stroma co-evolves with the cancer to
become an autonomous tumor organ with its own ecosystem. Initially, stromal cells try to maintain
normal epithelial cell function and suppress malignant changes. However, during their co-evolution,
the cancer cells recruit supporting cells to actively promote their growth, invasion, metastasis, and
treatment resistance. Here, I outline how cancer cells change the character of the most abundant
cells in the stroma, called fibroblasts, and how the altered fibroblasts, in turn, make cancers more
aggressive. I also outline efforts to use these changed fibroblasts as new targets for cancer treatment.

Abstract: Differentiated epithelial cells reside in the homeostatic microenvironment of the native
organ stroma. The stroma supports their normal function, their G0 differentiated state, and their
expansion/contraction through the various stages of the life cycle and physiologic functions of
the host. When malignant transformation begins, the microenvironment tries to suppress and
eliminate the transformed cells, while cancer cells, in turn, try to resist these suppressive efforts.
The tumor microenvironment encompasses a large variety of cell types recruited by the tumor to
perform different functions, among which fibroblasts are the most abundant. The dynamics of
the mutual relationship change as the sides undertake an epic battle for control of the other. In
the process, the cancer “wounds” the microenvironment through a variety of mechanisms and
attracts distant mesenchymal stem cells to change their function from one attempting to suppress the
cancer, to one that supports its growth, survival, and metastasis. Analogous reciprocal interactions
occur as well between disseminated cancer cells and the metastatic microenvironment, where the
microenvironment attempts to eliminate cancer cells or suppress their proliferation. However, the
altered microenvironmental cells acquire novel characteristics that support malignant progression.
Investigations have attempted to use these traits as targets of novel therapeutic approaches.

Keywords: transformation; tumor stroma; microenvironment; heterogeneity; cancer-associated
fibroblasts; therapeutic targets

1. Introduction

Malignant transformation of differentiated cells begins with the acquisition of genomic
instability [1] that leads to eventual mutations in one or two tumor suppressor genes,
which enable cells to pass on acquired mutations with each division [2]. Cells acquire a
malignant phenotype generally after they develop sustained mutations in two to eight
genes, out of a total of about 140 genes able to drive tumorigenesis [3]. These genes fall
into twelve signaling pathways, categorized into three broad functional groups: regulation
of cell fate, cell survival, and maintenance of the genome [3]. The mutations required
to generate fully malignant cells endow them with tumor-initiating or cancer stem cell
properties, with characteristics that permit epithelial cells to discard symmetry, decrease
adhesion, divide indefinitely, avoid senescence, resist growth suppression signaling, and
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resist immune destruction [4,5]. Tumor-initiating cells are generated through a spectrum
of gene expression steps of the epithelial–mesenchymal transition program, where the
transformed cells dysregulate cell death mechanisms, adopt metabolic capabilities that
enable bioenergetic survival at reduced oxygen tension and pH, and alter gene expression
programs that enable motility, invasion, and angiogenesis, among others [6–8].

Once cancer cells become malignant, they continue to mutate due to their genomic
instability and proceed to generate tumors with exceptional heterogeneity [9]. Tumors
eventually subtend hundreds to thousands of clones that have accumulated and continue
to accumulate mutations that contribute to therapy resistance [9]. However, while cancers
become highly heterogeneous, the original driver mutations remain the ones responsible
for the progression of the primary tumor and metastatic lesions [10].

Malignant transformation of differentiated epithelial cells occurs in parallel with that of
the microenvironment. The microenvironment of a differentiated organ consists of a variety
of cells that together support the normal physiologic functions of epithelial cells [11]. The
stromal cells consist of primarily fibroblasts but also include myoepithelial cells, endothelial
cells, macrophages, T-cells, neutrophils, and mast cells [12]. The microenvironment also
includes non-cellular elements, such as collagens, laminins, and fibronectin, as well as a
spectrum of soluble cytokines, growth factors, and hormones produced locally or externally
to the organ [13]. The elements of the normal microenvironment collectively suppress
the progression, malignant behavior, and survival of transformed epithelial cells as they
transition to invasive cancer [14].

In turn, malignant cells modify normal fibroblasts (NFs), endothelial cells, macrophages,
and immune cells that reside in the microenvironment, and recruit and modify addi-
tional cells from outside the tumor to promote inflammation, immune suppression, treat-
ment resistance, angiogenesis, invasion, metastasis [15–17] and the immune microen-
vironment, which engenders exceptional plasticity in their mission to support cancer
progression [18–21]. Co-evolution of the cancer with its supporting cellular structures
involves coordinate modification of supporting cells by the cancer, by reciprocal effects
of modified supporting cells on each other and in turn, their communal effects on cancer
cells [22]. Non-orchestrated, multiple, diverse effects applied by transformed epithelial cells
on stromal cells are fostered by the permissive bioenergetic and physical characteristics of
solid tumors [23].

The newly acquired characteristics and heterogeneity of stromal cells pose obstacles to
multimodal therapy, including immune therapy [24]. However, their distinct characteristics
also provide newly-appreciated opportunities to expand the targets of cancer therapeu-
tics [25,26]. Here, I review the literature on characteristics of normal tissue primary and
metastatic microenvironments and their suppressive effects on transformed cells, with a
primary focus on NFs. I also review how cancer modifies these microenvironments and
their resident cells, also with a focus on fibroblasts, while fully recognizing that all of the
elements of the microenvironment are affected by the cancer cells. I discuss how modified fi-
broblasts become agents of cancer cells to further promote their malignant potential. Finally,
I discuss approaches that have been considered in targeting the tumor microenvironment
for therapy. In recognition of this reality, cancer clinical trials have started to target stromal
elements, and some have been completed, yielding mixed results [27,28].

2. Normal Tissue Fibroblasts
2.1. Origin of Adult Organ Fibroblasts

Fibroblasts, the primary stromal cells of mesenchymal embryonic origin in normal
adult differentiated organs, have been investigated extensively [29]. They are present in
all tissues and generate the structural features of organs by producing and remodeling
the extracellular matrix (ECMs) [30]. They serve as heterogeneous, peripatetic, lineage
origin-specific, and venue-specific adaptable tools that are used and modified in order
to support the mission and needs of the epithelial cell defining the adult differentiated
organ (comprehensively reviewed by LeBleu et al. (2020) [29]. They regulate development,
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morphogenesis, homeostasis, tissue repair, maintenance of stem cells, and the function of
immune cells, endothelial cells, and other matrix-resident cells, with specific functional
roles based on origin, location, and gene expression patterns [12,31,32]. In cancer, they
initially try to suppress and contain the tumor, and once re-tasked by the cancer, they
perform supportive roles in malignant progression [13].

Originally, fibroblasts develop in the primary mesenchyme during gastrulation [29].
As the mesenchyme differentiates into the three embryonic layers, more mature fibroblasts
develop during the development of the true mesenchyme from the mesoderm, along with
endothelial cells, adipocytes, and pericytes, all cells capable of initiating mesenchymal
programs in response to signaling cues [29]. These fibroblasts are quiescent, respond to
stimulation, and have the ability to regenerate and maintain the ECM and the structural
stability of their tissue [29]. As an example of the most frequently investigated tissue
site, mature dermal fibroblasts are quiescent but metabolically active, producing ECM
proteins collagen I, fibronectin, elastin, periostin, and tenascin-C [29,33]. Upon injury, they
resume proliferation in response to signals such as prostaglandins and cytokines, including
transforming growth factor (TGF)β and platelet-derived growth factor (PDGF) [29,33].
They also retain the ability to dedifferentiate and form pluripotential stem cells [34,35].
Collectively, these abilities, their gene expression profiles, and interactions with other
cells in the stroma are organ-, origin- and age-specific and remain subjects of continued
investigations [36–39].

Other supporting cells of the normal differentiated organ extracellular matrix derive
from mesenchymal stem cells (MSCs), which are differentiated tissue-specific multilineage
progenitors that sustain cell renewal of their tissue for the duration of its life [40,41], with
three minimum criteria defined by the International Society of Cellular Therapy (ISCT) [42].
The criteria specify that cells (1) must be plastic-adherent in standard culture conditions,
(2) must express cluster of differentiation (CD)73, CD90, and CD105, must not express
CD11b or CD14, CD19 or CD79α, CD34, CD45, and HLA-DR, and (3) must have the capac-
ity to differentiate to osteoblasts, adipocytes, and chondroblasts in vitro [42]. MSCs were
originally identified in the bone marrow (BM MSCs) [41,43], but since then, studies have
demonstrated that a subset of mesenchymal cells remains in adult tissue [40]. These MSCs
have been found in perivascular sites of almost all adult tissues, including adipose tissue,
liver, kidney, lung, brain, breast, ovaries, placental tissue, menstrual and umbilical cord
blood, testes, liver, lung, pancreas, spleen, dental pulp, dermis, and others [43–45]. Indeed,
reports have demonstrated that adult organ MSCs have similar pluripotential capacities to
BM MSCs and are able to differentiate into bone, cartilage, adipose tissue, tendon, muscle
fibroblasts and myofibroblasts, neurons, and cardiomyocytes [40,44,45]. They serve the
differentiated tissue through indispensable roles in self-renewal, repair and maintenance
of normal function, immune modulation, and wound healing, and as a constant source
for fibroblasts and myofibroblasts (comprehensively reviewed by Frisbie et al. (2022) [46].
Population and single-cell mRNA sequencing have demonstrated that both inter- and intra-
tissue heterogeneity, gene expression, signaling pathway activation, and differentiation
potentials of MSCs are exceptionally diverse, and serve the needs of the differentiated
organs [12,47,48]. Single-cell transcriptomic sequencing of bone marrow and umbilical cord
Wharton’s jelly MSCs revealed five distinct subpopulations that differentiate from stem-
like active proliferative cells (APCs) [49]. These subpopulations express the perivascular
mesodermal progenitor markers chondroitin sulfate proteoglycan 4 (CSPG4)/melanoma
cell adhesion molecule-MUC18 (MCAM)/nestin (NES) of multipotent progenitor cells [49].
Subsequently, they branch off into either adipogenesis or osteochondrogenesis and differ-
entiate into unipotent prechondrocytes specifically expressing immunomodulatory genes
able to suppress activated CD3+ T cell proliferation [49].

Myofibroblasts are specialized contractile fusiform fibroblasts considered to be the
activated forms of fibroblasts [50]. Myofibroblasts secrete and organize the extracellular
matrix in normal tissue, which includes laminins, fibronectin, and collagens I, III, and IV,
and generate tissue fibrosis in abnormal circumstances [32,51,52]. They are identifiable by



Cancers 2023, 15, 2014 4 of 79

the expression of vimentin and of α-smooth muscle actin (αSMA) on their stress fibers,
which induce contraction in wound healing in response to tissue traction stress and to
TGF-β, interleukin (IL)-6, PDGF, and fibroblast growth factor (FGF)-2 secretion by platelets
and macrophages [32,50–52]. Although myofibroblasts can originate from local MSCs or
BM-derived MSCs, they generally originate from connective tissue fibroblasts [51].

MSCs and normal tissue fibroblasts are very similar in molecular markers, pluripo-
tency, proliferative capacities, and transcriptomes [53,54]. Fibroblasts continue to have
de-differentiation potential in vitro and can be induced to form pluripotent stem cells (iP-
SCs) [35]. Normal tissue fibroblasts in the extracellular matrix also maintain some capacity
to de-differentiate and to be reprogrammed into iPSCs [34]. Fibroblasts, similar to MSCs,
can differentiate into adipocytes, chondrocytes, and osteoblasts [55]. In the context of
these similarities, MSCs deposit extracellular matrices of collagen type I and fibronectin
and express fibroblast-specific protein (FSP)1 in patterns similar to fibroblasts [55]. With
respect to surface markers, cultured normal foreskin and embryonic lung fibroblasts and
cultured primary BM MSCs express the same cell surface population-averaged surface
markers [55]. These are the MSC markers CD73, CD90, and CD105, which are part of the
ISCT MSC consensus criteria, and MSC markers CD29, and CD44, which are not part of the
consensus criteria [55]. All the cells are also negative for CD14, CD19, CD31, CD34, CD45,
and HLA-DR [55], and negative or equivocal for CD9, CD10, CD106, CD146, CD271, SSEA4,
and Stro-1 [53]. Phenotypic markers of fibroblasts also include PDGFRα/β, podoplanin,
caveolin (CAV)1, discoidin domain receptor 2 (DDR2), fibroblast activation protein (FAP),
fibroblast-specific protein 1/S100 calcium-binding protein A1 (FSP1/S100A), Thyl.l and
Thyl.2 (in mice) (THYI/CD90), and αSMA [13].

2.2. Heterogeneity

Fibroblasts in differentiated organs and anatomic sites have distinct site-specific gene
expression characteristics associated with the major embryonic axis HOX gene expression
patterns anterior-posterior, proximal-distal, and dermal-nondermal [56] and fibroblasts
from different sites have different gene expression profiles [32,56–59]. The data are consis-
tent with the hypothesis that fibroblasts originate from developmentally regulated MSCs,
although they do not exclude the possibility that they could originate from axial epithelial
or endothelial cells [29].

Investigations have demonstrated that site-specific variations in adult differentiated
fibroblast gene expression programs are systematically related to their positional identi-
ties relative to major anatomic axes and maintain key features of embryonic HOX gene
expression patterns that direct topographic differentiation and memory [56,57]. Large-scale
differences in the population-averaged gene expression programs in cultured fibroblasts
from different adult organs are related to three anatomic divisions: anterior-posterior
(rostral–caudal), proximal–distal, and dermal versus nondermal [56]. These investigations
conclude that fibroblasts at different locations in the body should be considered distinct dif-
ferentiated cell types. This is evidenced by differentially expressed genes, including those
involved in extracellular matrix synthesis, lipid metabolism, and cell signaling pathways
that control proliferation, cell migration, and fate determination [57], pattern formation, cell–
cell signaling and matrix remodeling, and positional identifier features of the embryonic
pattern of HOX [56].

Proteomic profiles of primary human fibroblasts from human skin, lung, and bone
marrow have characteristic tissue-specific differences [60]. In vitro treatment with IL-1β
also results in tissue-specific responses in inflammatory proteins but uniform responses in
IL-6 and IL-8 [60]. Population-averaged gene expression patterns were determined in cul-
tured primary fibroblasts from various human organs, vocal fold, trachea, lung, abdomen,
scalp, upper gingiva, and soft palate, with 6216 genes differentially expressed across all
anatomic sites. Hierarchical cluster analysis revealed donor-, gender-, and age-independent
global fibroblast phenotype heterogeneity based on anatomic site origin [59]. The cluster-
ing incorporated several functional themes related to transcription factors for signaling
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pathways regulating the pluripotency of stem cells and extracellular matrix components
such as cell signaling, migration, proliferation, and differentiation potential [59].

Population-averaged transcriptional profiling of cultured fibroblasts from various
anatomical sites of 13 organs revealed organ- and anatomical site-hierarchical clustering
of transcripts [61]. Differential clustering was observed between gastrointestinal and non-
gastrointestinal fibroblasts, submucosal layers, and subperitoneal layers within organs. The
signature genes that discriminated gastrointestinal from non-gastrointestinal fibroblasts,
sub-mucosal fibroblasts from sub-peritoneal fibroblasts, and fibroblasts of one organ from
another organ consisted of genes associated with transcriptional regulation, signaling lig-
ands, and extracellular matrix remodeling. Gastrointestinal fibroblasts differed from other
organs’ fibroblasts by transcriptional regulation, signaling ligands, and extracellular matrix
remodeling-related genes. Anatomical site clusters have different gene expression pat-
terns, specific physiological functions, and homeostatic maintenance, and create functional
diversity [61].

Intra-organ differences in population-averaged gene expression profiles were demon-
strated between fibroblasts from oral lining and masticatory mucosae. Lining mucosa
fibroblasts exhibited significantly higher expression of the principal structural collagens,
cranial neural crest markers, and homeobox genes associated with positional memory, while
masticatory mucosa fibroblasts showed greater expression of genes related to transforming
growth factor-β signaling, likely associated with fibrosis, EP2 prostaglandin E2 receptor
and Toll-like receptor 1 and had higher proliferation rates [58]. In the skin, fibroblast
diversity embodies subpopulations with distinct functions, reflected by their lineages, and
responds to wingless-related integration site (Wnt) signaling from the epidermis through
direct and indirect signaling through ECM deposition and secreted factors that affect other
fibroblasts in different dermal locations [62].

Investigations resoundingly concluded that the study of organ-specific and position-
specific fibroblasts requires single-cell approaches. High coverage single-cell genome
sequencing of normal skin fibroblasts from normal donor biopsies obtained after minimal
propagation in culture demonstrated that every cell contains at least one chromosomal
rearrangement and 600–13,000 base substitutions with epigenomic features resembling
many cancers [63]. The study demonstrates that UV-induced and endogenous DNA
damage from different parts of the body with differences in sun exposure have comparable
impacts on somatic mutation loads in skin fibroblasts [63].

Single-cell transcriptomic sequencing reveals striking inter- and intra-organ hetero-
geneity among fibroblasts between and within different organs, primarily reflecting dif-
ferences in the expression of extracellular matrix components [64]. Fibroblast subtypes
localize to discrete anatomical positions and serve different physiological and regulatory
functions [64]. Tissues contain distinct fibroblast types that govern distinct aspects of tissue
homeostasis and disease, which include autoimmune diseases, inflammation, fibrogenic
diseases, and cancer and its response to immunotherapy [65–68].

In a steady-state atlas of 28 datasets of single-cell fibroblast RNA-seq data from
over 120 thousand cells from 16 unperturbed mouse tissues, investigators identified ten
gene expression clusters named for the dominant cluster-specific gene, with confirmed
heterogeneity within the fibroblast lineages [69]. They ascribed functional identities to
eight of the clusters, including fibroblastic reticular cells (FRCs) for the chemokine (C-C
motif) ligand 19+ (Ccl19+) cluster, red pulp fibroblasts for the Coch gene (Coch+) cluster,
mesenchymal stromal and osteolineage cells for the C-X-C motif chemokine ligand 12
(Cxcl12+) cluster, intestinal fibroblasts for the fibulin (Fbln)1+ and bone morphogenic protein
((Bmp)4+) clusters, fibroblasts for the cartilage oligomeric matrix protein (Comp+) cluster,
alveolar fibroblasts for the nephronectin gene (Npnt+) cluster and peribronchial fibroblasts
for the hedgehog-interacting protein (Hhip+) cluster. Differential enrichment core signaling
pathway genes, such as nuclear factor kappa B1 (NFκB) and tumor necrosis factor (TNF) in
the Ccl19+ cluster and Wnt signaling in the Fbln1+ and bone morphogenic protein (Bmp)4+

clusters suggest different functions in the clusters [69].
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With respect to the two remaining clusters, phytochrome interacting factor 3-like
6 (Pi16+) and the collagen α-1(XV) chain (Col15a1+), nearly all tissues contributed to them,
implying that they were universal [69]. Their analyses suggested that the Pi16+ cluster
passes through the Col15a1+ and ends in the specialized clusters and that genes that define
these two clusters are responsible for differentiating fibroblasts [69]. Of these two universal
fibroblast types, Col15a1+ universal fibroblasts secrete basement membrane proteins and the
Pi16+ fibroblasts serve as a potential resource to develop into distinct specialized fibroblasts,
and both have stem cell phenotype characteristics [69]. Col15a1+ fibroblasts are lymphocyte
antigen 6 complex locus C1−/stem cell antigen-1+ (LY6C−SCA1+) and universal Pi16+

fibroblasts are LY6C+SCA1+ and both can be distinguished from specialized fibroblasts,
which are LY6C−SCA1− [69]. Indeed, PDGFRα+ fibroblasts can be sorted into these three
groups across 11 tissues [69]. These findings suggest that fibroblasts with tissue-specific
features may commonly arise from universal fibroblasts [70].

Promoter-level differential expression sequencing identified 88 coding genes with
higher expression in lung fibroblasts relative to fibroblasts from other sites. Key transcrip-
tion factors important for lung mesenchyme development, including the T-box transcription
factors TBX2, TBX4, and TBX5, are enriched in this lung-specific signature and are asso-
ciated with super-enhancers. The data demonstrate that TBX4 could broadly regulate
fibroblast-related pathways and is able to partly contribute to super-enhancer-mediated
transcriptional programs with highly specific expression in lung fibroblasts, and is required
for cell proliferation and collagen gel contraction capacity [71].

2.3. Isolation of Normal Fibroblasts

Fibroblasts can be isolated from various tissues for analysis. Most investigations with
normal fibroblasts are conducted with skin-derived fibroblasts and isolation and characteri-
zation are delineated in Dvorankova et al. (2019) [72]. Slightly modified techniques can
be applied for the isolation of normal fibroblasts from other normal excised tissue [61,73].
Various biopsy techniques can be used, but the epithelium and adipose tissue must be
trimmed away [61,72,73]. For example, to obtain submucosal gastrointestinal tissue, the
gastrointestinal tissue should be dissected away from the muscular layer on the luminal
side to generate the lamina propria and the mucosal layer, followed by scrubbing away of
the lamina propria to leave submucosal tissue [61]. Similarly, other organs can be dissected
with tweezers and scissors, such as the mesentery of gastrointestinal tissue in order to obtain
subperitoneal tissue, as well as other organs [61]. Due to the heterogeneity of fibroblasts
from different anatomical layers of differentiated organs, it is imperative that painstaking
dissection of the organ tissue layers is conducted to isolate its resident fibroblasts.

Using a generally applicable process, the dissected tissue is washed with phosphate-
buffered saline (PBS) three times, incubated in PBS with 0.05% Trypsin for 4 h at 37 ◦C, and
the solid dissected tissue is removed. The trypsin solution can be subsequently centrifuged
to obtain a tissue pellet. The tissue is then minced into 1–2 cubic mm pieces [61,72,73] and
cultured at 37 ◦C with 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM), 10% heat-
inactivated fetal bovine serum (FBS), 100 IU/mL penicillin and 100 µg/mL streptomycin,
and 250 ng/mL amphotericin B for a short time if heavy yeast contamination is of concern,
such as in tissue from oral cavity tumors [72], and changed every 2–3 days [73].

To proceed to the isolation of the fibroblasts, a two-step differential detachment-
attachment process can be followed [72]. After a week in culture with tissue chunks, the
chunks are removed and adherent fibroblasts are detached by short periods of trypsin
treatment, which enriches significantly for detached fibroblasts and leaves the more ad-
herent keratinocytes attached to the plate. The detached fibroblasts are then reincubated
in tissue culture medium and attached to plates for 20–30 min. This ensures that the vast
majority attach, but leaves the remaining keratinocytes in suspension, as they take longer
to attach [72]. The attached fibroblasts are washed and incubated at 37 ◦C in a tissue
culture medium. In addition to generating primary fibroblasts de novo, many fibroblast cell
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lines from multiple etiologies and organs of origin are available as well from commercial
sources [61,74–76].

Early passage of NFs does not disrupt important features of the embryonic topographic
and positional identity memory patterns of HOX gene expression along major anatomic
axes [56,57]. Fibroblasts collected from different anatomical sites and cultured in vitro
retain their genome-wide transcriptional patterns for at least 10 population doublings [57].
The fact that global topographic differentiation is maintained in isolation with in vitro
passage suggests that epigenetic mechanisms are involved in modeling and maintaining
the distinctly specialized local functions and specific anatomic positions established during
embryogenesis [59]. However, a ten-day co-culture of tumor cells in contact with NFs
induces EMT in the tumor, with loss of E-cadherin and the characteristic tumor growth
phenotypes and induction of vimentin, and acquisition of metastatic potential in vivo [77].
These data suggest that over the ten-day period, NFs are transformed into tumor-associated
fibroblasts in co-culture and provide their protumorigenic EMT effects [77]. The modified
reactive stroma continues to co-evolve with the cancer [78].

In contrast to early passage culture of NFs with tumor cells, cultured cancer-associated
fibroblasts (CAFs) can lose expression of their typical activation markers and ligands and
fail to induce EMT in cultured cancer cells [79]. When directly compared, myofibroblast
markers were higher in CAFs than non-small cell lung cancer (NSCLC) NFs within five
passages in the absence of continuing interaction with carcinoma cells [80].

To characterize cells as fibroblasts, they are fixed on coverslips with 4% paraformalde-
hyde for 5 min and stained with primary antibodies to vimentin, αSMA or phosphate
buffer, and confirmed for lack of staining for cytokeratin epithelial marker, leukocyte, and
macrophage markers CD45 and CD68, melanocyte markers melan A and HMB-45, and
endothelial marker CD34, as controls [72,73]. They are then stained with fluorescence-
labeled secondary antibodies and imaged [73]. Other methods and other control antibodies
can be used, as appropriate, for different tissues. Isolated or cultured fibroblasts can be
analyzed also using fluorescence-activated cell sorting (FACS). Characterizations must
confirm the absence of macrophage marker CD45, epithelial markers E-cadherin and cy-
tokeratins, endothelial markers VE-cadherin, platelet endothelial cell adhesion molecule-1
(PECAM-1), and CD31 or von Willebrand factor [81]. They must confirm the absence of
pericyte markers, neuron-glial antigen-2 (NG-2), of desmin, adipocyte markers peroxi-
some proliferator-activated receptor (PPAR) gamma, CCAAT-enhancer binding protein
(C/EBP)α [82], and uncoupling protein 1 (UCP-1) [29], in addition to the epithelial, and
melanocyte markers, above.

Fibroblasts can be imaged in situ using an array of in situ sensors [83]. These include
force biosensors, imaging reporters for single-cell kinase signaling, FRET-based biosensors
for kinase signaling, and a variety of labeled compounds used for measuring metabolic
activity, glucose uptake, intracellular adenosine triphosphate (ATP) levels, nicotinamide
adenine dinucleotide (NAD)+, pyruvate, lactate, cell–cell interactions, and paracrine signal-
ing to induce signaling in adjacent cells [83].

2.4. Normal Fibroblasts Suppress Cancer Progression

The spectrum of heterogeneous services delivered by NFs in maintaining the physio-
logic functions of differentiated organs, congruent with gene expression studies delineating
different functional clusters [69,70], extends to their suppressive effects on epithelial cells
undergoing malignant de-differentiation. The principle that the microenvironment decides
that fate of a cancer has been accepted by the cancer research community for a long time [84]
and is supported by extensive experimental validation [85].

Fibroblasts make up the majority of cells in the normal tissue microenvironment [86].
Their roles in the active suppression of cancer progression take on multiple forms that vary
with the state of malignant progression, spanning from the early molecular and phenotypic
changes in epithelial cells, to carcinoma in situ, and finally to frank, invasive, growing,
angiogenic tumors with metastatic capabilities (Table 1). The first challenge that cancer cells
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face once transformed into carcinoma in situ is breaking through the basement membrane
into the submucosal microenvironment.

Fibroblasts play a key role in the formation of the sub-epithelial/endothelial basement
membrane by exporting laminins, collagen IV, and basement membrane-associated pro-
teins [57]. Aggressive cancers lose the ability to anchor to laminin because they develop
a dysfunctional, improperly glycosylated laminin-binding receptor dystroglycan or be-
cause they suppress the expression of the xylosyl and glucuronyl transferase-like protein
LARGE1 [87]. These findings support the importance of laminins in the local containment
of cancer. Indeed, we had previously demonstrated that the loss of laminin V expression in
malignant progression from normal epithelium to ductal carcinoma of the breast occurs
as a step function between the stages of ductal carcinoma in situ (DCIS) and invasive
cancer [88].

Breast-specific fibroblasts and the extracellular matrix secrete products that promote
the myoepithelial lineage, identified by myoepithelial-specific markers, including αSMA
and cytokeratin 14 [89]. The myoepithelial cells form a protective incomplete border
between breast epithelial cells and the basement membrane, separating the ductal compart-
ment from the stromal microenvironment [90]. They act as dynamic barriers to luminal
cancer cell dissemination that enlist both smooth muscle contractility and intercellular ad-
hesion in barrier function [91,92]. They inhibit the progression of abnormally proliferating
epithelial cells, including DCIS, invasive cancer, and cancer-induced angiogenesis [93] by
downregulating the expression and activity of matrix metalloproteinases (MMPs) in breast
cancer (BC) cells and fibroblasts [90], and vitronectin-associated cell–matrix interactions,
adhesion, and invasion [94]. When DCIS transitions to invasive cancer, it penetrates the
myoepithelial membrane layer and breaks down the ECM through MMPs produced by
tumor cells and periductal fibroblasts [90].

Early suppression of newly transformed cells in the organ bed is inhibited by contact
with fibroblasts by a process termed decades ago as neighbor suppression [95,96]. NFs
variably suppress cancer cell proliferation, migration, invasion, and metastasis [97] through
both non-contact and contact co-incubation in vitro [86,95,97–100]. Contact-initiated in-
hibition is mediated by multiple structural factors, both directly and indirectly, through
the deposition of matrix proteins [101]. NFs and normal prostate epithelial cells inhibit
each other’s proliferation in contact co-culture, likely by reorganizing the synthesis and
distribution of the cell–cell contact-related proteoglycans decorin (DCN) and lumican
(LUM) in the epithelial cells and increasing syndecan (SDC)1 at mutual intercellular contact
zones [102]. However, in contrast, PC3 cancer cells do not upregulate proteoglycans in
NFs but rather downregulate focal adhesion and adherens junction genes, resulting in can-
cer cell–cancer cell adhesion rather than cancer cell–fibroblast adhesion and autonomous
cancer cell growth [102]. This exemplifies the abrogation of the restrictive roles of NFs on
normal epithelial cells imposed by cancer cells through the deregulation of proteoglycans
and junctional molecules and the overall disorganization and disruption of the fibroblast-
malignant epithelial cell communication [102]. The suppressive effects of fibroblasts are
further illustrated by observations that heparin produced by degranulating mast cells in
the peritumoral fibrous tissue of human BC, head, and neck squamous cell carcinoma (SSC),
NSCLC, ovarian cancer, non-Hodgkin’s lymphoma, and Hodgkin’s disease significantly
restrict the colony growth of tumor cells exclusively when co-cultured with fibroblasts, an
effect accentuated by FGF-7 [103].

NFs also inhibit the progression of hematologic malignancies, in addition to those
of carcinomas. Dermal fibroblasts activated by contact with multiple myeloma RPMI
8226 cells induce growth arrest and alter the expression of CD38, CD45, and CD138 in
myeloma cells consistent with dedifferentiation, inflammation, and progression toward
dormancy [104]. In an experimental model, NFs treated with TGFβ are able to eliminate
transformed fibroblasts by induction of apoptosis, suggesting another pathway in the
struggle for tumor suppression by normal tissue fibroblasts [105].
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NFs generate an extracellular matrix, which is softer than a CAF-generated matrix, an
effect that influences cancer cell proliferation [101]. The mammary extracellular matrix has
soluble and structural elements that direct differentiation toward mammary tissue. The
characteristics of the matrix are sufficient to direct the differentiation of testicular-derived
cells and embryonic stem cells to form functional mammary epithelial trees and normal duct
outgrowth in mice [106]. The normal ductal microenvironment is also required to maintain
the luminal phenotype of HR+ breast tumors grafted in vivo into murine mammary ducts
and the suppression of SLUG expression [107]. Normal mammary fibroblasts express tumor
whey acidic protein four-disulfide core domain 1 (WFDC1), which is tumor suppressive
and highly expressed in resting fibroblasts but downregulated in CAFs [108]. Normal ECM
also restricts cancer cell proliferation by inducing a downregulation and nuclear exit of the
histone demethylase Jumonji C domain-containing (JMJD)1, resulting in growth restriction
of carcinoma cells through JMJD1a-dependent modulation of gene expression [101].

Healthy intestinal NFs activate STAT1 signaling in colon cancer cells and restrain their
growth, effects not imposed by CAFs or NFs treated with TNFα or by intestinal fibroblasts
from patients with inflammatory bowel disease that produce high levels of TNFα [109].
Expression of RhoA in NFs exerts tumor-suppressive effects by inhibiting tumor motility
and growth in vitro and in vivo, maintains tumor epithelial features, and low stiffness, and
suppresses inflammation and cancer cell stemness, while, in contrast, its suppression in
CAFs drives tumors [110]. Incubating PC-3 cancer cells in direct contact with fibroblast
cell lines induces changes in gene expression patterns in several pathways, including
Rho, the Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif
(TAZ) cascade, pro-inflammatory signaling through NFκB, and TGFβ signaling, and the
transcription factor RELA. Fibroblasts that inhibit cancer cell growth in contact co-culture
exhibit differences in the Rho signal pathway and in potential individual regulators such
as IL-6, MAPK8, MAP2K4, PRKCA, JUN, signal transducer and activator of transcription
(STAT)3, and STAT5A compared to non-inhibitory fibroblasts [111]. YAP signaling is also a
key regulator of melanoma-associated fibroblasts [112].

Dermal fibroblasts hinder melanoma tumor development when co-implanted with
B16F10 cells in a β-catenin-dependent manner [113]. Normal, β-catenin-expressing fibrob-
lasts infiltrate co-implanted tumors that form to a greater extent, permit formation of smaller
tumors that proliferate less, that have lower expression of cyclin D1, and increased expres-
sion of cyclin-dependent kinase (CDK) inhibitor p16INK4A [113]. Co-implanted fibroblasts
also prevent tumor cell EMT, in contrast to dermal fibroblasts with genetically abrogated β-
catenin expression co-implanted with tumor cells [113]. Normal stromal fibroblasts inhibit
melanoma cell motility through decorin- and chondroitin-6 sulfate-induced melanocyte
cell surface and cytosolic acidification that may result in increased adhesion [114].

NFs and cancer cells secrete exosomes or membrane vesicles that contain proteins
and microRNAs (miRNA), establishing a cell–cell communication network within the
tumor microenvironment [115,116]. NFs inhibit head and neck squamous cell carcinoma
(HNSCC) tumor growth and target B-cell lymphoma-2 (BCL2) expression in vivo through
the transfer of exosomes containing miR-3188, which are significantly reduced with the
transition to CAFs [117]. The expression of miR-124 suppresses the invasive potential and
downregulates αSMA and FAP expression in tissue fibroblasts [118]. The levels of miR-124
mRNA are significantly lower in ovarian cancer tissue than in adjacent normal tissue or nor-
mal ovaries and in ovarian cancer cell lines compared to normal ovarian surface epithelial
cells [118]. miR-124 mRNA transported via exosomes from nontransformed ovarian surface
epithelial cells to normal tissue fibroblasts suppresses CAF-associated phenotypes [118].
Similarly, NFs express miR-1-3 and transfer them to cancer cells via extracellular vesicles
(EVs) [119]. miR-1-3 expression in BC cells inhibits viability, invasion, migration, EMT,
and tumor formation and metastasis [119]. CAFs have lowered miR-1-3 levels, which
may be a mechanism of loss of fibroblast-mediated suppression of BC [119]. Fibroblasts
transfer miR-34a-5p in exosomes to oral squamous cell carcinoma cells and inhibit their
proliferation and metastasis by binding and suppressing AXL-mediated signaling [120].
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AXL tyrosine kinase promotes tumor progression through serine/threonine protein ki-
nase (AKT)/GSK-3β/β-catenin signaling, β-catenin nuclear-translocation-induced snail
family transcriptional repressor 1 (SNAIL) transcription, and activation of MMP-2 and
MMP-9 [120]. mir-34a-5p expression is significantly decreased in CAFs, resulting in a
loss of its tumor suppressive effect [120]. The expression of miR-204 in cancer-adjacent
fibroblasts also inhibits tumors by suppressing fibroblast migration by modulating the
expression of signaling molecules and by directly targeting integrin α11 (ITGA11) and is
also downregulated in HNSSC of the oral cavity [121].

The neurogenic locus notch homolog protein 1 (Notch1) transmembrane protein family
pathway negatively regulates human and mouse fibroblast motility and growth and induces
apoptosis [122,123]. Quiescent fibroblasts have high levels of Notch pathway activation
and expression of the pathway components, including Notch1, Notch 2, hairy and enhancer
of split-1 (Hes) family BHLH transcription factor 1 (Hes-1), delta-like canonical Notch
ligand 1 (Dll1), hairy/enhancer-of-split related with YRPW motif protein 1 (Hey-1), while
proliferating fibroblasts have low or undetectable Notch pathway activation [123]. High
levels of Notch expression in NFs are responsible for restricting melanoma cell growth
in vitro and growth in the skin and angiogenesis in vivo [75,124]. Notch activation in
melanoma-associated fibroblasts is lost with malignant progression [75]. Analogously, NF
PTEN-to-JAGGED-1-Notch3 signaling maintains the mammary stem cell niche and inhibits
BC initiation and disease progression [125].

Non-contact co-incubation of normal human foreskin fibroblasts of the cell line Hs68
(HsFb) with human lung carcinoma A549 cells suppresses cancer cell migration and metas-
tasis mediated by TGFβ1-induced EMT, reduces E-cadherin, and elevates N-cadherin,
SNAIL, vimentin, and MMP-9 via release of 5-methoxytryptophan (5-MTP) [100]. Export
of 5-MTP by fibroblasts inhibits cancer cell COX-2 overexpression by blocking p300 histone
acetyltransferase (HAT) and NFκB activation [126,127], inhibits A549 cancer cell migration
and invasion, and retards A549 cancer growth and metastasis in a murine xenograft tumor
model, possibly through COX-2 suppression [126].

IL-1β or TNFα inhibit the growth of androgen receptor (AR)+ LNCaP cells but not
that of androgen-independent PC-3 human prostate cancer (PC) cell lines in co-cultivation
with monolayers of human diploid fibroblast WI-38 cells derived from embryonic lung
tissue [128]. Conditioned medium from WI-38 cells pretreated with IL-1β or TNFα is
also sufficient to strongly inhibit LNCaP cell growth in an IL-6-dependent manner [128].
Normal human fibroblasts inhibit the growth of human PC cells through IL-7, induced by
endoplasmic reticulum stress-mediated through IRE1alpha, ASK1, p38, and IRF-1 [129].
Endoplasmic reticulum stress is initiated by the tumor suppressor gene reduced expression
in immortalized cells/Dickkopf-3 (REIC/Dkk-3 [129].

Non-neoplastic tissues adjacent to BCs have two distinct gene expression subgroups
that differ in the expression of genes involved in the activation of fibrosis, cellular move-
ment, cell adhesion, and cell–cell contact [130]. One is an active group, defined by high
expression of fibrosis and cellular movement genes, and the other is an inactive group,
defined by high expression of claudins and other cellular adhesion and cell–cell contact
genes [130]. There is a prognostic relevance to the active gene expression extratumoral
subtype, which is associated with inferior overall survival among estrogen receptor (ER)+

patients who were hormone-treated. There are no statistically significant associations
in other patient groups [130]. The protumorigenic effects of converted fibroblasts are
discussed below.

BM MSCs inhibit the proliferation but increase the invasion of oral tongue squamous
cell carcinoma cells in vitro [131]. BM MSCs migrate to cancers in the circulation and
become a functional part of the TME [46]. In a reciprocal relationship, tongue squamous
cell carcinoma cells upregulate the expression of inflammatory chemokines by BM MSCs,
whereas BM MSC products induce the expression of known invasion-linked molecules
by carcinoma cells and enhance invasion and type I collagen mRNA synthesis. This is
functionally significant because high expression of type I collagen N-terminal propeptide
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(PINP) in vivo correlates with the cancer-specific mortality of tongue squamous cell carci-
noma patients [131]. The cancer-inhibitory effects of proliferating normal tissue fibroblasts
are comprehensively reviewed by Delinassios and Hoffman (2022) [132].

BM MSCs suppress the proliferation of metastatic BC cells in the bone marrow, decrease
cell surface expression of stem cell markers, decrease sensitivity to docetaxel, and inhibit
proliferation and invasion. These effects are transmitted by exosomes from BM MSC cultures
that include miRNA-23b, which suppresses MARCKS, a cell cycle and motility-inducing
gene among others [133]. BM MSCs also induce dormancy in metastatic BC cells [134]
through FGF-2-mediated inhibition of cell cycle progression through TGFβ1 [135], activation
of cyclin-dependent kinase inhibitors p21Waf1 [136], p15INK4b [135], and p27Kip1 [135], inhibit
motility through stromal FGF-2- and integrin α5β1-mediated RhoA inhibition and actin-
rearrangement in the cancer cells [137,138] and induce cytotoxic therapy resistance through
phophatidylinositol-3 kinase (PI3K)/AKT [134,139].

Table 1. Normal fibroblasts suppress cancer cell malignant behavior.

Mechanism References

Neighbor suppression [95,96]

Induce apoptosis in transformed fibroblasts [105]

Lay down basement membrane [57]

Anchor to laminin [87]

Contact inhibition; reorganize synthesis and distribution of DCN, LUM, SDC1 [102]

Induce dormancy-like state in myeloma cells [104]

Maintain epithelial phenotype by suppressing SLUG [107]

Suppress cancer progression through WFDC1 [108]

Suppress cancer cell proliferation by suppressing nuclear exit of the histone demethylase JMJD1 [101]

Activate STAT1 in cancer cells [109]

RhoA expression in NFs; inhibits tumor motility and growth, maintains epithelial features, cancer cell stemness,
maintains low ECM stiffness and suppresses inflammation [110,111]

YAP signaling [111,112]

NF expression of IL-6, MAPK8, MAP2K4, PRKCA, JUN, STAT3, and STAT5A induced by cancer cell confrontation [111]

NF expression of β-catenin inhibits tumor proliferation, decreases cyclin D1, increases p16INK4A, and prevents tumor
cell EMT

[113]

Secrete exosomes with miRNAs

Suppress MARCKS, cell cycle and motility, tumor growth (miRNA-23b) [133]

Inhibit tumor growth and Bcl2 (miR-3188) [117]

Suppress invasion, downregulate αSMA and FAP (miR-124) [118]

Inhibit viability, invasion, migration, EMT, tumor formation and metastasis (miR-1-3) [119]

Suppress proliferation and metastasis by suppressing AXL signaling (miR-34a-5p) [120]

Inhibit fibroblast migration by targeting ITGA11 (miR-204) [121]

Notch 1 and 2, Hes-1, Dll1, Hey-1, PTEN, Jagged maintain NF quiescence, restrict cancer cells, maintain stem cell niche [75,123–125]

NF 5-MTP

TGFβ1-induced EMT, reduction of E-cadherin and elevation of N-cadherin, SNAIL, vimentin and MMP-9 in cancer cells [100]

COX-2 overexpression in cancer cells by blocking p300 histone acetyltransferase and NFκB activation, migration,
invasion, growth, and metastasis [126,127]

FGF-2-mediated cell cycle inhibition and dormancy through TGFβ1, p21Waf1, p15INK4b, p27Kip1, motility inhibition
through FGF-2- and integrin α5β1-mediated RhoA inhibition and actin-rearrangement in cancer cells, treatment
resistance through PI3K/AKT

[134–139]

IL-1β or TNFα treated NFs inhibit cancer cell growth [128]

NF REIC/Dkk-3-induced IL-7 inhibits tumor growth [129]
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3. Cancer-Associated Fibroblasts
3.1. Origin of CAFs

The tumor microenvironment consists of cells originally present in the normal tissue,
including fibroblasts, pericytes, resident MSCs, adipocytes, endothelial cells, epithelial cells,
immune cells, as well as cells recruited to the tumor, including hematopoietic stem cells,
which are converted to CAFs [46,140,141]. CAFs become the most common constituents of
the tumor stroma and take on roles as agents of cancer progression [142].

Initially, the predominant sources of cancer-associated MSCs are local MSCs, which are
reprogrammed early upon tumor formation by direct contact, transfer of exosomes or fusion
with cancer cells, or by interactions with other microenvironmental cells [143–145]. Later,
as the microenvironment becomes more inflammatory [146], tumors recruit exogenous
MSCs by secreting chemokines such as CC-chemokine ligand 2 (CCL2), CCL5, CXCL12,
and CXCL16 [147–149]. BM-derived MSCs are recruited to breast and lung tumors, differ-
entiate to a distinct subpopulation of CAFs that lack PDGFRα, promote tumor growth and
angiogenesis via expression of Clusterin, and end up as a diminished PDGFRα-expressing
resident CAFs population [150]. The recruited BM MSCs have a negative impact on pa-
tient survival, evidenced by the fact that decreased PDGFRα expression in BC patients is
associated with a worse prognosis [150].

MSCs represent 0.1–5% of the tumor stroma in a variety of cancers [46,151,152]. No
single marker exists to identify the extremely heterogeneous MSC populations and their
functions [153], although they continue to fit the minimum criteria outlined by the In-
ternational Society for Cellular Therapy for BM MSCs [42,46]. Algorithms have been
developed to characterize this heterogeneous population by differences in transcription
profiles between cancer-associated and normal MSCs [145]. MSCs actively influence tumor
progression and metastasis [143,144] by directly interacting with tumor cells and other
microenvironmental components [154]. Cancer cells, such as BC cells, acquire gene ex-
pression signatures enriched in survival factors, tumor suppressors, and inflammatory
mediators, defining a state of secretory senescence [155]. MSCs also modulate the can-
cer immune microenvironment. They suppress innate and adaptive immune systems,
including suppressing of T-cells through prostaglandin E2, CXCL9, CXCL10, and CXCL11,
and nitric oxide synthase [156] in response to cancer cell-secreted TNFα, IFNγ, and IL-
1 [46]. They induce the differentiation of immunosuppressive M2-polarized macrophages
by cancer-secreted exosomes and decrease the cytotoxic activity of natural killer (NK)
cells [157]. Cancer-associated MSCs suppress the response to immune checkpoint inhibitor
therapy in ovarian cancer through the expression of CCL2, C-X3-C motif chemokine ligand
1 (CX3CL1), TGFβ1, recruitment of C-C motif chemokine receptor (CCR)2+ monocytes and
M2 tumor-associated macrophages [158].

Direct tumor cell contact co-culture of MSCs and hypoxia are necessary to fully convert
MSC to cancer-associated MSCs [145], and in fact, high oxygen tension inhibits CAF protu-
morigenic effects [159]. Studies have suggested that tumor-associated MSC characteristics
do not arise through the acquisition of genetic mutations but rather, through epigenomic
reprogramming by cancer cells that induce them to assume a strongly protumorigenic
phenotype [46,152]. Cancer-associated MSCs have different gene expression profiles from
those of normal tissue MSCs [145,160]. Once MSCs convert to cancer-associated MSCs,
they, in turn, may have the potential to convert endemic MSCs into cancer-associated MSCs
as well [161]. Tissue MSCs and BM MSCs recruited by the cancer are also epigenetically
reprogrammed by cancer cells to become their tools to support tumor progression and to
differentiate into multiple lineages, including to CAFs, myofibroblasts, and adipocytes,
and assume significant roles in the formation of the TME [46]. Human BM MSCs incu-
bated for 30 days with tumor-conditioned medium from ER− MDA-MB-231 BC cells, U87
glioma cells, and PANC-1 pancreatic carcinoma cells assume a CAF-like myofibroblast
phenotype [162]. They acquire sustained expression of SDF-1, αSMA, FSP, and the ability
to promote tumor cell growth in vitro and in vivo [162].
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Co-incubation of BM MSCs with cancer cells increases the expression of genes associ-
ated with tumor growth, metastasis and angiogenesis, and functionally increases tumor
cell resistance to carboplatin [161]. The secretome of cancer cells [163] and soluble agents
such TNFα contribute to resistance to treatments [143,161]. MSCs also induce treatment
resistance in cancer cells through Src activation, enhancing antioxidant defenses, induc-
tion of quiescence, and tumor-initiating profiles [164,165]. This is congruent with the
EMT-inducing effects of MSCs on cancer cells [155].

The top 10 pathways enriched by a 30-day incubation in cancer conditioned medium
are MAP kinase, focal adhesion, cell cycle, regulation of actin cytoskeleton, cytokine–
cytokine receptor, Wnt signaling, axon guidance, apoptosis, insulin signaling, and gap
junctions [162]. Their gene expression patterns are similar to CAFs exposed to cancer-
conditioned medium-treated CAFs [162]. MSCs co-cultured with colorectal cancer (CRC)
cells upregulate many factors, of which IL-8 is the most highly upregulated angiogenesis
factor, through which they induce human umbilical vein endothelial cell (HUVEC) prolifer-
ation and migration, tube-formation, and CRC cell proliferation in vitro and angiogenesis
in vivo [166]. Tumor-associated MSCs induce angiogenesis through secretion of TNFα, vas-
cular endothelial growth factor (VEGF), interferon (INF)γ, leukemia inhibitory factor (LIF),
macrophage colony-stimulating factor (M-CSF) and endothelin secretion by tumor cells [46].
Parathyroid adenomas also induce neoangiogenesis by stimulating MSC to express FAP
and VEGFA mRNA in transwell co-culture with hBM MSCs through CXCL12/CXCR4 [167].
While the hypoxic tumor microenvironment generates abnormal new blood vessels through
both tumor-induced and CAF-induced factors, it also is a necessary factor for the conversion
of NFs to CAFs, mediated through HIF1α-induced NFκB, CCL5, COL1A2, and αSMA [168].
Hypoxic CAFs contribute to blood vessel abnormalities, which lead to dysfunctional tumor
blood vessels [169]. In vitro co-culture of hypoxic mammary CAFs with endothelial cells
promotes angiogenesis through the hypoxia-induced remodeling of the CAF proteome,
including upregulated expression of novel proteins, most prominently NAV2 Antisense
RNA 2 (NCVP2-AS2) (renamed hypoxia-induced angiogenesis regulator (HIAR)), which
is necessary for the pro-angiogenic and pro-migratory effects of hypoxic CAFs, mediated
through VEGF/VEGFR signaling [169].

However, besides the tumor-promoting effects of MSCs, they can also suppress tu-
mors [170]. Some have proposed that the source and gene expression heterogeneity of
MSCs from different organs directs these divergent effects [46]. When stimulated with
tumor necrosis factor (TNF)α, human BM MSCs express TNF-related apoptosis-inducing
ligand (TRAIL), induce apoptosis, and inhibit in vivo tumor formation in triple-negative
BC cells [170]. In turn, apoptotic triple-negative BC cells and the DNA fragments they
generate further upregulate TRAIL in a toll-like receptor 3 (TLR3)- [170] and an absent
in melanoma 2 (AIM2)-dependent [171] manner, further increasing BC cell apoptosis in a
positive feedback loop. In addition, activated MSCs potentiate the effects of a subtoxic dose
of doxorubicin synergistically in vitro [170] and on metastases in an in vivo model [171].

Further evidence of this dualism comes from studies that demonstrate that endemic
MSCs and those recruited to the tumor microenvironment have both protumorigenic and
anti-tumor effects [23,172]. Hybrid cell formation occurs frequently by fusion between can-
cer cells and various other cell types within the TME, including frequently with MSCs [23].
The resulting hybrid populations are aneuploid, a characteristic associated with chromo-
somal instability. Fused cancer cells can acquire a slew of new functionalities, and can
undergo apoptosis, necrosis, senescence, dormancy, or enhanced proliferative or metastatic
capacity. In addition, they engender new therapeutic responsiveness or resistance, based
on enhanced tumor plasticity [23]. Triple-negative human BC cells fused with BM MSCs
remain quiescent in a dormant state in vivo in immunodeficient mice for up to six months,
with the expression of dormancy-associated transcripts, then they awaken and grow rapidly
into metastatic and heterogeneous tumors with variable chemosensitivity [173]. MSCs
recruited to the tumor stroma surround the BC cells in three-dimensional environments
and under conditions of low nutrient availability, promote the spheroid formation, and are
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then cannibalized by the cancer cells in a Rho kinase-dependent manner [155]. The process
suppresses tumorigenicity and promotes dormancy in the cancer cells with characteris-
tic significant increases in the expression of EMT program genes and stem cell markers
(SCMs) [155].

3.2. Cancer Cells Convert NFs into CAFs
3.2.1. Reciprocal Effects of Cancer Cells and Stromal Fibroblasts

The tumor microenvironment is a chronic site of inflammation [174]. Cancer cells
release pro-inflammatory cytokines and chemokines that attract immune cells [175]. The
inflamed tumor microenvironment also attracts bone marrow MSCs, which are home to
the primary tumor and contribute to the attempt to repair the nonhealing wound that is
the tumor [20,176,177]. In turn, they release cytokines that instead, promote malignant
behavior in the tumor [175,176]. This cytokine-rich milieu stimulates tumor growth and
invasion [177]. The reverse direction of distant control also occurs concurrently. An
example is the case of pancreatic stellate cells, which induce fibrinogenesis and stimulate
angiogenesis in the primary tumor [178] by depositing a periostin-rich matrix around
capillaries and secreting vascular endothelial growth factor (VEGF) [179]. Pancreatic cancer
has a significant reduction of microvessel density, and the resultant hypoxia increases
stellate cells and their secretion of periostin and collagen I, fibronectin, and vascular
endothelial growth factor (VEGF), while, in turn, stellate cells increase endostin production
by cancer cells by MMP-dependent cleavage [179]. Stellate cells leave the tumor, circulate
to distant sites, and facilitate seeding, survival, and proliferation in metastatic sites [180].
Table 2 outlines the factors contributing to the reciprocal feed-forward relationship between
cancer cells, the TME, and microenvironmental fibroblasts.

Tumor cells remodel their microenvironment and enhance tumor progression and
chemoresistance in multiple ways [181]. Cancer cells release growth factors, such as FGF-2,
VEGF, PDGF, EGF, TGFβ, and cytokines and chemokines, the core group consisting of
CCL2, CCL5, IL-6, IL-8, as well as other soluble factors that activate fibroblasts [182–184]
and modulate CAF gene expression patterns [185,186] and their metabolism [187,188].
These factors promote the proliferation, motility, and survival of epithelial cancer cells, but
not that of dormant tumor-initiating cells [189,190]. Other mechanisms of control of stromal
behavior by cancer cells include the expression of adhesion molecules. One example is
CD147 transmembrane glycoprotein overexpressed on BC cell surfaces, which promotes
the transformation of fibroblasts to CAFs, which in turn induces EMT in BC cells [191].

The proximity of cancer cells to adipocytes in the breast microenvironment induces the
adipocytes to transform into adipocyte-derived fibroblasts (ADFs) [192]. These adipocyte-
derived MSCs respond to Wnt3a secretion by tumor cells by reactivating Wnt/β-catenin, in-
creasing expression of the marker FSP1, but not αSMA, increasing fibronectin and collagen I
secretion, and enhancing cancer cells’ migratory and invasive capabilities [192]. Adipocyte-
derived MSCs can be differentiated to osteoblasts by expression of FGF-2 [193,194] and
BMP-2 [194], and to adipogenic, chondrogenic, and osteogenic lineages by medium ad-
ditives endothelial growth medium and FGF-2 [195]. Obese subcutaneous adipose tissue
and visceral adipose-derived stromal fibroblasts (ADFs) also promote the growth and
dissemination of ovarian epithelial cells co-injected intra-peritoneally but do so more ef-
fectively than lean mouse subcutaneous adipose tissue [196]. Obese ADFs attract CD3+

T-lymphocytes and F4/80+ macrophages and increase the expression of chemotactic factors
IL-6, MIP-2, and MCP-1 when cultured with tumor cells [196]. However, they differen-
tiate into adipocytes and osteocytes less readily than ADFs from subcutaneous fat from
lean mice [196]. Adipocytes promote the growth of other malignancies as well, including
multiple myeloma cells in bone [197].

Genetic changes in primary tumor cells induce uniform and permanent genetic
changes and tumor-enhancing properties in stromal fibroblasts [198,199] and in bone
marrow stromal cells in co-culture [200]. As a consequence, the distribution of mammary
stromal cell type changes in cancer. The frequency of CD34+ fibroblasts, found in normal
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breasts, markedly decreases, and the frequency of cancer-associated αSMA+ fibroblasts
increases [201]. These changes are associated with a higher stage and worse prognosis [201].
CAFs have higher levels of RhoA and Rac1 than mammary fibroblasts not associated
with tumors [202]. Co-culture of bone marrow stroma with PC cells endows permanent
cytogenetic changes in the stromal cells and an ability to promote the growth of PC in
mice [200]. With reactive oxygen species (ROS) acting as mediators, PC cells induce the
expression of extracellular matrix (versican and tenascin) and chemokine (BDFN, CCL5,
CXCL5, and CXCL16) genes, responsible for the induced growth in vivo of PC [200]. These
observations collectively suggest coevolution of cancer and stromal cells occurs under
three-dimensional growth conditions, which ultimately accelerates cancer growth and
metastasis [200]. When significant cancer cell numbers come in contact with stroma, they
impose modified behavior. In our own model 2D co-culture, MCF-7 cells at non-clonogenic
density, induced a cell number-dependent induction of IL-6 and IL-8 when co-cultivated
with murine bone marrow stroma, generating a positive feedback loop for their growth
stimulation [138].

Cancer cells also induce tumor-enhancing properties in MSCs from breast adipose
tissue [203]. Adipose tissue MSCs can contribute to pericytes and adipocytes that populate
the tumor microenvironment [204]. In addition, cancer cells have been shown to “educate”
bone marrow-derived MSCs that home to tumors. In direct co-incubation experiments
or through incubation in tumor conditioned medium, bone marrow MSCs increase the
secretion of osteopontin (OPN), IL-8, and FGF-2, increasing their ability to act as chemoat-
tractants to cancer cells, while decreasing vimentin and αSMA expression, which in vivo
would act to keep them in the microenvironment by decreasing their migration [175].

The features of the primary tumor microenvironment favor the influx and conversion
of supporting cells to CAFs. These factors include low pH, hypoxia, glycolytic oxidation,
stiffness, inflammation, ionic gradients, and high concentrations of chemokines and cy-
tokines [205]. These factors favor tumor growth and progression and foster the conversion
of NFs and other local or recruited cells, outlined above, to CAFs, as well as the preparation
of the pre-metastatic niche [206]. Nascent and growing cancer cells initiate the conversion of
NFs, MSCs, and other supporting cells to CAFs. The process occurs through soluble factors
secreted by the cancer cells, by direct contact with fibroblasts and MSCs, by the export of
exosomes, and by direct fusion with fibroblasts and MSCs. These processes, the transfer
of exosomes containing proteins and miRNAs, and cell fusion occur multi-directionally
between cancer cells and CAFs, and other cells in the microenvironment. This section
addresses the conversion of NFs, MSCs, and other cells to CAFs. The reciprocal effects of
CAFs on cancer cells are discussed in the later sections below.

Replicative senescence endows fibroblasts with a tumor-supportive ability by direct
mitogenic effects and through an MMP-mediated increase in the permeability of adjacent
capillaries, which permits exposure of cancer cells to increased levels of mitogens, cytokines
and other plasma products [207]. Chemotherapy, biotherapy with CDK inhibitors and
radiation induce a secretory senescence phenotype through DNA damage response medi-
ated by ATM and NFκB activation, characterized by secretion of inflammatory cytokines
IL-6 and IL-8 [208–210]. However, the effects are dependent on chromatin remodeling
rather than physical breaks in DNA, evidenced by osteopontin activation form HADC
inhibitor treatment [211]. Dietary fat and IL-1β may also provide an environment that
promotes NF transition to secretory senescence phenotypes [212]. Aging induces senes-
cence in MSCs through loss of expression of FOXP1 [213]. Secretory senescence promotes
tumor progression, immunosuppression, treatment resistance, and recurrence of dormant
cells [138,214].
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Table 2. Reciprocal effects of cancer cells and stromal fibroblasts.

Actions by Cancer Cells Effects on Fibroblasts Refs. Actions by Fibroblasts Effects on
Cancer Cells Refs.

TME has low pH,
hypoxia, glycolytic
oxidation, stiffness,
inflammation, ionic
gradients and high
concentrations of
chemokines and
cytokines

- Environment fosters NF and
other local or recruited cell
conversions to CAFs
- Cancer cells act through
soluble factors, direct contact,
export of exosomes, direct
fusion with MSCs
and fibroblasts

[205,206] Converted CAFs - Favor tumor growth
and progression
- Preparation of the
pre-metastatic niche

[205,206]

Tumor hypoxia from low
vessel count

Stimulate stellate cell periostin,
collagen I, fibronectin,
VEGF secretion

[179] - Pancreatic stellate cells
induce fibrinogenesis,
deposit periostin-rich
matrix around capillaries,
secrete VEGF

- Tumor residing stellate
cells circulate to
distant sites

- Stimulate
angiogenesis in the
primary tumor.
Induce endostin
production by
cancer cells
- Facilitate tumor
seeding, survival and
proliferation in
metastatic sites

- [178,179]

- [180]

Release pro-inflammatory
cytokines

Attract BM MSCs to the tumor [20,175–177] Newly arrived MSCs
release cytokines

Released cytokines
promote malignant
behavior in the tumor

[175–177]

Cancer cells release
FGF-2, VEGF, PDGF, EGF,
TGFβ, CCL2, CCL5,
IL-6, IL-8,

- Activate fibroblasts
- Modulate CAF
gene expression
- Modulate CAF metabolism

- [182–184]
- [185,186]

- [187,188]

Activated fibroblasts
secrete cytokines

Promote proliferation,
motility, and survival
of epithelial cancer cells
but not dormant tumor
initiating cells

[189,190]

Cancer cell co-cultivation
or conditioned medium
“educate” BM MSCs that
home to tumors

BM MSCs increase OPN, IL-8,
FGF-2 secretion, decrease
vimentin, αSMA expression

[175] OPN, IL-8, FGF-2 attract
cancer cells; vimentin,
αSMA decrease MSC
migration, keep them in
the TME

Promote cancer
progression

[175]

BC cells overexpress
CD147 transmembrane
glycoprotein.

CD147 promotes
transformation of fibroblasts
to CAFs

[191] CD147-transformed
fibroblasts express αSMA

Induce EMT in
co-cultured BC cells

[191]

Cancer cells induce
ratio-dependent secretory
senescence in
co-cultivated BM stroma

BC cells ratio-dependent
stromal secretion of IL-6
and IL-8

[138] Stroma incubated with
cancer cells
secrete cytokines

Cytokines induce
positive feedback loop
for cancer cells
growth stimulation

[138]

Breast cancer cells
transform nearby
adipocytes into
adipocyte-derived
fibroblasts (ADFs)
through secretion
of Wnt3a

ADFs reactivate Wnt/β-catenin,
express FSP-1, are more
migratory/invasive

[192] ADFs secrete fibronectin
and collagen I

Increase invasion in
co-cultivated
tumor cells

[192]

Tumor cells co-cultured
with obese animal and
visceral ADFs induce
inflammation

Increase IL-6, MIP-2 and MCP-1
expression in obese and
visceral ADFs

[196] Tumor-stimulated ADFs
attract CD3+

T-lymphocytes and
F4/80+ macrophages

Promote growth and
dissemination of
ovarian epithelial cells
in vivo

[196]

Breast cancer cells modify
adjacent adipose
tissue MSCs

Cancer-adjacent MSCs
upregulate BDNF, NOTCH1,
SOX9, vimentin, VCAM1,
downregulate
growth differentiation factor 15
(GDF15), IGF1, MMP2,
PDGFRβ, TGFβ3, BMP4 and
have increased
proliferative potential

[203] - Cancer associated
adipose MSCs enhance
BC cell aggressiveness
- Contribute to pericytes
and adipocytes
populating the TME

Enhanced
tumorigenicity,
collective cell invasion,
EMT+ invasive front
tumor cells, adjacent
nerve invasion
in xenografts

[203,204]
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Table 2. Cont.

Actions by Cancer Cells Effects on Fibroblasts Refs. Actions by Fibroblasts Effects on
Cancer Cells Refs.

Genetic changes in
primary tumor cells
induce genetic and gene
expression changes in
stromal fibroblasts
through ROS.

- Fibroblasts increase ECM
proteins and chemokines

- [198–200] - Tumor-induced
genetically modified
stromal and BM
fibroblasts increase
versican, tenascin, BDFN,
CCL5, CXCL5,
and CXCL16
- Frequency of normal
breast CD34+ fibroblasts,
markedly decreases, and
that of αSMA+

fibroblasts increases
- CAFs have higher levels
of RhoA and Rac1
than NFs

- Promote tumor
progression

- Associated with
higher stage and lower
overall and
disease-free survival

- Active in invasion of
cancer cells

[198–200]

- [201]

- [202]

3.2.2. Soluble Factors

CAFs contribute to tumor progression by releasing cytokines, growth factors, and
hormones [215]). Cancer-derived factors induce fibroblast clustering and production of
HGF/scatter factor, which, in turn, enhances the invasiveness of c-Met-expressing car-
cinoma and leukemia cells through IL1, -6, -8, and 11, leukemia inhibitor factor, and
granulocyte-macrophage colony-stimulating factor in a process termed nemosis [216,217].
The process in leukemia requires c-Met expression [216]. Nemosis results in increased
production of growth factors, pro-inflammatory cytokines, proteolytic enzymes, and degra-
dation of cytoskeletal proteins [218]. Activated CAFs have increased mitotic indices, mu-
tations in tumor suppressor genes such as p53, and increased secretion of growth factors,
chemokines, and ECM components, all enabling invasion and tumor growth [219]. Nemo-
sis variably upregulates the expression of cyclooxygenase-2 (COX-2) and CAF markers
αSMA, FSP1 (S100A4), and fibroblast activation protein FAP [218]. Four subpopulations of
CAFs have been identified to reside variably in breast tissue [220]. Variable BC subtypes,
luminal, Her2+, and triple-negative can be classified by differential expression of FAP, SMA,
FSP1, PDGFRβ, CD29, and CAV1, with the expression of FAP identifying subpopulations
that modulate tumor growth, cancer cell proliferation, extracellular matrix remodeling,
metastatic dissemination, immunosuppression, and resistance to treatment [220]. Flu-
orescent probes [221] and 68Ga-FAPi-46 PET [222] have been developed to image FAP
distributions in tumors in vivo in preclinical studies and in patients, respectively.

High stromal expression of transcription factor paired related homeobox 1 (Prrx1) in
pancreatic cancers is associated with a more aggressive, squamous subtype of the cancer
than cancers in other patients [223]. CAFs co-cultured with tumor organoids induce EMT
and confer gemcitabine resistance to pancreatic cancer cells through hepatocyte growth
factor (HGF) [223].

Hyaluronic acid (HA) in tumor stroma promotes tumor invasion and progression.
Co-culture of Panc-1 cells and stromal fibroblasts markedly increases cancer cell migration,
an effect dependent on increased hyaluronan synthases HAS3 mRNA expression and
HA synthesis [224]. HtrA serine peptidase 1 (HTRA1), which is involved in malignant
transformation of several cell types, is positively correlated with αSMA expression in
gastric cancer tissue and induces the expression of αSMA in NFs through NFκB-mediated
FGF-2 expression and export [225].

TGF-beta is the most accepted factor driving the transformation of tissue fibroblasts
to CAFs [226]. PCs recruit BM-MSCs, which in turn, are able to convert NFs via secreted
TGFβ1 to CAFs, which enhance PC growth and invasion [227]. The expression of galectin-1
(Gal1), a functionally polyvalent carbohydrate-binding protein with an affinity for β-
galactosides and wide-ranging biological activity and expression in various normal and
pathological tissues, is positively correlated with TGF-beta expression in epithelial cells
in gastric cancer patients [226]. Conditioned medium from gastric cancer cells induces
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the expression of both Gal1 and αSMA in NFs via TGFβ secretion [226]. Gal1 is highly
upregulated in the CAFs of multiple human cancers, promotes tumor progression, and
is required for TGFβ-induced conversion of NFs to CAFs. In turn, conditioned medium
from fibroblasts overexpressing Gal1 inhibits cancer cell apoptosis and promotes migration
and invasion in vitro [226]. Similarly, Gal3 in pancreatic cancer cells induces proliferation
and invasion in pancreatic stellate cells, stimulates transcription of IL-8 through integrin
subunit beta (ITGB)1, and enables stellate cells to support tumor growth and metastases in
orthotopic tumors when co-implanted in mice [228].

TGFβ is also the most potent suppressor of immune system activity against cancer
cells in the TME, with effects mediated through stimulation of CD4+ regulatory T-cells
(Tregs), suppression of cytotoxic CD8+ T-lymphocytes (CTLs) and natural killer (NK) cells,
the polarization of macrophages to M2 cells, infiltration and differentiation of fibroblasts
into CAFs [229]. TGF-beta also plays a key role in angiogenesis, invasion, and DNA damage
responses in cancer cells.

Cancer cells enhance the tumorigenic potential of fibroblasts by secreting pro-inflammatory
cytokines, such as LIF and IL-6 to mediate the epigenetic modification of CAFs, which, in
turn, secrete LIF and IL-6 and form a feedback loop to enhance actomyosin contractility
and ECM remodeling to form the tracks used for collective cancer cell migration [230].
The highly expressed secretory protein tumor necrosis factor alpha stimulates gene 6
(TSG-6) has an essential role in cancer cell-induced inflammatory response and ECM
remodeling and is associated with poor prognosis and metastasis [231]. TSG-6 secreted
by CRC cells activates Janus kinase (JAK)2-STAT3 and NF reprogramming into cancer-
associated fibroblasts with upregulation of pro-metastatic cytokines CCL5 and MMP-3,
higher motility in vitro, and increased support of cancer metastasis in vivo by TSG-6–
expressing fibroblasts [231]. CAF-secreted IL-17α markedly enhances the migration and
invasion of gastric carcinoma cell line AGS and SGC-7901 cells, effects mediated in co-
culture by increased levels of MMP2/9, reduced expression of TIMP1/2, and activation
of JAK2/STAT3 signaling [215]. The number of αSMA+ CAFs in gastric cancer tumor
tissue from 227 patient tumor samples positively correlated with advanced TNM stage, and
perineural invasion, and was an independent risk factor for worse disease-free survival
(DFS) and disease-specific survival (DSS) by multivariate analysis [215]. Prolonged pro-
inflammatory stimulation in the tumor microenvironment induces a deficiency in base
excision repair in normal tissue fibroblasts, generating unrepaired DNA strand breaks, and
triggering an ATF4-dependent reprogramming of NFs into CAFs [232].

Wild-type p53 in NFs modulates the spectrum of secreted proteins to render their
microenvironment suppressive of adjacent tumor cells. In turn, cancer cells parry to sup-
press p53 induction in surrounding fibroblasts through secreted factors transmitted by
CM [233,234]. Transcriptional programs and secretomes supported by p53 are altered
substantially in CAFs or NFs co-incubated with cancer cells, contributing to the altered,
tumor-promoting features in vitro and in vivo [235]. This renders p53 a significant con-
tributor to the intrinsic features of CAFs, including the promotion of cancer migration
and invasion through non-mutational modification of its activities, such as the previously
noted epigenetic modifications and differential expression of miRNAs [235]. Fibroblasts
with ablated or mutant p53 promote the growth of PC3 prostate cancer cells in vitro in
an SDF-1-dependent manner and significantly enhance the metastatic spread of PC [236]
and other cancer cell types in vivo [234]. In fact, because fibroblasts with defective p53
undergo senescence at much lower rates than NFs, there is a selection for mutant p53- or
p53-deficient fibroblasts that promote tumor progression in the TME in vivo [237], sug-
gesting that tumor progression may involve a process of non-mutational modification
of p53, switching its effects from tumor-suppressive to tumor-enhancing transcriptional
programs [235].

Chemotherapy with doxorubicin has the unintended effect of inducing senescence in
NFs, eliminating their protective, anticancer effects [238]. However, pre-treatment with
Quercetin can reduce the number of senescent cells and the production of senescence-
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associated secretory phenotype (SASP) factors and decreases the protumor effects of condi-
tioned medium from doxorubicin-induced senescent fibroblasts on osteosarcoma cells [238].
Similarly, radiation of normal lung fibroblasts induces the stabilization of TRAF4-mediated
phosphorylated cytosolic protein p47-phox-p22phox (NOX) complex, decreases lysosome
degradation, induces higher endosomal ROS levels and NFκB-mediated ICAM1 upreg-
ulation and secretion, leading to enhanced NSCLC proliferation and EMT in vitro and
in vivo [239].

PC significantly increases the expression of YAP1 in the normal stromal cell, con-
verting them to CAFs through the YAP1/TEAD1 protein complex, which regulates SRC
transcription, affects downstream cytoskeletal proteins, and converts NFs to CAFs [240].
The CAFs, in turn, enhance the proliferation, growth, invasion, and metastasis of tumor
epithelial cells [240]. The relevance of this mechanism is supported by the detection of high
expression levels of YAP1 in the tumor stromal cells of PC patients with advanced tumor
stage and poor prognosis [240].

BC cells trigger stromal Notch-Myc and drive RNA polymerase III (PolIII)-induced
increases in RNA components of signal recognition particle (RN7)SL1, an endogenous
RNA normally shielded by RNA binding protein SRP9/14 [241]. RN7SL1 hence becomes
unshielded in stromal exosomes, and upon transfer to immune cells and BC cells, drives
an inflammatory response and activates damage-associated molecular patterns (DAMPs)
pattern recognition receptor (PRR) retinoic acid-inducible gene I (RIG-I) to enhance tumor
growth, metastasis, and therapy resistance, respectively [241].

3.2.3. Exosomes

Tumor cells, including tumor-initiating cells [242], can remodel their microenviron-
ment in the primary tumor setting and in metastatic sites to enhance tumor progression and
chemoresistance through the secretion of exosomes [133,243–246]. Exosomes either fuse
with or interact with other cells, and their content molecules mediate specific cell-to-cell
interactions and activate signaling pathways in the cells with which they interact [247].
Since exosomes are secreted by normal, metaplastic as well as transformed cells, they can
act as universal tools for either preventing tumor progression, as in the case with NFs,
or in converting fibroblasts to CAFs and in turn, conferring the protumorigenic effects
and drug resistance endowed by CAFs [247]. Exosomes also have the ability to induce
oxidative reprogramming by restoring lost respiration in cancer cells and suppressing
tumor growth [184].

Acidic and hypoxic microenvironments generate exosomes with characteristic CAF
miRNAs that promote proliferation, immune suppression, EMT, drug resistance, and
metastasis [248]. Exosomes are a subset of secreted EVs with lipid bilayer membranes and
diameter in the range of 20–100 nm, while microvesicles, another subset of EVs, have a
diameter range of 100–1000 nm [184,247,249,250]. Exosomes are shed by most cell types and
are present in many body fluids, including blood, urine, saliva, and breast milk [250]. They
can contain coding and non-coding RNAs, circular RNAs (circRNAs), ssDNA and dsDNA,
lipids, small molecules, proteins, and growth factors, all of which can be taken up by nearby
or distant cells [242,246,250,251]. In cancer, they can reach distant sites through circulation
and act as likely envoys with roles in establishing the metastatic niche [242,246,251].

Exosomal RNAs are heterogeneous in size but are enriched in small RNAs, such as
miRNAs, which are able to exert genome-wide regulation of gene expression [247]. miRNAs
are short, non-coding RNAs involved in post-transcriptional gene regulation that negatively
modulate gene expression [252], are important regulators of tumor invasion, proliferation,
and colony formation [253] and are regarded as agents acting as tumor messengers to
“corrupt” stromal cells [254]. In addition to transferring miRNAs, tumor cells also transfer
exosomal circular RNAs, which are long non-coding stable, degradation-resistant RNA
molecules with closed loop structures lacking a 5′ cap and 3′ tail. Exosomal circRNAs
affect malignant progression through signal transduction, promote tumor metastasis by
regulating gene expression, RNA transcription, and protein translation and facilitate metas-
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tasis by altering the tumor microenvironment and the pre-metastatic niche [250]. While a
great deal of the literature describes the transfer of miRNAs from cancer cells to fibroblasts
and vice versa via exosomes, naked nonvesicular extracellular mRNAs (nex-mRNAs) are
taken up by cells and exert effects as well [255]. In one example, human NK cells take up
an IL-1β nex-mRNA, which exerts a translation-independent function [255]. The IL-1β
nex-mRNA 3′UTR binds RNA-binding zinc finger CCCH domain-containing protein 12D
(ZC3H12D) at the cell membrane and transports it to the nucleus [255]. There, it enables
NK cell survival by upregulating antiapoptotic gene expression, migration activity, and
interferon-gamma production, leading to NK cell killing of cancer cells and antimetastatic
effects in mice [255]. Not all miRNAs are tumor-promoting, however. As noted below and
in the section on NFs discussed earlier, some miRNAs have cancer-inhibitory effects and
play functional roles in the struggle by fibroblasts to contain cancer progression. However,
many of these inhibitory miRNAs are lost with CAF activation by the cancer cells.

When acting to promote tumor progression, exosomes in the TME traffic between
all the cell types populating it [246,256–259], both in primary tumors and at metastatic
sites [260]. They induce a multitude of changes, including ones involved in tumor initi-
ation and progression, resistance to a spectrum of therapies, tumor cell EMT, increased
vascular permeability, microtubule formation, and tumor migration in vascular endothelial
cells [246,249,261]. In BC, exosomes induce resistance to angiogenesis inhibitors through
the transfer of VEGF [262], the proliferation of CAFs through the transfer of miR105 from
BC cells [263], the transfer of miR200c/114 and miR126a from cancer-to-cancer cells [258],
from cancer to endothelial cells, TH1 T cells [259] and NK cells [257], resulting in local sup-
pression of the immune response [246]. In addition, exosomes may also mediate systemic
immunosuppression that antagonizes anti-programmed-death ligand (PD)-1 checkpoint
therapy [264]. CAF-derived Wnt2 also induces tumor angiogenesis [265].

Exosomes also play a major role in BC pathogenesis, specifically in promoting primary
cancer development, invasion, metastasis, and chemotherapeutic resistance [266]. Exosome
proteins from ER+ and ER− BC cells have both common and disparate members [115].
MCF-7 and MDA-MB-231 cells have 27 exosomal proteins and several oncogenic miRNAs
in common. Examples of exosomal proteins common to both cells include members of
the annexin family of calcium-dependent phospholipid-binding proteins, involved in the
regulation of cellular growth and in signal transduction pathways, histone H4 protein,
involved in epigenomic cell alterations associated with increased malignant properties,
and the AKT pathway modulator calmodulin, associated with a poor prognosis in BC
patients. MDA-MB-231 exosomes have higher amounts of MMPs, consistent with their
greater invasive properties, while MCF-exosomes have greater concentrations of nucleic
acid, protein binding, and transfer proteins [115]. Exosomes from MDA-MB-231 cells
contain greater levels of miR-130a associated with colon cancer tumorigenicity through
TGB-β/suppressor of mothers against decapentaplegic (Smad) signaling and miR-328,
which targets CD44 to reduce cell adhesion, enhance migration, and regulate capillary
structure [115]. MCF-exosomes contain higher amounts of mir-301a, implicated as a
negative prognostic indicator of lymph node-negative invasive cancer, miR-34a, which
regulates p53 and miR-106b, which can promote invasion and metastasis by targeting
transcriptional repressor and anoikis regulator (BRMS1) and Rb and inducing EMT [115].

Both CAFs and NFs transfer exosomes to BC cells, but exosomes from CAFs promote
BC cell migration and invasion to a greater extent than exosomes form NFs [267]. CAF-
derived exosomes have high levels of miR-18b, which promote BC cell migration and
metastasis by binding to the 3′ untranslated region (UTR) of transcription elongation factor
A-like (TCEAL)7. The miR-18b-TCEAL7 pathway promotes ectopic activation of nuclear
Snail, which induces NFκB, EMT, and invasion and metastasis in vivo [267]. MiR-222 is
upregulated in CAFs as compared with NFs and is sufficient and necessary to induce a
characteristic CAF expression profile and phenotype [268]. mir-222 directly downregulates
lamin B receptor (LBR) expression, and miR-222 overexpression or LBR knockdown is
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sufficient to induce NFs to exhibit CAF characteristics of enhanced migration, invasion and
senescence, and to induce increased BC cell migration and invasion [268].

MicroRNA miR-9 is upregulated in various BC cell lines and is expressed at higher
levels in primary triple-negative breast CAFs compared to NFs isolated from patients [269].
The transfer of miR-9 from HR− cells and tumors to NFs via exosomes enhances their
transition to CAFs and results in their increased motility [269]. miR-9 expression in CAFs
induces downregulation of RNA and protein levels of COL1A1 and EGF-containing fibulin
extracellular matrix protein 1 (EFEMP1), which encodes the ECM glycoprotein Fbln3,
increases the expression of MMP-1, and endows the CAFs with an increased ability to
migrate and invade [254,269]. In turn, miRNA secreted by CAFs lowers the expression of
E-cadherin in cancer cells, increases their motility through modulating genes involved in
motility, induces extracellular matrix remodeling pathways, and promotes in vivo tumor
growth [269]. Conditioned medium from CAFs containing miR-9 also induces HR− BC
cells to acquire resistance to cisplatin [254].

Head and neck SSC cells can reprogram NFs into CAFs, both in vitro and in vivo,
through small EV-packaged TGFβ1, which regulates fibroblast conversion through fi-
bronectin modulation and not through canonical TGFβ1 signaling [270]. In pancreatic
cancer, CAF-derived EVs containing elevated levels of miR-331-3p enhance the prolifer-
ation migration and invasive potentials of cancer cells by inhibiting scavenger receptor
class A member 5 (SCARA5) expression and activation of the focal adhesion kinase (FAK)
pathway [271].

Lung cancer cells transform NFs into CAFs by causing an increase in CAF miR-31
and a decrease in their miR-1 and miR-206 content, effects which induce the expression
of VEGFA/CCL2 and FOXO3a and promote tumor angiogenesis, accumulation of tumor-
associated macrophages, tumor growth, and lung metastasis [143]. Similarly, intrahepatic
cholangiocarcinoma cells downregulate miR-206 in NFs and convert them to CAFs [272].
miR-206 suppresses tumorigenesis of intrahepatic cholangiocarcinoma by inhibiting cell
proliferation, migration, and invasion [272]. However, incubating the cancer cells with
CAFs that were converted promotes cancer progression and gemcitabine resistance [272].
In co-culture with lung cancer A549 cells, CAFs transfer programmed death ligand (PD-L)1
via exosomes to the cancer cells and decrease the apoptotic effects of peripheral blood
mononuclear cells (PBMC) [273]. CAF exosomes also contain high levels of Opa-interacting
protein 5 antisense RNA (OIP5-AS)1, which significantly downregulates miR-142-5p [273]
and miR-34a [274] by acting as a sponge, thereby upregulating PD-L1, suppressing PBMS
killing activity and promoting tumor progression.

Non-small cell lung cancer CAF-derived exosomes have higher concentrations of miR-
210 than NFs [275]. miR-210 is taken up by lung cancer cells, inhibits UPF1 RNA helicase
and ATPase (UPF1) involved in mRNA nuclear export and surveillance and phosphatase
and tensin homolog (PTEN), but activates the PTEN/PI3K/AKT pathway and broadly
enhances cancer cell migration, proliferation, invasion and EMT status [275]. Mouse
pulmonary fibroblasts co-cultured with Lewis lung carcinoma cell line-derived exosomes
secrete increased amounts of CCL1, which induces differentiation of Tregs through their
specific receptor CCR8 [276]. The activated Tregs, which are immunosuppressive and
present ubiquitously in tumors, contribute to the establishment of immunologically tolerant
polymorphonuclear leukocytes (PMNs) and a potential pre-metastatic niche in lungs [276].

In cancer of the esophagus, miR-27a/b induces αSMA and TGFβ expression in NFs
converting them to CAFs [277]. Esophageal cancer cells cultured in supernatants of miR-
27a/b-transfected normal fibroblasts have reduced chemosensitivity to cisplatin, an effect
mediated by TGFβ [277]. High serum miRNA levels in patients with esophageal cancer
correlate with poor response to chemotherapy [277]. CAFs from patients with gastric cancer
have upregulated levels of miR-106b compared with NFs from normal gastric mucosa [278].
miR-106b inhibits the expression of PTEN, a tumor suppressor with much lower expression
in gastric cancer CAFs from patients than in NFs, and induces higher levels of migration
and invasion in vitro [278]. High expression levels of miR-106b and low expression levels
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of PTEN in CAFs are associated with poor survival in patients with gastric cancer by
Kaplan–Meier log-rank test analysis [278].

Normal murine pancreatic fibroblasts are transformed to CAFs in co-culture with
pancreatic cancer cells or microvesicles isolated from pancreatic cell cultures through the
transfer of miR-155, which downregulates tumor protein p53-inducible nuclear protein
1 (TP53INP1) [253].

The conversion of NFs by CRC-derived EVs into CAFs is inhibited by long non-coding
RNA (LNC) LINC01915 [279]. EVs stimulate NF proliferation, migration, and angiogenesis
and facilitate NF conversion into CAFs. However, LINC01915 inhibits the uptake of CRC-
derived EVs by NFs through the miR-92a-3p/Kruppel-like factor (KLF)4/CH25H axis,
thus arresting angiogenesis and the conversion of NFs into CAFs and in turn, preventing
tumor growth [279]. In fact, the overall survival of CRC patients with low LINC01915
expression is much lower than that of patients with high LINC01915 expression [279].
Expression profiling with enrichment analysis demonstrates that secretory exosomes from
CRC cell line HCT116 cells contain significantly higher levels of miR-10b than do exosomes
from normal colorectal epithelial cells [280]. A bioinformatics analysis of normal CRL1554
fibroblasts with transferred exosomes containing miR-10b identified phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) as a potential direct target
whose expression is inhibited by miR-10b [280]. Co-culture of exosomes containing miR-10b
with fibroblasts significantly suppresses PIK3CA expression in fibroblasts and decreases
PI3K/AKT/mTOR pathway activity, reduces their proliferation, and converts them to
CAFS expressing TGFβ and αSMA, which are able to promote CRC growth in vitro and
in vivo [280].

In vitro culture of human colon cancer stem cells can generate MSC-like cells that are
comparable to BM MSC, as defined by surface antigens and the capacity for multilineage
differentiation to osteocytes and adipocytes [281]. The exosomes from cancer-derived MSCs
are enriched in miR-30a and miR-222, as compared with the miRNAs from the cancer-
derived MSCs themselves [281]. miR-30a and miR-222 bind and suppress the expression
of their shared downstream target MIA3 and promote colon cancer cell proliferation,
migration, and in vivo metastasis [281].

Ovarian CAFs have decreased expression of miR-31 and miR-214 and upregulated ex-
pression of miR-155 compared with normal or tumor-adjacent fibroblasts [252]. The transfec-
tion of miR-155 and genetic repression of miR-31 and miR-214 convert NFs into CAFs [252].
Converted NFs and CAFs share a large number of chemokines important in CAF function,
with the most prominent effect impacting CCL5, a direct target of miR-214 [252].

Melanoma exosomes carrying miR-155 and miR-210 are rapidly taken up by human
dermal fibroblasts and lead to a decrease in oxidative phosphorylation (OXPHOS) and an
increase in aerobic glycolysis and extracellular acidification [206]. An acidified microenvi-
ronment in the primary tumor site favors tumor growth and progression and may favor
pre-metastatic niche formation [206]. CAFs can associate with circulating tumor cells in
clusters and appear to increase their metastatic efficiency [282]. CAFs are found in PC bone
metastatic sites and have emerged as important factors in the development of metastatic
outgrowth [283]. Hence, cancer cells modify primary and bone marrow stroma with which
they are in direct contact, as in turn, stroma modify the behavior of primary cancer cells
and macro- and micrometastases. The 2D modular co-culture methods we have used can
successfully query these interactions using a variety of available methods [22,134,138].

The induction of MSCs or fibroblasts into CAFs is not limited to carcinomas [251].
MEC-1 chronic lymphocytic leukemia cells (CLL) generate exosomes containing miR-146 at
much higher concentrations than the parental cells [251]. When exosomes are co-cultivated
with BM MSCs, they upregulate miR-146 in the MSCs, upregulate the expression of CAF
markers αSMA, FAP and downregulate the expression of the tumor suppressor ubiquitin-
specific peptidase 16 (USP16) by binding to its 3′UTR, which is the mechanism of induction
of CAF transition by exosomal miR-146 [251].



Cancers 2023, 15, 2014 23 of 79

In the tumor microenvironment, both cancer cells and NFs secrete exosomes that
contain proteins and microRNAs (miRNA), establishing a cell–cell communication net-
work [115,116]. Before activation of CAFs, NFs have inhibitory capabilities, which they
exert to suppress the cancer. This is limited temporally by the initiatives undertaken
by cancer cells to convert them into CAFs. Direct contact co-culture, or confrontational
culture [111] of colon cancer cells with BM MSCs induces MSCs to exhibit typical charac-
teristics of αSMA-expressing CAFs through activation of Notch and the TGF-beta/Smad
signaling pathway [284].

miR-1-3 expression in BC cells inhibits viability, invasion, migration, EMT, tumor
formation, and metastasis [119]. Similarly, NFs express miR-1-3 and transfer them to cancer
cells via EVs [119]. CAFs have decreased miR-1-3 levels, which may be a mechanism for
the loss of fibroblast-mediated suppression of BC [119].

Fibroblasts transfer miR-34a-5p in exosomes to oral squamous cell carcinoma, sup-
pressing their proliferation and metastasis by binding and suppressing AXL-mediated
signaling [120]. AXL tyrosine kinase promotes tumor progression through AKT/GSK-
3β/β-catenin signaling, β-catenin nuclear-translocation-induced SNAIL transcription, and
MMP-2 and MMP-9 activation. mir-34a-5p expression is significantly decreased in CAFs,
resulting in a loss of this tumor suppressive effect [120]. NFs also inhibit HNSCC tumor
growth and de-repress BCL2 expression in vivo through the transfer of exosomes contain-
ing miR-3188, but this miRNA is also significantly reduced in CAFs [117]. The expression of
miR-124 suppresses the invasive potential and downregulates αSMA and FAP expression
in tissue fibroblasts [118].

miR-101 is the most downregulated miRNA in non-small cell lung cancer CAFs
compared to NFs [285]. It enhances apoptosis and directly targets CXCL12, significantly
impairing its ability to stimulate tumor cell proliferation, sphere formation migration, and
invasion [285]. The downregulation of mir-101 in CAF exosomes releases their tumor-
promoting effects through CXCL12 [285].

The expression of miR-124 suppresses the invasive potential and downregulates αSMA
and FAP expression in tissue fibroblasts, including normal ovaries [118]. The levels of miR-
124 mRNA are significantly lower in ovarian cancer tissue than in adjacent normal tissue
or normal ovaries and in ovarian cancer cell lines compared to normal ovarian surface
epithelial cells [118]. miR-124 mRNA transported via exosomes from nontransformed
ovarian surface epithelial cells to normal tissue fibroblasts suppresses CAF-associated
phenotypes [118].

miR-148b functions as a tumor suppressor in endometrial carcinoma cells by directly
binding and suppressing DNA methyltransferase 1 (DNMT1) and its effects of inducing
EMT, thereby suppressing endometrial cancer metastasis [286]. Endometrial cancer cell
CAF exosomes have significantly lower miR-148b levels than normal fibroblasts and pro-
mote endometrial cancer cell invasion and metastasis, as they have lost the suppressive
effects of the exosomal transfer on mir-148b on DNMT1-mediated EMT [286].

In contrast to the effects of β-catenin signaling in normal dermal fibroblast, which are
instrumental in NF suppression of melanoma development, discussed earlier [113], acti-
vated melanoma CAFs depend on β-catenin signaling to respond to melanoma stimulation
and support melanoma growth in vitro and in vivo [287].

3.2.4. Fusion

Cancer cells form hybrid cells with other cancer cells and with non-cancer cellular
elements of the tumor microenvironment, including fibroblasts, mesenchymal stem cells,
and macrophages, which endow them with newly acquired phenotypes and capabilities of
increased metastatic potential, survival capabilities, including chemotherapy and radio-
therapy resistance, and foster tumor progression (comprehensively reviewed by Hass et al.
(2021) [288]. Fusion of cancer cells with cells in the tumor microenvironment can also
function as a natural defense against cancer, including correction of genetic and/or phe-
notypic changes underlying malignant transformation, aiding the stromal non-malignant
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cells in combatting tumor growth, providing neoantigens that elicit anti-tumor immune
responses or promoting the function of antigen-presenting cells in generating an anti-tumor
response [289]. The resulting phenotype of the fused cell varies with the cancer cell type,
origin, and genotypic profiles positioning along the epithelial–mesenchymal and tumor-
initiating spectra, the origin, status, and stem cell characteristics of the microenvironmental
fibroblasts or mesenchymal stem cells.

Cell fusion is a normal event in normal cellular physiology, for example in mononu-
clear precursor fusion in osteoclast formation, and is a tightly regulated process [173].
The process, characterized by an initiation and a termination phase, is divided into five
discrete steps: (1) priming, (2) chemotaxis, (3) adhesion, (4) fusion, and (5) post-fusion [290].
The process appears to depend on F-actin cytoskeletal structures [291]. These events are
followed by a post-hybrid selection process (PHSP) encompassing a remodeling of DNA
stability and adaptation to normal cell metabolism [23,292]. Cell fusion may also play
a role in premalignant tumor progression. In normal human prostate cells, their senes-
cent characteristics, which depend on the loss of p16INK4a and human telomerase reverse
transcriptase (hTERT) expression, also favor fusion with low tumorigenic subsets of AR+

LNCaP PC cells [293]. These fusion events result in highly aggressive hybrid cells with
enhanced tumorigenicity [293]. The enhanced tumorigenicity depends on maintaining the
loss of p16INK4a and hTERT and is inhibited by exogenous p16INK4a and hTERT, needed
for maintaining genomic stability [293].

In contrast to differentiated tissue, the cancer microenvironment presents a highly
fusion-permissive bioenergetic and physical set of circumstances that enable a process
termed “accidental cell fusion” [173]. Tumor pH gradients, hypoxia, damage-associated
molecular patterns, membrane lipids, destabilizing ions, and peptides [205,294,295], in-
creased matrix stiffness [230,296], and NFκB and TNFα-mediated signaling [297] collectively
generate an environment permissive for cell fusion [23,205,294]. This uncontrolled process
leads to progressive heterogeneity of both cancer cells and stromal cells [173,298,299], and
cancer cell invasion [205]. The prevailing hypoxia induces apoptosis, which stimulates
fusion between BC cells and MSCs, with hybrid cells acquiring enhanced migratory capac-
ity [300]. Other mechanisms of cancer hybrid cell development are entosis, emperipolesis,
cannibalism, therapy-induced polyploidization/endoreduplication, and horizontal or lat-
eral gene transfer [288]. All of these processes occur at various rates and are enabled by
the same microenvironmental factors that generate a permissive environment for fusion,
and result in the progression toward cancer heterogeneity and treatment resistance [288].
The acidified microenvironment in the primary tumor site not only favors tumor growth
and progression but may also predispose to the formation of the pre-metastatic niche [206].
Fusion of tumor cells with other tumor cells or with normal microenvironmental premalig-
nant epithelial cells, stromal fibroblasts, and other cells populating the stroma takes place
as part of tumor progression and contributes to the genomic instability of the cancer cells,
as well as to that of fibroblasts and other supporting cells [299].

The frequency of cancer cell microenvironmental non-malignant cell fusions are gen-
erally accepted as being low, 0.1–2%, both in vitro and in vivo [297,301], but their actual
frequency in vivo is difficult to gauge because the resulting hybrids may lose their meso-
dermal or hematopoietic markers due to induced genomic instability, rendering them
indistinguishable from unfused tumor cells [299]. The fused hybrid progeny display diver-
gent behaviors and exhibit permanent genomic hybridization, modeling one mechanism
of in vivo development of cancer cell heterogeneity [302] and the development of specific
aggressive cancer types [303]. The spectrum of divergent possibilities includes apoptosis,
necrosis, senescence, dormancy, proliferation, or invasion [23,155,173]. In addition, fusion
may also serve to generate protective mechanisms, whereby natural defenses develop
against tumor progression through correction of genetic or phenotypic changes in trans, or
expression of neoantigens able to elicit immunity or generate effective antigen-presenting
cells [289,304].
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Cancer cells hijack CAF-derived functional mitochondria through the formation of
cellular bridges [305]. CAFs transfer mitochondria to PC cells to serve as energy sensors
and transducers of CAF-dependent catabolic reprogramming [305]. MSCs also donate
mitochondria to neoplastic cells of various types and induce chemoresistance [306,307]. On
the other hand, they can also restore impaired mitochondria function, including activity
and normal function of the electron transport chain complexes and functional oxygen
consumption and respiratory control, cellular behavior, aerobic viability, and oxidative
phosphorylation-reliant cellular motility [308,309].

The fusion of cancer cells with MSCs plays a role in tumor progression and treatment
resistance in a number of cancers. Cancer cell fusion with MSCs can restore cancer stem
cell/initiating cell properties, including dependence on North American Network Oper-
ators’ Group 1 (Nanog1) embryonic stem cell homeobox transcription factor-dependent
migration, and plays a likely role in tumor progression [310].

Co-culture experiments between various breast and ovarian cancer cell lines and
human MSCs demonstrate significant bidirectional exchange of cell membrane antigens
between cancer cells and MSCs, which depend on the formation of intercellular nanotubes,
at far higher rates than cell fusion, which result only in a small population of hybrid
cells [311]. Nanotube transfer of cellular proteins results in a vast majority of cancer cells
that acquire CD90 and CD105 cell surface stem cell proteins and ecto-5′-nucleotidase
(CD73) [311]. This is accompanied by an acquired capability to metabolize 5′cAMP asso-
ciated with aggressive cancer, which also occurs at the transcriptional level, while cancer
cells downregulate a variety of transcriptional regulatory genes [311]. In turn, MSCs ac-
quire the expression of epithelial cell adhesion molecules (EpCAMs), cytokeratins, and
epithelial-like differentiation factors [311]. BC cells engulf adjacent MSCs in the tumor
microenvironment and generate cells with mesenchymal-like, invasive stem cell signatures
consisting of Wnt5A, macrophage scavenger receptor (MSR)1, engulfment, and cell motility
(ELMO)1, IL-1 receptor-like (IL1RL)2, zona pellucida-like domain containing (ZPLD)1, and
signal regulatory protein beta (SIRPB)1, and a metastatic potential that correlates with their
engulfing capacity [312]. Spontaneous fusion between MDA-MB-231 HR− BC cells and
primary human MSCs yields more than one population with enhanced telomerase activity
and enhanced proliferative capacity [313]. The fused cells have upregulated EMT genes
SNAIL2 (SLUG), Wnt5A, collagen, fibronectin, N-cadherin, MMP3 and MMP9, and S100
calcium-binding protein A4 (S100A4), which supports tumorigenic proliferation, a decrease
in several epithelial-associated genes, a significant increase in subcutaneous tumor growth
and a shortened time to distant organ metastasis when injected into mice [313].

While the proximity of MSCs to SK-OV-3 ovarian cancer cells induces increased tumor
growth and liver metastases in a NOD/SCID mouse model, hybrid cells that form from
their fusion exhibit reduced proliferative capacity compared to the parental SK-OV-3 cells
and fail to develop tumors, regardless of whether they have gene expression profiles
similar to those of SK-OV-3 cells or ones similar to MSCs [314]. Spontaneous cell and
nuclear membrane fusion of patient-derived endometrial cancer cells with omental adipose-
derived stromal cells, which are similar to MSCs, results in fusiform, heterogeneous cells
that underwent EMT, with decreased E-cadherin and increased vimentin expression, and
migratory ability [315].

MSCs can fuse spontaneously with lung cancer cells and reprogram them to exhibit
slower growth and a stem-like, more benign state with p21Waf1-mediated growth inhibi-
tion, and a reprogramming of terminal differentiation pathways mediated by forkhead
box (FOX)F1 [316]. Spontaneous fusion between non-small cell lung cancer (NSCLC) cell
lines with BM MSCs provide a nonmutational mechanism to generate highly malignant
subpopulations that transition from epithelial to fibroblast-like morphology, with both
EMT and stem cell-like gene expression profiles [317]. Lung cancer cells fused with MSCs
undergo EMT, characterized by downregulation of E-cadherin and pancytokeratin expres-
sion and gain of N-cadherin, Vimentin, αSMA, and fibronectin expression, and increased
EMT transcription factors Snail1, Slug, Twist1, Zeb1, and Zeb2, and acquisition of stem cell
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properties [317,318]. The newly acquired stem cell properties are exhibited by increased ex-
pression of stem cell transcription marker CD133, transcription factors OCT4, Sox2, Nanog,
BMI1, Notch1, aldehyde dehydrogenase (ALDH)1, and kinesin family member 4 (Kif4),
as well as BMI1 proto-oncogene, polycomb ring finger (Bmi1), increased pneumosphere-
forming capacity and tumor-forming ability in NOD/SCID mice [317,318]. Characteristic
of EMT, they have enhanced metastatic capacity with increased expression of MMP-2 and
MMP-9 but inhibited proliferative capacity secondary to cell cycle inhibition by elevated
cyclin-dependent kinase inhibitors p21Waf1, p27KIP1 and of p53 [318].

Resulting hybrids of human HepG2 cells with low metastatic potential fused in vitro
with rat BM MSCs have reduced expression of E-cadherin, increased expression of vimentin,
Twist, Snail, MMP-2, and MMP-9, are aneuploidy, have enhanced invasion and migration
in vitro and increased numbers of metastatic liver and lung lesions in vivo in xenograft
assays compared to parental cells [319].

Experimental fusion using polyethylene glycol of gastric cancer cells with human
umbilical cord MSCs results in hybrid cells exhibiting EMT, with downregulation of E-
cadherin and upregulation of vimentin, N-cadherin, αSMA, and FAP, increased expression
of stemness factors Oct4, Nanog, Sox2, lin-28 homolog A (Lin28), CD44 and CD133, en-
hanced migration and proliferation and growth of xenograft tumors in vivo [320]. On the
other hand, the artificial fusion of esophageal carcinoma cells with human umbilical cord
MSCs results in hybrids exhibiting benign transdifferentiation, with decreased cell growth,
increased apoptosis, and suppressed tumorigenicity, with striking upregulation of a MAPK
pathway inhibitor dual specificity phosphatase 6 (DUSP6)/MAP kinase phosphatase 3
(MKP3) expression able to suppress growth [321]. The plasticity of CAFs in pancreatic
cancer is mediated by transcription factor Prrx1, which is critical in CAF activation, in
allowing a dynamic switch between a dormant and an activated state, and in exerting a
significant impact on pancreatic cancer biology and therapeutic resistance [223]. BM MSCs
fused with HNSCC cells develop sustainable drug resistance mediated through IL-6 and
epigenetic imprinting, and impart more aggressive in vivo tumor growth [322].

Glioblastoma stem cells fused with cancer-associated BM MSCs exhibit enhanced
proliferation, migration, and invasion, mediated by the downregulation of miR-146b-
5p [323]. The loss of miR-146b-5p results in the abrogation of its effects on downregulating
its target SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin,
subfamily A, member 5 (SMARCA5) and its TGFβ-mediated pro-malignant effects [323].
Human glioblastoma-derived stem/progenitor SU3 cells fused spontaneously in co-culture
with C57Bl nude mouse BM MSCs also exhibit tube-forming ability in vitro and generate
solid tumors with CD105+ blood vessels in vivo [324]. When the SU3 cells are injected
in vivo into the caudate nuclei of mice, they form tumors in which SU3 cells fused with
C57Bl mouse CD105+ BM MSCs cells can be identified [325]. Fused cells have elevated
vascular endothelial cell markers CD31, CD34, and VE-Cadherin, as well as stem cell
markers prominin-1 (CD133), Nanog, octamer-binding transcription factor (Oct) 4, and
Sox2, and exhibit increased angiogenicity in vitro and in vivo, potentially related to their
stem cell properties [325].

Patient-derived pleiomorphic sarcoma cells undergo spontaneous fusions, where
the resulting cells exhibit highly malignant and metastatic traits when transplanted into
mice [326]. Fusion of transformed MSCs recapitulates this behavior and results in large-
scale genomic rearrangements and highly aneuploid aggressive malignant cells with
metastatic capacity with traits that include those of rare human mesenchymal pleomorphic
sarcomas [326].

Cancer cells also fuse with macrophages and enter the circulation as dual-positive
fusion hybrids that have acquired macrophage-associated features, endowing them with
accelerated growth, increased motility, enhanced genetic and epigenetic heterogeneity, en-
hanced invasive activity and higher efficiency in metastasis formation, chemotherapy resis-
tance, and immune tolerance [327,328]. Wnt/β-catenin-mediated fusion with macrophages
also endows EMT and stem cell characteristics to BC cells, with an increased migratory
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and invasive capacity [329]. Cancer stroma fusion hybrids in vitro can be propagated at
low-density replating for colony formation into derivative cell populations.

While generalizations on the direction of the effects of CAFs on cancer cells are difficult
to make, it is clear that the heterogeneity in gene expression profiles in fusion cell products
results in emergent clones with variable responses due to the preponderance of either
mesenchymal or epithelial signaling. Clones with genes positively regulating EMT are
prone to motility, invasion, and metastasis, and potentially dormancy and acquisition of
stem cells traits [330], while cells that acquire genes regulating epithelial characteristics,
including proliferation, emerge as growing clones in the primary tumor, enter the circula-
tion and lay the basis for metastatic outgrowth. Variables that contribute to this dichotomy
include the origins of CAFs from the heterogeneous populations of NFs and MSCs, the time
that the fibroblast spends in contact with the cancer cells, and the limited opportunity to
exert cancer inhibitory effects before it gets activated [331]. The number of passages in the
culture must be considered before accepting the results of gene expression profiling data
from cultured cells. Further, population-averaged analysis has been replaced by single-cell
multimodal molecular analysis that has endowed a better understanding of the dichotomy
of the effects that CAFs exert over cancer progression.

3.3. Differences between CAFs and NFs
3.3.1. Isolation of CAFs

The study of the molecular characteristics and gene expression patterns of CAFs has
been made practical by techniques used to isolate fibroblasts from primary and metastatic
tumors. Investigators use well-described methods similar to the ones outlined above for
isolating NFs from a variety of tissues. Generally, tumors and adjacent non-cancer tissue are
minced into 1–2 mm chunks in Roswell Park Memorial Institute (RPMI)-1640 or Dulbecco’s
Modified Eagle Medium (DMEM). The tissue chunks are digested with combinations of
trypsin, collagenase, and 0.1 µg/mL DNase, 0.1 mg/mL hyaluronidase for 2 to 3 h at 37 ◦C
three times, purified by using magnetic beads, cultured in fibroblast growth medium-2
(FGM-2, Lonza) and sorted with anti-fibroblast microbeads [118,332]. Many other routine
isolation protocols are outlined in the references on CAFs. Alternately, CAFs can be iso-
lated using a commercial tissue dissociator with subsequent enzymatic digestion, filtering
through a 100 µm strainer, centrifuging for collection, lysing red blood cells, and analyzing
for antigen expression [69]. CAFs can be characterized by immunofluorescence microscopy
or flow cytometry using antibodies to αSMA, FAP, FSP-1, and vimentin, antigens robustly
expressed by CAFs, while weakly expressed by NFs [279,333].

Once purified, CAFs and NFs can be analyzed for molecular differences using a
variety of standard, population-averaged molecular techniques, including gene expression
microarrays and RNAseq, as well as single-cell RNAseq technology [69,70,76]. In addition,
fibroblasts can be imaged in situ using an array of in situ sensors [83]. These include force
biosensors, imaging reporters for single-cell kinase signaling and FRET-based biosensors
for kinase signaling [83]. They also include a variety of labeled compounds for measuring
metabolic activity, glucose uptake in cancer cells, intracellular adenosine triphosphate (ATP)
levels, nicotinamide adenine dinucleotide (NAD)+, pyruvate, lactate, cell–cell interactions,
used as above in the NF section and for determination of CAF paracrine signaling for
inducing EMT in cancer cells [83].

3.3.2. Distinctions in Molecular Profiles between NFs and CAF

Systematic investigations to differentiate NFs from CAFs have identified the NF
marker CD39 as belonging to normal healthy tissue and CAF markers CD87, CD44, CD49b,
CD95, and Ly-6C as being associated with mouse tumors [334]. The data demonstrate a
functional association of most cancer-related fibroblast markers with proliferation and a
systemic upregulation of CD87, and CD49b in tumor-bearing mice, even in tissues not
affected by the tumors [334].
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Transcriptomes from BC stroma primarily consist of ECM components and genes
involved in the remodeling of the ECM, as compared with those from normal stroma [335].
NFs inhibit pre-malignant MCF-10AT cell proliferation in transwell and more so, in direct
contact co-culture, while CAFs are less growth inhibitory and able to promote epithelial
cell growth [336]. In a gene array analysis, 420 genes were differentially expressed between
the two fibroblast populations [336]. rtPCR and immunohistochemistry validation in breast
tissue reveal upregulated dickkopf 1, neuregulin 1, plasminogen activator inhibitor 2, and
tissue plasminogen activator (TPA) in CAFs, and Fbln1 upregulation in NFs [336]. Fbln
1 expression is higher in ERα+ cancers, and low stromal expression of Fbln correlates with
higher proliferation in cancer epithelial cells [336].

miRNA microarrays of CAFs cultured from previously untreated resected breast
tumors demonstrate three upregulated miRNAs, miR-221-5p, miR-31-3p, miR-221-3p, and
eight downregulated miRNAs, miR-205, miR-200b, miR-200c, miR-141, miR-101, miR-
342-3p, let-7g, miR-26b when compared to NFs [337]. The collective group of target
genes affects cell differentiation, adhesion, migration, proliferation, secretion, and cell–cell
interaction [337]. CAFs and NFs cultured from early BC tissue are much more vigorous
in their proliferation, migration and invasion potential than tissue NFs [338]. Population-
averaged gene expression profiling of heterogeneous fibroblast populations demonstrates
upregulated cell cycle, cell adhesion, signal transduction and protein transport pathways
derived from gene ontogeny databases reported from other tumors [338]. In co-culture,
CAFs promote BC cell invasion through secreted CCL18 and CXCL12 [338].

Significant differences are noted between premenopausal and postmenopausal nor-
mal mammary fibroblasts [339]. Premenopausal breast fibroblasts have elevated MMP10,
MMP3, CXCL8, CXCL1, cathepsin L (CTSL), mesenteric estrogen-dependent adipogenesis
(MEDAG), CXADR-like membrane protein (CLMP), podoplanin (PDPN) and phosphoglyc-
erate mutase (PGAM)1 [339]. In contrast, fibroblasts in the postmenopausal breast have
elevated ubiquitin (UBC), heat shock protein (HSP)AB, DnaJ heat shock protein family
(Hsp40) member B1 (DNAJB1), HSPA1A, early growth response protein (EGR)1, FOS, JUN,
activating transcription factor (ATF)3, KLF4, MAF bZIP transcription factor (BMAF)B [339].
The analysis of differences between NFs and cancer-derived fibroblasts is fraught with
challenges based on the substantial variation in the stromal and immune composition of
different patient samples [339]. This reflects the inherent tissue diversity of cancers, as well
as the location of the specimen within tumors, the timing between tissue collection and pro-
cessing and the precise digestion protocol used to isolate the diverse cell types [340]. Within
these constraints, BRCA1-mutant tumors demonstrate decreased PDGFRA+ fibroblast and
MCAM+ pericyte populations [339]. Single-cell gene profiling analysis of CAFs demon-
strates increased levels of collagen COL1A2 and COL3A1, the WNT inhibitor secreted
frizzled-related protein (SFRP)2, and the calmodulin- and actin-binding protein glutamine
amidotransferase class 1 domain containing 1 (GALDI), which mediates the contractile
function of myofibroblasts [339]. Tumor tissues also exhibit marked changes in the immune
microenvironment, infiltration of immune cells and macrophages, with infiltration of CD8+

T cells characterizing triple-negative and HER2+ cancers but not ER+ tumors [339]. Greater
than 90% of BC CAFs, especially HR+ cancer CAFs, express the glucocorticoid receptor,
with its expression correlating positively with tumor grade, Ki-67 index, and expression of
the glucocorticoid receptor in the cancer cells [341].

Protein tag profiling of PC CAFs and NFs identified 671 transcripts that were enriched
in CAFs and 356 transcripts whose levels were decreased relative to NFs from prostate
tissue. Gene ontology analysis revealed that enriched transcripts in CAFs are associated
with upregulated processes involving prostate gland morphogenesis, development, and
growth, the retinoic acid receptor signaling pathway, and uterus, ovarian, and vaginal
development, while downregulated processes in CAFs involve all phases of the cell cycle,
mitotic machinery, nuclear and organelle division [342]. Using the Human Protein Atlas,
the study found seven tag protein candidates that are higher in CAFs than in NFs, the
cartilage extracellular protein asporin (ASPN), cathepsin K (CTSK), FBLN1, fibronectin
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(FN)1, osteoglycin (OGN), the actin-binding protein Parvin alpha (PARVA) and ZEB1 [342].
The investigators also found five tag proteins that are depleted in CAFs, CAV1, complement
factor H (CFH), natural killer cell triggering receptor (NKTR), S100A6 and stanniocalcin
(STC)1, compared to NFs [342]. Asporin is a stroma-derived inhibitor of TGFβ1 and a
tumor suppressor in BC, where high asporin expression is significantly associated with
less aggressive tumors when stratifying patients according to the clinical outcome [343].
It appears that CAFs from PC and other cancers adopt a gene expression pattern that
favors the balance to a mesenchymal program over an epithelial, proliferative program
found in NFs. However, the upregulation of CXCL12, hypoxia-inducible factor (HIF)1α,
glial cell line-derived neurotrophic factor receptor (GFR)A1, ERα, Hes1, and c-fos-induced
growth factor (FIGF, VEGFD) [344,345], and the downregulation of prohibin (PHB), WAP
four-disulfide core domain 1 (WFDC1) and cerebral adrenoleukodystrophy (CALD) in
CAFs [346,347] collectively promote cancer cell proliferation and angiogenesis. These
results and experimental evidence support the concept that the presence of significant
stromal fibroblast heterogeneity is an ever-present and necessary factor in the promotion of
tumor progression [347].

Comparative secretome analysis conducted by 2D gel electrophoresis, matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) identi-
fied 11 proteins differentially secreted between CAFs and NFs isolated from HNSCC [348].
These proteins are fructose bisphosphate aldolase A, plasminogen activator inhibitor 1,
cathepsin L, membrane annexin A5, 14-3-3σ protein, cystatin C, complement component
C1s precursor, Cu/Zn-superoxide dismutase (SOD), heterogeneous nuclear ribonucleopro-
tein A1, Rho-GDP dissociation inhibitor 1 and Galectin 1 [348], and play roles in tumor
progression by protecting cells against ROS injury, in protein degradation, invasion and
metastasis signaling [348].

CAFs isolated, cultured, and purified from HNSCC oral cavity tumors have greater
proliferative ability and less apoptosis compared to NFs purified from normal tissue [73].
Unlike cancer cells, CAFs preferentially use oxidative phosphorylation over glycolysis and
have stronger maximal respiration, greater mitochondrial spare respiratory capacity (SRC),
and higher adenosine triphosphate (ATP) production capacity than NFs [73]. In this context,
CAFs have higher ATP synthase subunit O (ATP5O) and lower tumor necrosis factor
receptor-associated protein 1 (TRAP1) expression in the mitochondria than NFs, effects
responsible for increased basal oxygen consumption, maximal respiration, ATP production,
spare respiratory capacity, and decreased glycolysis [73]. TRAP1 is the only mitochondrial
member of the HSP90 family that regulates a metabolic switch between mitochondrial
respiration and aerobic glycolysis. Its expression is downregulated in tumors along with
26 differentially expressed proteins associated with OXPHOS, and indeed, enforcing its
expression in CAFs suppresses tumor growth in vivo [73].

Investigations have demonstrated that loss of organ-specific gene expression pat-
terns that differentiate normal fibroblasts are downregulated in CAFs in lung cancer [70].
Similarly, genes with unique, high expression in colon submucosal fibroblasts relative to
other fibroblasts are downregulated in CRC, including the NK2 homeobox 3 (NKX2)-Wnt
family member 2B (WNT2B), an effect that may be related to the development of colorectal
CAFs [70,349]. Wnt family members, including Wnt3s, activate CRC CAFs [349].

There is a potential subtlety and context-dependent dichotomy in the reported effects
of CAV1, a scaffolding protein which is involved in several cancer-associated processes, that
of having both protumorigenic and tumor suppressive roles [350]. This may be associated
with differences in localization of its two different isoforms. CAV1β is more prominent in
shallow caveolae and CAV1α is predominantly observed in deep caveolae, resulting in a
higher ratio of CAV1α/CAV1β in deep caveolae [351]. In HNSCC, investigators determined
that the CAV1β isoform is more highly expressed than CAV1α in both CAFs and NFs, but
the two isoforms differ in their oligomerization profile, with NFs expressing higher levels
of the higher molecular weight oligomerized isoform of CAV1s than CAFs [350].
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3.4. Acquisition of CAF Heterogeneity

CAF heterogeneity has been expertly reviewed by Pradhan et al. (2021) [39] and
Walter et al. (2021) [352]. These reviews underscore the importance of the pre-existing
heterogeneity of the fibroblasts in the normal organ in order to understand the origin
and function of turned CAFs in the tumor microenvironment and metastases [39]. They
outline the various characteristic functional and phenotypic categories of CAFs, with roles
in tumor proliferation, angiogenesis, chemoresistance, inflammation, immunosuppression,
immunomodulation, ECM deposition and remodeling, invasion, metastasis, as well as
tumor suppression [352]. It is also clear that the tumor microenvironment, noted for pH
gradients, hypoxia, and destabilizing ions, described above, induces DNA and membrane
lipid damage, results in gene expression changes, and contributes to fusion, which, in turn,
contributes to the development of CAF heterogeneity [173].

Here, I outline some of the data that describe genomic instability in CAFs and the
functional heterogeneity of CAFs that occur as a result, with a focus on differentiating
characteristics that promote tumor progression from those that resist it. I also outline reports
of CAF and NF heterogeneity originating from racial characteristics and backgrounds of
patients that may impact differences in characteristics, aggressiveness, and treatment
response of cancers.

3.4.1. Genomic Instability of CAFs and Co-Evolution with Cancer

Cancer cells generate oxidative stress in adjacent fibroblasts, mimicking the effects
of aerobic hypoxia, which initiate anti-oxidant anti-apoptotic defense mechanisms in the
stroma and feedback autophagy and mitophagy in the cancer cells, which drive metabolic
and mutagenic cancer cell co-evolution, DNA damage and aneuploidy [353,354]. Cancer
cell autophagy results in the overproduction of recycled nutrients, ketones, and L-lactate,
and drives mitochondrial biogenesis and anabolic cancer cell growth via an energy imbal-
ance [354]. Cancer cells with mesenchymal transcription programs at the invasive front
exhibit higher levels of autophagic flux than cancer cells inside the tumor body in primary
human NSCLC, which endows them with invasive behavior and positively correlates with
advanced tumor stage and reduced patient survival [355]. Signaling in CAFs activates
HIF1α and NFκB, potentiating a hypoxic and inflammatory response, and also upregu-
lating the autophagic program in the stroma [354]. Stroma ROS leads to DNA damage,
aneuploidy, and genomic instability in fibroblasts [354]. Specifically, oxidative stress in-
duces a loss of CAV1 expression in CAFs, which leads to nitrous oxide overproduction,
mitochondrial dysfunction, oxidative stress, aerobic glycolysis, and elimination of the de-
fective mitochondria by autophagy/mitophagy [353]. The modified CAFs, in turn, provide
lactate to stimulate mitochondrial biogenesis and oxidative metabolism in adjacent cancer
cells through a bystander effect, known as the “Reverse Warburg Effect”, thereby increasing
their malignant behavior [353].

The metabolic shift to aerobic glycolysis and its induction of cancer progression are
inhibited by alpha/beta-hydrolase domain-containing 5 (Abhd5), an intracellular lipoly-
tic activator [356]. Knockout of Abhd5 in mouse intestine robustly increases malignant
transformation of adenomatous polyps, induces EMT in colon cancer by suppressing the
AMPκ-p53 pathways, and its silencing in normal fibroblasts induces malignant transforma-
tion through increased aerobic glycolysis [356].

CAFs generated from normal skin and lung fibroblasts by non-contact co-culture with
breast, brain, lung, and PC cells at in-vivo-oxygen tensions decrease their expression of
CAV1 and p21Waf1, begin expressing CAF biomarkers and undergo perturbations in their
redox environment [357]. This is evidenced by increased protein carbonylation, increased
mitochondrial superoxide anion levels, and modulation of the activity of the antioxidants
manganese SOD and catalase [357]. Continued propagation of CAFs for 25 population
doublings results in enhanced genomic instability and decreased expression of senescence
markers β-galactosidase and p16INK4a, and relative resistance to 137Cs gamma irradiation
compared with NFs, an effect dependent on enhanced repair capacity of single- and double-
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stranded DNA breaks [357]. DNA damage response to induction of pro-oxidant and
pro-fibrosis genes by TGFβ in NFs and cancer cells also triggers the expression of a wide
range of pro-oxidant and pro-fibrosis genes, leading to fibrosis, genomic instability, and
radioresistance [229].

Loss of CBF-1, suppressor of hairless, Lag-2 (CSL)/RBP-Jκ, the canonical Notch sig-
naling effector with intrinsic transcription repressive functions, causes the conversion of
dermal fibroblasts into CAFs and triggers DNA damage, telomere loss, and chromosome
end fusions [358]. CSL is part of a multiprotein telomere protective complex, which binds
directly, with high affinity to telomeric DNA and to up frameshift 1 protein (UPF)1 RNA
helicase and ATPase and the heterodimer X-ray repair cross-complementing 6 (Ku70/Ku80)
non-homologous end-joining repair proteins, and is required for its telomere association,
resulting in CAF genomic instability [358].

3.4.2. Molecular Heterogeneity

The heterogeneity of tumor stroma depends on the tumor type, and its interaction
with the TME dictates the gene expression profile of the stroma [359]. CAFs modulate
the TME and either promote or inhibit the associated tumor, highlighting their pleiotropic
functions and their inherent plasticity [298]. Comparison and analysis of gene expression
profiles of early passage primary CAFs isolated from BC patient samples representing three
main subtypes, ER+, triple-negative, and Her2+ yielded significant expression differences
between CAFs derived from Her2+ and CAFs derived from triple-negative and ER+ BCs,
particularly in pathways associated with cytoskeleton and integrin signaling involved in
motility [360]. Canonical pathways selectively upregulated in Her2+ compared to ER+ and
triple-negative BC samples involve the actin cytoskeleton and extracellular matrix, integrins,
actin-based motility through Rho and Cdc42, integrin-linked kinase (ILK), PI3K/AKT,
phospholipase C, protein kinase A, FAK, serine/threonine p21-activated kinase PAK1
(PAK1), and several other pathways associated with motility, cell structure, guidance, and
endocytosis [360]. The frizzled class receptor 1 (FZD1) Wnt signaling protein is notably
higher in triple-negative BCs than in Her2+ and ER+ CAFs [360]. In another study of
microdissected stromal cells from patients with both ER+ and ER− locally advanced BC,
four pairs of markers could correctly classify all tumor samples to a group more likely
to respond to neoadjuvant chemotherapy [361]. The markers are mainly involved in
immune response or lymphocyte activation, including CD47, LCK proto-oncogene, Src
family tyrosine kinase (LCK), NCK adaptor protein (NCK)1, CD24, CD3 epsilon subunit of
T-cell receptor complex (CD3E), zeta chain of T cell receptor-associated protein kinase 70
(ZAP70), FOXP3, and CD74, among others [361]. The four pairs of markers are patched
domain containing 1 (PTCHD1)/pyridoxal dependent decarboxylase domain containing
two pseudogenes (PDXDC2P), Proton Channel OTOP1-like (LOC100506731)/neuralized E3
ubiquitin-protein ligase (NEURL)4, SH2 domain containing 1A (SH2D1A)/CCZ1 Homolog,
vacuolar protein trafficking and biogenesis associated (ENST00000478672), and thymocyte
selection associated high mobility group box (TOX)/H2A.J histone (H2AFJ) [361].

CAF heterogeneity can be categorized into the inflammatory CAF group with low
αSMA expression and high IL-6 expression, the TGFβ-dependent myofibroblast CAFs
with high αSMA expression, or tumor suppressive CAFs with inhibitory effects mediated
through stroma-specific Hedgehog (Hh) activation [230]. A twelve-gene CD10+ stromal
cell signature from fibroblasts, myoepithelial, and mesenchymal stem cells associated
with breast tumors includes genes involved in matrix remodeling (MMP11, MMP13, and
COL10A1) and genes related to osteoblast differentiation (periostin), among others, with
mesenchymal stem cells having the highest signature score [362]. The signature can differ-
entiate in situ from invasive BC and is associated with a worse prognosis of HER2+ BCs
and a lack of response to chemotherapy [362].

An orthotopic murine model or BC revealed a dynamic functional change in CAF
transcriptional programs over time of tumor development and in metastases, in line with
the investigations outlining a co-evolution of cancer cells and the TME [331]. The TME
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evolution described in the study by Friedman et al. (2020) [331] outlines a transitioning of
the CAF population over time. At two weeks, the CAFs consist of a population expressing
an immunoregulatory program, identified by a 70% prevalence of S100A4-pododoplanin
(Pdpn)+ CAFs likely originating from normal breast tissue NFs [331]. By four weeks,
they transition to a population expressing a wound-healing TGFβ-responsive program,
populated by a predominantly S100A4+Pdpn− CAF population whose origins from BM
MSCs recruited to breast tumors were suggested by similarities in their gene expression
profiles [39,331]. The Pdpn+ CAF population not only dropped to 23% at 4 weeks as tumors
progressed, but its heterogeneous gene expression profile changed from an immunoreg-
ulatory phenotype characterized by CxCl12, Saa3 to a predominantly TGFβ-response
actin alpha 2, smooth muscle (Acta2)+ profile [39,331]. The clinical implications were
underscored by the fact that the ratio of these two CAF populations is associated with
disease outcomes across subtypes and is particularly correlated with BRCA mutations in
triple-negative BCs [331].

In a polyoma middle-T murine model of BC, four subsets of CAFs are present [363].
These include vascular CAFs and cycling CAFs, representing CAFs of perivascular origin
that eventually invade tumor stroma with cancer progression, matrix CAFs of tumor
residential fibroblast origin, and developmental CAFs with transcriptional similarities
to vascular CAFs, and are identified as originating from epithelial cells that underwent
EMT [363].

Cancer-associated fibroblasts (CAFs) from HNSCC are exceptionally heterogeneous.
Single-cell fibroblast transcriptional profiles of 1500 single CAFs from 18 HNSCC patients
identified two heterogeneous populations [79]. One of the populations is associated with
TGFβ-responsive genes, such as periostin, stromelyin-3 (MMP11), and collagen I and
secreted protein acidic and cysteine-rich (SPARC), associated with lymph node metas-
tases [79]. The second population expresses high levels of CXCL12 and CXCL14, FGF-1,
and adipocyte markers adipsin and apolipoprotein D (APOD), suggesting an adipocyte
fibroblast lineage origin [79]. Interactions between CAFs and malignant cells promote an
EMT program at the leading edge of HNSCCs with potential roles in invasion, an effect cor-
roborated by associations of high CAF and EMT valuations in tumors with metastasis [79].
In pancreatic cancer, the expression of SPARC by peritumoral fibroblasts is associated with
a poorer prognosis for patients [364]. However, in addition to enhancing stroma forma-
tion, SPARC can prevent fibroblast activation, a mechanism endowing it with anticancer
effects [365].

In immunohistochemical analyses, SCCs of tongue tumors can be divided into CAF-rich,
-intermediate, and -poor categories, with a high density of αSMA+ CAFs associated with re-
currence and poor survival [366]. The most frequent category of CAFs is myeloid/monocytic-
derived cell marker CD86+/αSMA+, significantly associated with CAF-rich tumors and
poor survival, followed by myeloid/monocytic-derived cell marker CD80+/αSMA+ and
mesenchymal stem cell marker Nanog+/αSMA+ cells, with a CD133+αSMA+ phenotype
only associated with blood vessels [366]. A study of single-cell and bulk tissue transcrip-
tome profiles of HNSSCs from patients identified eight CAF subclusters [367]. Seven of
the clusters were expressed to higher levels in tumor tissues than in normal tissue. Three
clusters were associated with poorer overall survival, characterized, respectively, by myofi-
broblast functions with enriched αSMA expression and smooth muscle contraction, another
by expression of ECM remodeling and EMT-related genes, and a third with high levels
of the major histocompatibility complex (MHC) class II family genes, characterized as
antigen-presenting CAFs [367].

In pancreatic cancer, when compared to NFs, CAFs include subpopulations associated
with insulin-like growth factor (IGF) signaling, a population expressing lymphocyte antigen
complex locus and locus cl (Ly6a/cl) and peptidase inhibitor 16 (Pi16), and a population
with mesothelial markers, including mesothelin (Msln) and Cav1, cadherin 11 (Cdhll),
and growth arrest-specific 6 (Gas6), with potential immune-modulatory functions [368].
Distinct CAF lineages in pancreatic cancer derive from the existing heterogeneity of normal



Cancers 2023, 15, 2014 33 of 79

pancreatic tissue. One lineage, the TGFβ-responsive myofibroblast CAF population, is
located in the tumor nests, originates from stellate cells, and generates ECM mRNAs and
TGFβ-induced genes such as Col1A1, Col5A1, Ctgf, smooth muscle α-2 actin (Acta2), or
vimentin (Vim) [39,68,369,370]. The other lineage is the IL-1-responsive inflammatory
CAF population, located distal to tumor nests in a desmoplastic area, coding for increased
Jak/STAT signaling pathway members, interleukins, chemokines, and cytokines such
as Cxcl1, 2, or 3, IL-6, IL-11, IL-21 and Lif [39,68,369,370]. Secretion of IL-6 promotes
TGFβ-mediated EMT in ovarian cancer via the JAK2/STAT3 pathway and leads to the
inhibition of apoptosis and paclitaxel resistance [371]. CAFs from a third category, termed
antigen-presenting CAFs, expressing high levels of class II MHC and CD74, able to ac-
tivate CD4+ T cells, also originate from pancreatic stellate cells [68,370]. A population
of TGFβ-converted CAFs with an elevated leucine-rich repeat containing 15 (LRRC15)
protein signature surrounding tumor islets, identified using single-cell transcriptomics
in the process of charting pancreatic ductal adenocarcinoma progression, correlates with
poor response to anti-PD-L1 immunotherapy across clinical trials comprising more than
600 patients in six cancer types [68].

Investigators have sought some order in the heterogeneity and differential function
of CAFs within pancreatic tumors. As noted earlier, tumor/TME interactions do not uni-
formly promote or inhibit tumor progression. While CAF populations within a tumor are
exceptionally heterogeneous, CAF heterogeneity is not random but marks fundamental
tissue organizational units [372]. Grunwald et al. (2021) [372] identified three distinct
TME phenotypes in human pancreatic cancer samples with characteristic CAF features,
single-cell gene expression profiles, and prognostic significance, found in both primary
and metastatic sites [372]. The three regions are (1) “deserted”, with thin, spindle-shaped
fibroblasts, loose fibers, and frequent myxoid features, exhibiting strong enrichment of
ECM, ECM-signaling, and humoral immunity pathways, (2) “reactive” regions containing
plump fibroblasts with enlarged nuclei, few acellular components, usually containing
inflammatory infiltrates, expressing gene sets related to cellular stress response, growth
factors with CAF-activating and immunomodulatory functions, and (3) regions with inter-
mediate levels of combinations of these features [372]. The three phenotypes are termed
“sub-TMEs”, as they could occur in spatially confined areas of the same tumor simultane-
ously [372]. They have prognostic survival impacts, with “reactive” subTMEs supporting
a proliferative, basal-like, and poorly differentiated tumor cell phenotype with poorer
survival than “deserted” TMEs, and the co-occurrence of sub-TMEs having a characteristic
poor prognosis [372].

Pancreatic cancer CAF heterogeneity is exemplified by the presence of two subpop-
ulations, one with elevated αSMA located immediately adjacent to neoplastic cells in
mouse and human cancer tissue, which produces a desmoplastic reaction, and another
subpopulation of αSMA- CAFs more distant from cancer cells that secrete IL-6 and other
inflammatory mediators [66]. Within the context of stromal heterogeneity in various tumor
models and spontaneous murine and human pancreatic cancers, there is a relationship
between mesenchymal and immune cell subsets delineated by two stable and functionally
distinct classes of CAFs differentiated by endoglin, an accessory TGFβ receptor (CD105)
expression [373]. CD105+ CAFs are permissive for tumor growth in vivo, while CD105-
CAFS are highly tumor suppressive, an effect dependent on adaptive immunity [373].

Metabolic and single-cell transcription factor regulon activity profiling and KEGG
pathway allocation in pancreatic cancer CAFs divides them into three distinct populations:
myofibroblasts (myCAFs), inflammatory CAFs (iCAFs), and antigen-presenting CAFs (ap-
CAFs) [374]. The iCAF subtype is represented by complement and coagulation cascades
and cytokine–receptor interactions and trended to glycolysis with cAMP-responsive ele-
ment binding protein 3-like (CREB3L)1, early growth response (EGR)2 and SOX4 activation
and is a protective factor associated with an inflammatory phenotype. The myCAF subtype
is noted for focal adhesion and ECM–receptor interactions and depends on the tricarboxylic
acid cycle and its derivatives with nuclear factor erythroid 2-related factor (NRF)2, CCAAT
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enhancer binding protein delta (CEBPD) and Y-box binding protein (YBX)1 activation and is
an important negative prognosis indicator [374]. The third category, apCAFs, is prominent
for antigen processing and presentation [374].

Cancer cells communicate intensely with cancer-associated fibroblasts in endome-
trial carcinomas, as well as with other cells in the microenvironment, more so than with
each other [76]. Fibroblasts signal through direct interactions, through fibroblast-secreted
cytokines and growth factors and various receptors. They activate cancer cell signal-
ing pathways and transcription factors, including IGF1/α6β4 complex, FGFR2, TIMP,
DNA replication and mTOR signaling, Smad7, KLF4, and TBX2, and downstream proto-
oncogenes such as MYC, MET, and CDK1, which facilitate cancer progression [76]. CAFs in
endometrial carcinoma, identified by classic fibroblast markers ATCA2, COL1A1, COL3A1,
and THY1, are divided into four subsets with distinct characteristic and exclusive expres-
sion patterns that perform unique functions in the tumor ecosystem [76]. Specifically,
cluster (a) was identified as matrix CAFs with genes enriched in extracellular matrix and
structure organization and collagen metabolic processing, and an ECM signature exempli-
fied by glycoprotein (PDPN), structural protein (COL12A1), matricellular proteins (FBLN2
and SOX6) and matrix modifying enzymes (LOXL1 and MMP2). Cluster (b) is the inflam-
matory CAF population and features high levels of SLPI, IGF1, CD24, CXCL12, and TFF3,
ontogeny terms associated with myeloid leukocyte migration, mononuclear cell migration
and leukocyte chemotaxis. Cluster (c) is named the vascular CAF cluster and is identified
by genes such as MYH11, GJA4, RGS5, ESAM, MCAM and EPAS1, involved in muscle
system process, muscle contraction and tissue migration. Cluster d) fibroblasts are identi-
fied as antigen-presenting CAFs and express major histocompatibility complex II (MHC-II)
genes CD74, HLA-DPA1, HLA-DPB1 and HLA-DQB1, mainly involved in immunomodu-
lation such as T cell activation and leukocyte cell–cell adhesion. The cells in this cluster
express high levels of immune checkpoint molecules PDCD1, CTLA-4, LAG3, HAVCR2,
TIGIT and ICOS, suggesting they may contribute to an immunosuppressive effect [76].
Combining these data with data from public databases of endometrial carcinoma gene
expression, patients in the antigen-presenting CAF cluster, who incidentally had the lowest
stroma score, had prolonged survival [76]. In contrast, patients with vascular-associated
fibroblasts had the shortest survival, supporting a role for vascular-associated fibroblasts
as an independent risk factor due to their effect on restraining the infiltration of immune
cells [76].

3.4.3. Racial Differences

Variable social and disease factors contribute to a disparity in survival of African
American (AA) patients with BC [375–377], but emerging data are making it evident that
differences in the molecular characteristics of the cancer and the tumor microenvironment
also contribute to the disparities [375,378–384]. The differences in the molecular charac-
teristics of the epithelial cancer cells and pluripotential stem cells have been and continue
to be investigated extensively [380,384–387]. While the extracellular matrix of AAs has a
greater density of protumorigenic immune cells, such as M2 macrophages and regulatory
T-cells and of microvasculature, as well as higher levels of inflammatory cytokines [388],
it also has fibroblasts with a greater capacity to support the malignant progression of
hormone receptor (HR)− BC cells [389]. Here, I outline some of the significant studies
that have demonstrated differences in the microenvironment, specifically fibroblasts, and
MSCs in benign mammary glands from AA patients that extend our understanding of
their exceptional heterogeneity. References below also address race-based differences in
cancer-associated fibroblasts (CAFs).

AA ECM induces significantly more aggressive behavior in vitro in ER/PR− cell lines,
while Caucasian ECM induces significantly more growth in soft agar and invasive be-
havior in vitro and tumorigenicity and metastasis in vivo of ER/PR+ cells [389]. Primary
BC cells develop significantly larger tumors when injected into mouse mammary glands
humanized with premenopausal Caucasian donor-derived fibroblasts than with AA fi-
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broblasts [389]. Correspondingly, estradiol, estriol, and 2-methoxyestrone are significantly
higher in Caucasian breast tissue. NF-derived gene signatures and secreted molecules
and cytokines in premenopausal breast stroma are distinctly different between Caucasian
and AA women [389]. Only 1759 of approximately 8000 ECM proteins identified in this
study were expressed in common between AA and Caucasian ECM by mass spectroscopy.
AA-unique proteins were primarily related to tumorigenesis/neoplasia, consistent with a
mesenchymal signature, and included higher testosterone levels and BC-associated proteins
related to tumorigenesis/neoplasia, while Caucasian-unique proteins had higher expres-
sion of estradiol, estriol, and 2-methoxyestrone, protease activity and growth/metastasis,
suggestive of an epithelial signature [389].

CM from dermal fibroblasts obtained from AA skin biopsies had higher levels of TGFβ
than those from matched Caucasians and correlated with higher levels of TGFβ mRNA in
AA skin analyzed by cDNA arrays [390]. Treatment with TGFβ1 resulted in a considerably
higher induction of elastin mRNA in dermal fibroblasts from AAs than from Caucasians,
indicative of enhanced TGFβ signaling in AA skin [390]. Dermal fibroblasts of AA patients
with systemic sclerosis had a widespread reduction in DNA methylation in CpG sites
compared to control AA individuals [391]. Sites with decreased methylation were most
enriched in introns and intergenic regions but depleted in 5′ untranslated regions (UTRs),
promoters, and CpG islands [391]. Enrichment was prominent in interferon signaling
and mesenchymal differentiation pathways. Specifically, hypomethylation of distal-less
homeobox 5 (DLX5) and transmembrane protein 140 (TMEM140) genes was associated with
their overexpression in patients and an underexpression of long non-coding RNA (lncRNA)
uncharacterized protein MGC12916 [391]. AA descent positively correlates with high-
efficiency iPSC reprogramming in dermal fibroblasts, which is strongly impacted by varia-
tions in the expression of the ATPase Brahma-related gene-1 (BRG1), BAF155, and BAF60a,
epigenetic enzyme components of the SWI-SNF chromatin-remodeling complex [392].

AAs have a significantly higher rate of profibrotic conditions that are consistent with
an altered allostatic load, which is an evolutionary propensity for altered tissue repair,
including keloid formation, leiomyomas, glomerulosclerosis and sarcoid [50,393–396].
Signal pathways associated with profibrotic processes in fibroblasts and macrophages in
AA populations that regulate fibroblast plasticity, growth, differentiation, motility, and
epithelial–mesenchymal transition (EMT) include TGF-β1, TGF-β2, TGF-β3, TGF-βR1,
TGF-βR2, TGF-βR3, Smad3, Smad6, Smad7, epidermal growth factor receptor (EGFR),
TNFα induced protein 6, p53, and multiple human leukocyte antigen alleles [50]. AA
dermal fibroblasts also express and secrete higher levels of TGFβ1 at baseline and respond
much more robustly to exogenous TGFβ1 in elastin production than fibroblasts from
Caucasian skin biopsies [390]. Recombinant HGF selectively abolishes connective tissue
growth factor (CTGF) expression and collagen accumulation, effects mediated through
cMET phosphorylation in lung fibroblasts isolated from Caucasian but not from AA patients
with systemic sclerosis (SSc) [397].

Monocytes from AAs and from patients with SSc have low CAV1 levels, which causes
enhanced migration towards C-X-C motif chemokine receptor (CXCR)4 ligand stromal
cell-derived factor (SDF-1) and enhanced differentiation to fibroblasts [398]. However,
monocytes from AA donors have limited extracellular receptor kinase (ERK) activation
and no JNK, p38, or Smad2/3 activation, but significantly activate ERK in response to
SDF-1, in contrast to high-level activation of these pathways without further SDF-1 induced
enhancement in SSc patients [398].

Keloid formation in AAs is associated with a higher occurrence of SNPs in myosin
genes 1E (MYO1E) and MYO7A in studies using admixture mapping and whole-exome
associations [394]. Growing fibroblasts cultured from keloids demonstrate glucocorticoid
resistance, decreased expression of the Wnt inhibitor SFRP1, SFRP2, MMP-3 and dermato-
pontin (DPT), and increased expression of insulin-like growth factor binding protein 5
(IGFBP5) and jagged 1 (JAG1), likely controlled by altered epigenetic programming with
an altered pattern of DNA methylation and histone acetylation [399].
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There is a highly significant association between the -656 minor T allele of SERPINH1
heat-shock protein 47, a chaperone essential for collagen synthesis in fibroblasts, and
premature rupture of membranes, which occurs at a significantly greater frequency in AAs
than in Caucasians [400]. The SERPINH1 -656 minor T allele displays significantly reduced
promoter activity compared to the major -656 C allele in amnion fibroblasts responsible for
laying down the fibrillar collagen that gives tensile strength to the amnion, and also occurs
at a significantly greater frequency in AAs [400].

Dermal fibroblasts in AA newborns of obese mothers have a relatively inefficient
mitochondrial function and increased oxidative stress compared to newborns of lean
mothers [401]. This is evidenced by significantly higher mitochondrial respiration without
an increase in ATP production, higher levels of ROS, and altered expression of genes
involved in fatty acid and glucose metabolism and mitochondrial respiration in fibroblasts
from newborns of obese mothers [401].

Studies of CAFs from tumors from AA patients also demonstrate differences. Laser
capture microdissected stromal cell amplified mRNA from fresh frozen BC samples from
18 AA and 17 European ancestry patients analyzed by Affymetrix gene arrays demon-
strated increased expression of genes regulating translational initiation, RNA processing,
angiogenesis, and blood vessel development, and response to DNA damage and endoge-
nous stimuli [378]. The greatest change, by more than a factor of two, in the expression of
specific genes in AA patients compared with European patient stroma was observed in
phosphoserine phosphatase-like (PSPHL) and CXCL10 in both ER− and ER+ tumor stroma
and in CXCL11 and in soluble carrier family 38, member 1 (SLC38L1) in ER+ stroma [378].

Beta-crystalline B2 (CRYbetaB2) is upregulated in AA breast tumors and promotes
de-differentiation, an increase in mesenchymal markers, cancer-associated fibroblasts, and
enlargement of nucleoli [402]. CRYbetaB2 induces and directly interacts with nucleoli, lead-
ing to the activation of AKT and EGFR signaling and an aggressive phenotype [402]. Higher
levels of nucleolar CRYbetaB2 in primary triple-negative BCs in AA patients correlate with
decreased survival [402].

Data suggest that the TME may contribute to racially disparate clinical outcomes in
PC [403]. Prostate tumors from AA patients have increased reactive stroma associated
with chronic inflammatory infiltrates compared to those from Caucasian patients, with
AA CAFs having a greater expression of proinflammatory paracrine mediators, including
brain-derived neurotrophic factor (BDNF), chitinase 3-like 1 (CHI3L1), dipeptidyl peptidase
4 (DPPIV), FGF-7, IL-18 binding protein (BP), IL-6, and VEGF than Caucasian CAFs [403].
AA CAFs have greater growth response to androgens, FGF-1, and PDGF, and have higher
expression of αSMA, vimentin, and tenascin-C, markers associated with myofibroblast
activation, than Caucasian CAFs [403]. The differential expression of PDGF is clinically sig-
nificant based on a study that demonstrates significant associations between low expression
of perivascular PDGFR-alpha and -beta and shorter overall survival in CRC [404].

CM from AA CAFs enhances the proliferation and motility of PC cell lines to a greater
extent than CM from Caucasian CAFs [403]. In addition, AA patient-derived prostatic
epithelial cell line E006AA responds more aggressively to BDNF ligand than Caucasian
tumor-derived LNCaP and C4-2B cells in vitro, and an antagonist to the BDNF tyrosine
kinase receptor type 2 (TrkB) reduces the protumorigenic effects AA CAFs to a much greater
extent than those of Caucasian CAFs [403]. AA CAFs also enhance the tumorigenicity of
E006AA in vivo to a greater extent than Caucasian CAFs [403].

3.5. Effects of CAFs on Cancer Cells and the Microenvironment
3.5.1. CAFs Generate the Cancer Microenvironment

Fibroblasts are the predominant cell type in the tumor microenvironment [405]. Pri-
mary tumor and normal tissue fibroblasts co-evolve with tumor progression, as they
cooperatively express a variety of ECM-remodeling enzymes, structural components of
the ECM, exosomes, and soluble factors [75,406,407]. This is exemplified by a ten-day
contact co-culture of NFs with tumor cells, where the fibroblasts induce EMT in the tumor,
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with characteristic loss of E-cadherin, induction of vimentin, tumor growth, and metastatic
potential in vivo [77]. This suggests that, in fact, the contact-cultured tumor cells trans-
formed the NFs into tumor-associated fibroblasts, which then exerted their protumorigenic
effects [77].

Stromal fibroblasts are primarily responsible for generating the cancer stroma, which con-
sists of mostly ECM proteins, such as fibrillar Type I collagen and non-fibrillar HA, constitute
up to 85% of the tumor volume in desmoplastic pancreatic cancers or BCs [13,345,408,409],
and influence cancer cell behavior in a number of ways [408,410,411]. The tumor matrix
fosters tumor cell invasion into the stroma and migration toward the vasculature [412].
The CAF-mediated desmoplastic reaction, secretion of immunosuppressive cytokines, and
production of protumoral ECM are primarily generated by TGFβ signaling through F-actin
organizing protein paladin isoforms 3 and 4 [413].

Cancer cell invasive potential is suboptimal without the recruitment of CAFs, intense
chemical, and physical cross-talk, and interactive remodeling of the ECM [414]. CAFs apply
traction forces and deform and remodel ECM by deposition, reorganization, and degra-
dation of fibrous structure, mechanosensing, and stiffening [414]. CAFs remodel stromal
collagen I, resulting in stiffer tissue and increased cell–matrix stiffness over that of the softer
matrix generated by NFs [101]. A stiff matrix promotes cancer invasion and metastasis [415]
and the collapse of blood vessels, which restricts access to therapeutics [230]. In fact, the
aging microenvironment may contribute to dormant tumor cell reawakening with stiffening
of collagen [416] and secretion of Wnt signaling antagonist SFRP2, reducing response to
ROS-induced DNA damage and targeted therapy resistance [417], with endemic fibroblasts
losing their capacity to constrain cancer [29].

The tumor matrix modifies cancer behavior through the generation of increased tensile
strength that modifies cancer cell signaling [418], lowering oxygen tension, immune cell
and therapeutic drug access by stromal pressure on sprouting vessels, generating pH
changes [39,411,419] and secreting cytokines [420]. The stiffness of mammalian tissues
ranges from 17 kg m−1 s−2 (Pascals, Pa) for fat, 160 Pa for the normal breast to 2200 Pa in
mammary DCIS, 4000 Pa for BC, which ranges from 2000 Pa at the core [421] to 20,000 Pa
at the tumor periphery [422], 6000 Pa for pancreatic cancer, 45,000 Pa in thyroid cancer to
310,000 for the Achilles tendon [83,423,424]. Stroma structural proteins increase integrin
expression [425] and initiate anti-apoptotic pathways in cancer cells through the binding
of integrins [134,137,139,425–427], and block the efficacy of drugs such as cisplatin and
doxorubicin [428], taxanes [139,427] and flavopiridol [139]. Close proximity to the ECM in
tumors increases the survival of cancer cells [425].

Stromal stiffness promotes cancer progression in a variety of solid tumors through
mechanical stress on the nuclei and DNA damage during invasion and endothelial trans-
migration, resulting in genomic instability and cancer progression [83,429,430] (expertly
reviewed by Fuller, at al. (2022) [83]. External forces can upregulate transcription factors β-
catenin, Hif1α, Twist, Snail, Smad2/3, STAT3, AP-1, c-Myb, Lef1, MRTFA, p53, p300ZNF217
and Yorkie-homologues YAP and/or TAZ, downregulate SRY-related HMG-box (SOX)2
and Nanog, and variably regulate NFκb by tumor type [424], leading to cancer progression.
Matrix stiffness also induces stemness in melanoma, hepatocellular carcinoma, glioma,
NSCLC and CRC, while it can decrease stemness in some hepatocellular carcinoma (HCC)
cell lines, in an intensity-dependent manner, with an optimum stiffness of 5000 Pa in BC,
25,000 Pa in CRC and gastric cancer and 50,000 Pa in osteosarcoma [424].

3.5.2. Effects of CAFs on Cancer Cells

CAFs can affect cancer cell behavior in a dual manner, by both promoting protumori-
genic effects, and attempting to inhibit cancer progression (Table 3). The duality has been
described and studied by many groups and has been reviewed extensively.

The role of fibroblasts in the tumor microenvironment is one of the most reviewed
topics in cancer biology. Fibroblasts have been called spears and shields [14], foes and
friends [431], seeds fertilizing the soil [432], partners-in-crime [432], cockroaches [13], mae-
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stros orchestrating tissue regeneration [54], protecting angels and wicked witches [433],
diabolic liaisons [434], two sides of the same coin, in the case of MSCs and fibroblasts [53],
the dark side of the coin, in the case of CAFs [435], drivers or passengers, in the case of
fibrous stroma [436], and plying the double-edged sword of fibrosis [437]. This anthropo-
morphized turning of the agent or tool, which is the fibroblast guarding the host against the
insurgent aspirations of cancer, has implicitly been covered as well by the countless articles
on cancer cell fusion with mesenchymal stem cells, exosomes, miRNA transfers, cytokine,
chemokine and growth factor secretions, immune cell activations, and other mechanisms.
The differences in the origins of the heterogeneous tissue fibroblasts that are converted to
CAFs may impact whether they are protumorigenic or inhibit cancer progression [438], as
do the characteristics of the cancer types with which they interact [439].

Here, I will summarize some of the features that may contribute to the differential
effects of CAFs. I will address the salient effects that seem to be central to the epic battle
between the cancer and the fibroblast in the tumor microenvironment. I will outline the
heroic efforts of the fibroblasts to constrain the cancer and the more resourceful, dominant,
atavistic but naïve forces of the cancer to ultimately and inevitably overcome the constraints
placed before it, escape the primary site and establish metastases that will eventually doom
the host (along with the cancer itself . . . oops!).

Protumorigenic Effects

CAFs lay down and remodel the ECM by generating MMPs, inducing tumor EMT and
promoting cancer motility, invasion, and angiogenesis, providing nutrients, inducing inflam-
mation, immune suppression and resistance to drugs and radiation [184,345,438,440–444].
CAFs isolated from human BCs secrete significantly greater amounts of collagen triple helix
repeat containing-1 (CTHRC1) than normal fibroblasts, which promotes and is necessary for
Wnt/β-catenin signaling pathway-induced migration, invasion, and EMT of BC cells [445].
Adhesion proteins on CAFs also contribute to protumorigenic effects. Melanoma patients
with CAFs expressing podoplanin, a mucin-type transmembrane protein, have tumors with
greater tumor thickness, more lymph node metastases and poorer survival than patients
with podoplanin-negative CAFs [446].

Tumor cells occupy a dynamic plastic range spanning the epithelial to mesenchymal
spectrum, which they traverse freely as a result of interactions with stromal elements
through secreted growth factors and cytokines, other proteins, miRNAs, adhesion signaling,
stiffness, pH and hypoxic signaling, exosomes or fusion with stromal cells [50]. Different
ligands have functions in driving EMT, including TGFβ, FGFs, EGF, IGF, HGF, and PDGF,
which co-ordinate with inflammatory signaling, including IL-1β, NFκb and TNFα [50].
Receptors activate transcriptional pro-epithelial regulators including FOXA1, GATA3,
or EMT signaling, including SNAIL, SLUG, ZEB, and Twist1, to achieve the plasticity
needed to transition from the invasive mesenchymal state to the epithelial state to allow
colonization of the primary and the metastatic sites [50].

The activation of NFs to CAFs endows them with multiple tumor-promoting functions.
They play key roles in drug resistance, ECM remodeling, produce growth factors, cytokines,
and chemokines, and modulate metabolism and angiogenesis, modulate immune cell
activity through T-lymphocytes and other immune cells to suppress anti-tumor immune
response [447]. CM from NSCLC CAFs induces EMT, acquisition of cancer stem cell-like
qualities in vitro, and enhanced tumor formation in vivo in lung cancer cell lines, mediated
through an increased expression of TGFβ1, as compared to NFs [80]. CAFs induce EMT
in gastric cancer cells through activation of the ERK1/2-SP1- zinc finger E-box binding
homeobox (ZEB)2 pathway in an IL-33- and its receptor ST2L L-dependent manner [448].

Mechanistically, CAFs induce activation of TGFβ/SMAD4 signaling and enhance
colorectal cancer aggressiveness by reducing fibronectin leucine-rich transmembrane pro-
tein 3 (FLRT3) expression, an inhibitor of EMT, proliferation, migration, invasion, and
enhancer of apoptosis [449]. CM from human breast tissue CAFs expressing high levels of
αSMA and SDF1/CXCL12 induces enhanced cell–extracellular matrix adhesion, migration,
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invasion and EMT through TGFβ1/Smad signaling [442]. Triple-negative BC-derived
CAFs induce CXCL12-CXCR4-mediated recruitment and reprogramming of blood mono-
cytes towards immune suppressive stabilin (STAB)1+ translocation associated membrane
protein (TREM)2 high lipid-associated macrophages, which inhibit T-cell activation and
proliferation and support an immunosuppressive microenvironment [450]. In endome-
trial carcinoma, CAFs promote cancer progression via the SDF-1α/CXCR4 axis, through
PI3K/AKT and MAPK/ERK signaling in a paracrine-dependent manner, and increase
MMP-2 and MMP-9 secretion in an autocrine-dependent manner [451].

IL-17a secretion by CAFs markedly enhances tumorigenic effects of gastric cancer
through the JAK2/STAT3 pathway in the gastric cancer cells in vitro, with CAFs acting as
an independent risk factor for DFS and DSS, as noted above [215]. Wnt/β-catenin signaling
is necessary to maintain CAF function and promote tumor progression [287]. IL-1α in
bladder cancer cell CM induces the release of IL-8, HGF, MMP-2, GM-CSF and monocyte
chemotactic protein (MCP)-1 by CAFs, which, in turn, reciprocally induce migration and
invasion in the tumor cells through MCP and HGF [452]. Stromal HGF also induces
protumorigenic effects in small-cell lung cancer in vitro and in vivo [453].

AR expression in PC CAFs provides a good prognosis, but a loss of AR [454] and of
fibroblast-dependent androgen activation may be responsible for PC progression [455].
Spontaneously immortalized stromal fibroblasts [456] promote the growth and progression
of prostate tumors in mice, and stroma can induce permanent gene expression and behavior
changes in epithelial cells [200]. CAFs from tumors co-cultured with cancer cell lines
increase cancer cells’ secretion of IL-6 and IL-8, the invasive capacities of MDA-MB-231
cells, and the angiogenic capacities of HUVEC cells [457]. Expression of MMPs by cancer-
associated fibroblasts and mononuclear inflammatory cells is associated with a worse
prognosis in BC [458], and tumor-associated CD163+ and CD68+ macrophages (TAMs) in
the tumor stroma are associated with higher stage and invasiveness in BC [459].

High stroma-tumor ratios indicate an independent risk factor for a worse progno-
sis and resistance to treatment in aggressive breast, pancreatic, colon and other cancer
types [372,460–464], with concurrent loss of Smad4 staining contributing to classifying
patients to a worse prognostic group [460]. However, the effects of CAFs on cancer pro-
gression are not uniform [372], and higher stromal content may be beneficial to prognosis
in some situations [465,466], with their depletion potentially inducing more aggressive
tumors [467,468]. A gene expression profile of BC stroma, characterized as activated by
fibrosis and motility genes, has an unfavorable prognostic effect on survival of ER+ BC
patients, reaching statistical significance in hormone-treated patients, in contrast to inac-
tive stroma characterized by expression of claudin and adhesion molecule genes [130].
Malignant stroma also exerts a powerful chemoprotective effect on cancer cells [411,469].

Pancreatic cancers generate their exceptionally malignant traits in part through their
characteristic extreme activation of tumor stroma through one of their primary drivers, the
production of Sonic Hedgehog (SHH) by both tumor and stroma [470]. Patient survival
analysis and immunohistochemistry of surgical samples identified cytidine deaminase
(CDA), EGF-like repeats and discoidin domains (EDIL)3, ITGB4, plasminogen activator,
urokinase receptor (PLAUR) and SPARC (osteonectin), cwcv- and kazal-like domains
proteoglycan (SPOCK)1 as SHH-dependent stromal factors that are associated with poor
prognosis in pancreatic cancer patients [470]. SHH-related genetic changes occur in multiple
cancers, including 85% of basal cell carcinomas, 87% of medulloblastomas, and less often
in breast, colorectal, gastric, pancreatic, non-small-cell lung, and ovarian cancers [471].
SHH signaling in CAFs induces angiogenesis, fibrosis, immune evasion, and neuropathic
pain [471]. SHH signals are transduced through patched receptors to the smoothened
class frizzled G-coupled receptor (SMO)-SUFU negative regulator of hedgehog signaling
(SUFU)-GLI-Kruppel family member GLI1 (GLI) and SMO-Gli-RhoA signaling cascades.
The GLI transcription network upregulates target genes, such as BCL2, FOXA2, FOXE1,
FOXF1, FOXL1, FOXM1, GLI1, HH interacting protein (HHIP), patched (PTCH)1, and WNT2B,
in a cell context-dependent manner [471]. In triple-negative BC models, SHH ligand
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produced by cancer cells reprograms CAFs to generate a supportive niche to acquire a
chemo-resistant, cancer stem cell phenotype through FGF-5 expression and production of
fibrillar collagen [472]. Treatment of patient-derived xenografts in a murine model with
SMO inhibitors reverses the expression of cancer stem cell markers and sensitizes tumors
to docetaxel chemotherapy, prolonging survival and decreasing metastases [472]. However,
as discussed below, due to their heterogeneity, some pancreatic stromal elements can also
act to restrain cancer growth.

The Wnt, Hippo, TGFβ, and MAPK pathways are deregulated in both CAFs and
melanoma cells in the tumor microenvironment [473]. All four pathways exert a pro-
tumorigenic effect in melanomas, but only Wnt, TGFβ, and MAPK clearly support a
protumorigenic effect by CAFs and may be candidates for therapeutic targets in CAF
tumorigenic function [473]. However, Hippo signaling in CAFs may induce tumor sup-
pression and may have a role in metastatic regression, raising caution in its use as a target
in therapy [473].

CAFs converted by co-culture of BM MSCs with esophageal carcinoma cells have
high expression of FAP, which is associated with poor prognosis of esophageal squamous
cell carcinomas in patients [474]. CAFs play a tumor-promoting role in esophageal car-
cinoma through IL-6- and CCL2-promoted tumor migration and TAM-like polarization
and invasion of macrophages [474]. These effects are mediated by plasminogen activa-
tor inhibitor-1 (PAI-1), activation of AKT and ERK signaling via low-density lipoprotein
(LDL) receptor-related protein 1, and PTEN/Akt and MEK/ERK and their downstream
targets, NF-kappaB and β-catenin [474]. The CAFs express high levels of metallothionein
2A (MT2A), which is necessary for their tumor-promoting effects. The effects of MT2A
are mediated through the expression and secretion of insulin-like growth factor binding
protein (IGFBP)2 via NFκB, AKT, and ERK signaling, and high MT2A expression correlates
with poor prognosis in esophageal cancer patients [475].

Data support a significant role for epigenetic processes in the transformation of NFs
to CAFs [476]. CAFs induce malignant behavior through epigenetic reprogramming,
evidenced by enhanced migration of several ovarian cancer cell lines by non-contact co-
incubation with CAFs, dependent on an induced increase in the expression of histone
methyltransferase and enhancer of zeste homolog (EZH)2 in the cancer cells [477]. CAFs
work in conjunction with the cancer cells, undergoing a reciprocal co-evolution and gen-
eration of an inflammatory microenvironment [432]. Breast CAF pro-invasive activity is
sustained by the constitutive activation of STAT3 and DNA methyltransferase (DNMT)3B,
Janus kinase 1/signal transducer and activator of transcription 3 (JAK1/STAT3), and
hypomethylation of tumor suppressor genes TGFβR2, THY1, and PTEN in CAFs [478].
CAFs that undergo epigenetic modification have increased proliferation, change the mi-
croenvironment composition, inhibit apoptosis, prevent cytotoxin penetration, and induce
treatment resistance in vivo in pancreatic cancer [479–481].

CM from CAFs from HNSCC patient tumors increase HNSCC cell migration, invasion,
and proliferation in vitro and CAFS increase tumor growth and metastasis in vivo in a
murine floor of mouth tumor model [482]. HNSCC CAFs fall into two groups, depending
on the presence or absence of a well-demarcated boundary between epithelial cancer
cells and the surrounding ECM [483]. The CAFs from non-demarcated boundary tumors
stimulate matrigel invasion and tumorigenicity in a mouse tumor transplant model, in
sharp contrast to CAFs from tumors with demarcated boundaries that have particularly
high expression of COL3A1 and COL6A6 in gene expression microarrays [483].

Co-culture of cancer cells with CAFs slows cancer cell circadian cycling periods and
metabolic parameters to resemble that of fibroblasts, including glycolytic capacity and re-
serve, respiration, ATP production, mitochondrial coupling efficiency, and spare respiratory
capacity, and results in decreased apoptosis, increased viability and chemoresistance [333].
These changes correspond to increased mRNA levels and expression patterns of core clock
genes basic helix-loop-helix ARNT-like 1 (BMAL1), circadian locomotor output cycles
kaput protein (CLOCK), cryptochrome circadian regulator 1-2 (CRY1-2), period circadian
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regulator 1-3 (PER1-3), and clock-controlled genes WEE1 G2 checkpoint kinase (WEE1)
and cMYC in cancer cells placed in CAF co-culture or treated with exogenous TNFα, and
resulted in increased resistance to chemotherapy [333].

CAFs contribute to the strategies used by cancer cells to interfere with the anti-tumor
response of tumor-infiltrating cytotoxic T-cells, which are mainly restricted to stromal
zones [484]. CAFs sample, process, and cross-present antigens, killing CD8+ T-cells in an
antigen-specific, antigen-dependent manner via PD-L2 and fas cell surface death recep-
tor ligand (FASL), whose blocking by checkpoint inhibitors can restore T-cell cytotoxic
activity [484].

Additional evidence supporting this role comes from data demonstrating that CRC
CAFs have an enhanced capacity to cross-present neoantigens when compared with normal
colonic fibroblasts, through a process that involves the lysosomal protease cathepsin S,
which is upregulated in fibroblasts by tumor cell CM [485]. Cognate interactions between
CD8+ T-cells and cross-presenting CAFs suppress T-cell function, with associated decreased
cytotoxicity, reduced activation by CD137 expression and increased exhaustion [485]. This
is reflected by Hepatitis A virus cellular receptor 2 (HAVCR2, TIM3), lymphocyte activating
gene (LAG)3, and ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1, CD39)
marker expression, supporting a role for CAFs in directly suppressing tumor-specific T-cell
function in an antigen-dependent fashion [485].

Hence, the effects of CAFs on the entire microenvironment contribute to tumor
promotion. The microenvironment can also promote tumor progression in metastasis.
Tumor-associated fibroblasts in growing metastatic tumors have different gene expression
profiles than primary tumor-associated fibroblasts or normal breast fibroblasts, and in
particular, have higher levels of IGF-1 to drive tumor growth and suppress T-cell prolifera-
tion [181,486]. CAFs induce tumor cell clusters with epithelial and mesenchymal plasticity
at metastatic sites through the production of SDF-1 and TGFβ [487]. Stroma also promotes
the cancer cell’s ability to induce osteoclastogenesis [488].

Other effects of CAFs on the microenvironment include educating NFs to generate
ROS, induce NFκB-mediated expression of inflammatory cytokines and the ECM pro-
tein ASPN, which increases the expression of indoleamine 2,3-dioxygenase 1 (IDO-1),
kynureninase (KYNU) and pregnancy-associated plasma protein-A (PAPP-A), without
increasing αSMA [489]. The educated fibroblasts are cytocidal to CD8+ T-cells, activate
cancer cell IGF-1 production, and continue to educate other NFs, in turn [489]. Functionally,
ASPN+/IDO+/KYNU+/αSMA− fibroblasts are at the invading front of gastric cancers,
expand in the fibrotic stroma and cause cancer cell dissemination [489].

CAFs also enhance monocyte differentiation into M2-like tumor-associated macrophages
via secretion of IL-6 and GM-CSF in vitro and increase IL-6 and GM-CSF, infiltrating tumor-
associated macrophages and metastases in vivo, effects dependent on these cytokines in
an orthotopic mixed CAF–tumor cell transplant [490]. GM-CSF and IL-6 expression also
correlates positively with disease course in clinical data analysis [490]. Pancreatic stellate
cells in the juxtatumoral compartment also modulate resistance to cellular immunity
in pancreatic cancer through the exclusion of FoxP3+, CD56+, CD20+ or CD8+ T-cells
through their characteristic desmoplastic reaction, and by attracting CD8+ T-cells away
from tumor cells through secretion of CXCL12 [491]. The desmoplastic T-cell exclusion
translates to clinical effects, with distinct pancreatic cancer patient subpopulations with
high juxtatumoral densities of CD8+ T-cells having longer survival times than patients with
low densities [491]. Furthermore, differential fibrosis affects T-cell infiltration differentially
in peritoneal metastases than the effect observed in liver and lung metastases of patients
with colon cancer [492]. The infiltration of CD3+/CD8+ tumor-infiltrating lymphocytes into
colorectal cancer peritoneal metastases is also prevented by high concentrations of αSMA+

CAFs, collagen fibers, and high intratumoral fibrosis, contributing to treatment resistance
of peritoneal metastases and a poor prognosis [492]. This is seen in contrast to low levels
of CAFs and fibrosis in liver and lung metastases, which have high concentrations of
tumor-infiltrating CD3+/CD8+ T-cells [492].
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Tumor fibroblasts and MSCs also affect other cells in the microenvironment. In gastric
cancer, associated MSCs prime neutrophils through the secretion of IL-6 and activate
neutrophil STAT3 and ERR1/2 pathways, and in turn, neutrophils induce differentiation of
normal MSCs into CAFs [493].

Tumor-Inhibitory Effects

In contrast to the induction of stemness in cancer cells, stemness marker Notch1
intracellular signaling in CAFs acts as a molecular switch to regulate melanoma cell plas-
ticity [494]. It regulates plasticity by inhibiting the stemness of melanoma stem/tumor-
initiating cells, as defined by abrogation of the CD271+, Nestin+ and spheroid colony-
forming phenotype and suppression of Sox2/Oct4/Nanog expression, with concomitant
dampening of in vitro and in vivo tumor aggressiveness and metastasis [494]. Stem cell
characteristics of fibroblasts in heterogeneous populations appear to either support [495],
or suppress cancer progression [75,124,125,496]. CAFs in melanoma have lower Notch
pathway activity compared to NFs. Notch expression in CAFs restricts melanoma cell
growth in vitro and tumor growth and tumor angiogenesis in vivo [75]. Once again, this is
circumstance-specific, and phenotypically opposite data in nasopharyngeal carcinomas,
where αSMA+ SDF1+ CXCR4+ CAFs are associated with increased CD133+/VEGFR2+

cells and increased microvessel density in the stroma surrounding cancer nests suggest
induction of neoangiogenesis by CAFs [497].

Cancer-promoting CAFs and cancer-inhibiting CAFs are seen in the same stroma,
suggesting that we are observing different aspects of the same fibroblasts depending on
experimental conditions, observational contexts, or CAFs with different origins, spatial
distributions and gene expression profiles [496]. Differences in CAF effects on different
tumor types even translate to patient prognosis. For example, patients with pancreatic
ductal carcinoma with αSMA expression in tumor samples have significantly shorter
survival and recurrence-free survival than patients without αSMA expression, whereas
biliary cancer patients with αSMA expression in tumor samples have better recurrence-
free survival than patients without αSMA expression [439]. Functionally, CAF CM and
IL-8 secreted into the CM suppress the proliferation of human extrahepatic bile duct
carcinoma OCUCh-LM1 cells in an IL-8 receptor CXCR2-dependent manner, but not that
of pancreatic ductal cancer cells [439]. Additionally, invoking a cellular context assumes
that this factor has an overriding role in CAFs. Due to the heterogeneity of stromal
cell populations, SHH signaling in CAFs, which can support tumor promotion, in some
CAFs may be responsible as well for tumor differentiation, immune surveillance, T-cell
immunity, decreased angiogenesis, and αSMA-expression [467,498–502]. SHH signaling
in CAFs inhibits Ras-dependent tumor progression in pancreatic intraepithelial neoplasia
and pancreatic cancer [499]. These CAFs are considered tumor repressive, along with other
CAFs exhibiting stem cell characteristics, inhibit tumor growth and the effects of regulatory
T-cells, and proliferate in response to SHH signaling [496]. Hence, it is possible that CAFs
may restrain tumors in their nascent stages but subsequently acquire opposite effects as
tumors progress, escape these controls, and further modify CAFs. In another instance, Rho
signaling governs the inhibitory effects of fibroblasts on tumor cell growth [110].

Both hepatic stellate cells, the main source of myofibroblastic CAFs, and all other CAFs
promote tumor metastatic growth and mortality of desmoplastic CRCs and pancreatic
cancer liver metastases through secreted hyaluronan and HGF, but not those of non-
desmoplastic tumors [503]. The effect is opposed by myofibroblast CAF-expressed collagen
I, which suppresses tumor growth by mechanically restraining tumor spread, overriding
its own stiffness-induced mechanosignals [503].

αSMA-depleted CAFs, which express meflin, a glycosylphosphatidylinositol-anchored
extracellular protein recognized as a marker for undifferentiated MSCs, suppress tumor
progression in pancreatic ductal carcinoma cells [496]. Meflin binds to BMP-7 through
its leucine-rich repeats, augments its signaling, inhibits TGFβ signaling and prevents
fibrosis by inhibiting collagen crosslinking activity, and physiologically induces stromal
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softening [496,504]. Genetically induced expression of meflin in CAFs in vivo improves
drug delivery to tumors [504].

Expression of inhibitor of nuclear factor kappa B kinase subunit beta (IKKβ)/NFκB
has a tumor-suppressive function in CAFs in colitis-associated cancer [502]. IKKβ/NFκB
negatively regulates the expression of protumorigenic HGF and of TGFβ through Smad7
and Smurf1 [502].

Human liver CAFs from colon cancer metastases promote a malignant phenotype after
the loss of expression of miR-10-5p present in normal liver fibroblasts, which suppresses
proliferation, migration, and IL-6 and IL-8 levels in colon cancer cells [505]. miR-206, a
suppressor of the tumorigenic phenotype in cholangiocarcinoma cells, is downregulated in
NFs when they are co-cultivated with cholangiocarcinoma cells, resulting in their trans-
formation into CAFs [272]. CAFs transformed from NFs by suppression of miR-206 by
cholangiocarcinoma cells, in turn reciprocally promote malignant behavior and gemcitabine
resistance in cholangiocarinoma [272].

The relevant points that appear to emerge from the totality of the data are that NFs
retain cancer suppressive characteristics for short periods in proximity to cancer but lose it
relatively quickly once they are activated. Exosomes bearing tumor-suppressive miRNAs
are diminished as NFs become converted to CAFs. The positional anatomic source of
NFs from within the differentiated organ factors into the ultimate genetic profile of the
activated CAF. Acquired genomic instability in the CAFs contributes to their cancer-induced
exceptional heterogeneity. Some order in the classification of the heterogeneity of gene
expression has been demonstrated but this varies in different studies with different tumor
types and also varies among patients with similar tumors and with differential progression
within a given tumor. Retention of stem cell characteristics, along with associated signaling
pathways in the CAFs provides tumor-suppressive traits. However, stem cell characteristics
are minimized in the progressive heterogeneity of the CAF populations that favor trending
to tumor-supportive abilities and which are often identified as tumor supportive in the
presence of mixed populations. Retained characteristics in some CAFs that support efforts
of structural stromal suppression of cancer are countered effectively by the growing corps
of activated CAFs exerting opposing effects.

Table 3. CAFs regulate cancer cell behavior.

Effects Mechanisms References

Tumor enhancing

Generate desmoplastic stroma High fibrotic stroma-tumor ratio [372,460–464,489]

Immunosuppressive cytokines [413]

TGFβ singling activation by
paladin-mediated F-actin organization [413]

Tumor invasion toward vasculature [412]

application of traction force and stroma
remodeling supporting invasion [414]

Increasing stroma stiffness-initiating
cancer cell protumorigenic signals,
mechanical stress on nuclei, DNA
damage, genomic instability

[83,415,418,429]

Upregulation of transcription factors,
EMT and cancer cell stemness [424]
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Table 3. Cont.

Effects Mechanisms References

Collapse of blood vessels accessing
tumors decreases oxygen tension, pH,
immune cells, therapy access
and angiogenesis

[39,230,411,419]

Secreting cytokines [420]

Initiating anti-apoptotic and treatment
resistance signaling through binding of
upregulated integrins

[134,137,139,425–428]

Aging-induced collagen stiffening,
reduced ROS DNA damage response and
targeted therapy resistance

[29,416,417]

Secrete growth factors cytokines
and chemokines

TGFβ and Wnt/β-catenin signaling [445]

Podoplanin and surface membrane
protein signaling [446]

Metabolism [447]

Proliferation [215]

Angiogenesis [447,457]

Induce EMT [80,287,448]

Proliferation, migration, invasion,
and metastasis [442,449,451,452,457,474,475,482,489]

Immune system modulation [181,447,450,457,459,474,484–486,489–492]

Loss of CAF androgen receptor
expression in prostate cancer [454,455]

SHH signaling angiogenesis, fibrosis, immune evasion,
and neuropathic pain [470,471]

Notch1 signaling Increased cancer cell stemness,
microvessel density, neoangiogenesis [497]

Wnt, Hippo, TGFβ, MAPK signaling Proliferation, invasion, metastasis [473]

Epigenetic reprogramming Migration, inhibited apoptosis,
treatment resistance [477–481]

Slowing of cancer cell circadian
cycling periods

Slowing of cancer metabolic parameters
of glycolytic capacity, reserve, respiration,
ATP production, mitochondrial coupling
efficiency, decreased apoptosis, increased
viability and chemoresistance

[333]

Prime neutrophils Activate MSCs to CAFs [493]

Tumor suppressive High stroma–tumor ratio [465–468]

Active extratumoral fibroblasts with high
expression of fibrosis and cellular
movement genes

[130,469]

Notch1 signaling Inhibiting stemness [494]

SHH signaling
Tumor differentiation, immune
surveillance, T cell immunity, decreased
angiogenesis and αSMA-expression

[467,498–501]
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Table 3. Cont.

Effects Mechanisms References

Increased CAF stem cell characteristics Inhibiting proliferation and angiogenesis [75,124,125,495,496]

IL-8 Inhibiting proliferation of some cancer
types, not others [439]

Rho signaling Inhibiting tumor proliferation [110]

CAF-expressed collagen I

Suppressing tumor growth by
mechanically restraining tumor spread,
overriding its own
stiffness-induced mechanosignals

[503]

Meflin-expressing
αSMA-depleted CAFs

Inhibiting TGFβ-induced fibrosis through
inhibition of collagen crosslinking [496,504]

IKKβ/NFκB

Negatively regulates HGF and TGFβ
expression, inhibits tumor growth,
promotes tumor cell death and
suppresses regulatory T cells

[502]

miR-10-5p, miR-206 Suppressing proliferation, migration,
cytokine levels [272,505]

4. Cancer Stroma as a Therapeutic Target

Therapeutic approaches to CAFs and MSCs are expertly reviewed
elsewhere [25,26,46,352,506–508]. A significant body of literature discusses the potential
of targeting cancer stroma, and specifically CAFs. Most of the studies address in vitro
approaches to the unique characteristics of CAFs that they acquire through genetic, epige-
netic, and cellular transfer mechanisms outlined above, with a goal of eliminating them or
reverting them to deactivated fibroblasts that no longer support tumor progression. Some
investigations have addressed the potential of either eliminating CAFs from in vivo tumors
in animal models or targeting their protumorigenic characteristics. A number of clinical
trials have attempted to translate successes in pre-clinical models, with variable and modest
successes. The following is a review of selected relevant pre-clinical investigations and
clinical trials that are ongoing or that have reported outcomes.

4.1. In Vitro Investigations

Chemotherapy, biotherapy, or radiation therapy can, in some cases, reverse the pro-
tumorigenic effects of CAFs [25,26,46,352,506–508]. Disruption of growth factor signaling
was an approach taken in one study, where antisense oligonucleotides targeting HGF,
which was secreted by CAFs, inhibited VEGF production and CAF-induced increase in
clonogenic potential in co-cultured tumor cells [453]. The use of phthoxazolin A, which acts
as a small-molecule modulator of tumor–stromal cell interactions, can indirectly suppress
PC cancer cell growth through inhibition of IGF-I production by prostate stromal cells [509].
In experiments targeting melanoma, simultaneous inhibition of IL-6 and IL-8 is sufficient
to fully inhibit CAF-induced human melanoma cell invasiveness [190].

Targeted inhibitors of signal pathways involved in CAF-mediated tumor promotion
demonstrate that inhibiting deregulated Wnt, TGFβ and MAPK pathways in CAFs inhibits
their protumorigenic effects [229,473]. Dual Raf plus HGF or MET inhibitory combination
therapy is a potential therapeutic strategy for BRaf-mutant melanoma to overcome drug re-
sistance [510]. Targeting CAF-mediated HGF-MET signaling in triple-negative BCs inhibits
the tumorigenic activities of HGF-MET in an organotypic model [511]. Inhibition of IL-17a
reverses the protumorigenic effects of CAFs in vitro in gastric cancer [215]. Knockdown of
MT2A in CAF-like cells suppresses the expression and secretion of IGFBP2 and inhibits the
growth, migration, and invasion of esophageal carcinoma cells via NFκB, AKT, and ERK
signaling pathways [475].



Cancers 2023, 15, 2014 46 of 79

CAF-promoted angiogenesis is inhibited by atractyloside, a small molecule that targets
CAFs in CRC cells [512]. Atractyoloside inhibits angiogenesis through target proteins FGF1,
ITGB1, and endothelin receptor type A (EDNRA), and migration through MMP9 and
integrin subunit alpha (ITGA)V within the ECM [512].

Biologic modulation of CAFs from patients affects their protumorigenic gene expres-
sion profiles and characteristics in vitro [513]. 1,25 dihydroxy-vitamin D3 downregulates
NRG1, WNT5A, PDGFC, genes associated with proliferation, and increases the expression
of NFKBIA, TREM-1, genes involved in immune modulation, effects consistent with the
anti-tumor effects of 1,25 dihydroxy-vitamin D3 in BC [513]. Moreover, treatment of NFs
with 1,25 dihydroxy-vitamin D3 induces genes involved in the prevention of apoptosis,
detoxification, antibacterial defense, and protection against oxidative stress, supporting
a fibroblast-mediated role in the intervention to limit carcinogenesis [513]. Treatment of
pancreatic CAFs with all-trans retinoic acid (ATRA) reduces expression of αSMA and FAP,
decreases the production of ECM, reduces the expression and secretion of IL-6, and results
in CAF-mediated reduction of migration and EMT in the tumor cells [514]. ATRA, in
combination with inhibition of HSP47, a collagen-specific molecular chaperone, induces
pancreatic stellate cell quiescence, re-educates pancreatic stellate cells, and inhibits ECM
hyperplasia, enhancing drug delivery to the tumor in a 3D in vitro model [515].

Incubation of CAFs with Desatinib, a small molecule inhibitor of multiple target ki-
nases, including BCR-ABL and members of the SRC family, partially reverses the CAF
phenotype and gene expression profile to that of NFs, and reduces the effects of CAF CM
that promote tumor cell proliferation [516]. Other approaches to revert CAF program-
ming to NF programming have been investigated, including epigenetic inhibitors of DNA
methyltransferases (DNMTs) with inactivated cytidine analogs that block DNA methylation
and degradation through the obstruction of DNMT activities [476]

Radiation therapy induces the secretion of miR-9 by microglia, which inhibits
mesenchymal–epithelial transition (MET) in tumor cells by targeting the E-cadherin gene,
decreasing cell localization in the brain and inhibiting metastases [517]. This anti-metastatic
effect of lung cancer cells on the brain contrasts the effects of miR-9 in BC CAFs that
promote BC tumor growth, discussed above [269].

As noted above, the pro-inflammatory environment of the stroma induces a deficiency
in base excision repair in NFs, generating unrepaired DNA strand breaks and an ATF-4-
induced reprogramming into CAFs [232]. Base excision repair deficient CAFs are selectively
eliminated by midostaurin, a derivative of staurosporine multi-kinase inhibitors able to
interfere with essential CAF functions, such as Ca++ signaling [232]. Midostaurin abrogates
their tumor proliferative and pro-migratory effects in vitro [232].

Drug resistance in carcinomas is aided by the structural proteins in the microenviron-
ment. Binding to integrins by structural proteins [134,137,139,426,427] and protection by
stroma at primary and metastatic sites [134,518] initiates survival signaling, and functional
and structural changes in the cancer cells, making them less responsive to cytotoxic therapy.
Stromal proteins also pose structural and stiffness-mediated diffusion barriers to drug
access [28]. They have been considered potential therapeutic targets themselves and some
have already progressed to testing in clinical trials [28]. Another approach to eliminating
the tumor-supportive effects of CAFs is through synthetic disruption of structural proteins.
Treatment with preoperative systemic chemotherapy for BC has mixed effects on ECM
structural proteins [519]. The expression of collagen IV and Tenascin-C is upregulated,
syndecan-1 is downregulated, and SMA remains unchanged in CAFs in progressive disease
(519). Losartan inhibits collagen I synthesis by hepatic stellate cells, attenuates the compact-
ness of multicellular hepatic tumor spheroids, and reverses their therapeutic resistance to
sorafenib and cisplatin [520].

The CAF-induced upregulation of HA synthesis-promoted migration is inhibited
by 4-methylumbelliferone (4-MU), a potent HA synthesis inhibitor, suggesting a poten-
tial therapeutic role [224]. Analogously, targeting CD44, the ligand of HA, with a small
molecule Oncofid-P20 (Onco-P20) reduces growth factor production, downmodulates the
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Wnt signaling pathway, dampens the marked pro-inflammatory profile of melanoma CAFs
and reduces cancer cell proliferation [521].

Human MSC-conditioned medium can arrest human HCC and lung cancer cell line
proliferation and migration in vitro, promote apoptosis through downregulation of BCL2,
pro-caspase-7, β-catenin, and c-Myc, and upregulate dormancy marker ephrin receptor
EphA5 and the spontaneous fusion of MSC with cancer cells [522]. These and other
studies [523] suggest that MSCs may have a therapeutic potential in cancer.

4.2. In Vivo Investigations

Depletion of FAP-expressing cells in lung and pancreatic carcinomas in mouse tumors
causes rapid hypoxic necrosis of cancer and stromal cells in these immunogenic tumors,
mediated by interferon-γ and TNFα [524]. Elimination of FAP-expressing cells modu-
lates immune suppression of growth, supporting their roles as nonredundant, immune-
suppressive components of the tumor microenvironment [524]. An FAP-directed vaccine
suppresses primary and metastatic colon and breast tumor growth, decreases collagen I in
tumors, and increases chemotherapy uptake by tumors by 70% [525]. The vaccine prolongs
average survival three-fold and results in complete rejection of tumor cell challenges in a
murine model, suggesting that it may function as a potential model for combined immune
and chemotherapy [525].

Adipose stromal cells recruited to triple-negative BCs are converted to CAFs and in
turn, induce tumor growth, EMT, invasiveness, metastasis, and chemotherapy resistance
in triple-negative BC cells [526]. D-CAN, a pro-apoptotic modified circular peptide of
amino acid sequence CSWKYWFGEC targets adipose stromal cells and suppresses sponta-
neous BC lung metastases in a mouse allograft model when combined with cisplatin and
suppresses lung metastases by itself in a human BC xenograft model [526].

Glucagon-like peptide-1 receptor agonist exendin-4-treatment inactivates pancreatic
stellate cells, suppresses their proliferation and migration, and attenuates NFκB-dependent
SDF-1 secretion [527]. Pancreatic cancer cells incubated with a conditioned medium from
exendin-4-treated stellate cells have a decreased ability to proliferate, migrate, and invade
in vitro, similar to effects induced by CXCR4 inhibitor AMD3100 [527]. In vivo administra-
tion of exendin-4 attenuates pancreatic stellate cell function by suppressing the deposition
of ECM, attenuating tumor growth [527].

Pirfenidone, a small molecule developed to reduce fibrosis in idiopathic pulmonary
fibrosis through downregulation of the production of growth factors and procollagens I and
II, is synergistic when combined with cisplatin treatments of animals with co-implanted
CAFs and NSCLC cells, increases cell death in CAFs and inhibits tumor progression [528].
In addition to reducing fibrosis, pirfenidone also reduces the acquisition of CAF-mediated
invasive and immune-suppressive capacity of BC cells by reducing the expression of PD-L1
in CAFs and decreasing the secretion of CCL17 and TNFβ [529].

Eliminating CAFs using FAP-directed vaccines and antibody targeting or FAP+-
redirected T-cell transfer has had some effects in mice [530]. Another approach has been
to revert CAFs to NFs as a potential strategy in cancer therapy [476]. Treating CAFs with
DNA methyltransferase inhibitors, with ATRA, calcipotriol and minnelide, a prodrug
of triptolide, which is an IL-23 inhibitor, restores NF characteristics, reduces markers of
inflammation and proliferation, induces quiescence, inhibits cancer invasion by changing
the tumor microenvironment composition, and decreases the fibrosis that generates a bar-
rier between the cancer cells and the basement membrane [479–481]. These treatments
reduce ECM components such as HA and collagen, improve functional vasculature, in-
duce cancer cell apoptosis, and improve cytotoxin penetration, accumulation, response,
treatment outcome, and significantly increase survival in a murine model of pancreatic
cancer in vivo [479–481]. While 1-25 dihydroxy-vitamin D3 inhibits CRC [349] and BC
cell [531,532] proliferation and differentiation, it also has a significant effect on CAF prolif-
eration and migration and decreases their activation as measured by the ability to contract
collagen gels [349]. Evidence from a study of hepatic fibrosis demonstrates that the anti-
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fibrotic effects of vitamin D receptor ligands are generated by binding of the vitamin D
receptor, which then displaces the TGFβ-directed Smad3 occupation of profibrotic target
genes and inhibits chromatin remodeling [533]. Indeed, the presence of vitamin D receptors
in CRC and their associated gene expression signatures in stromal fibroblasts are positive
predictors of outcome [534]. Other compounds able to reverse fibrotic responses, such
as JQ1, a small molecule inhibitor of bromodomain-containing protein 4 (BRD4), a mem-
ber of bromodomain and extraterminal (BET) proteins able to abrogate cytokine-induced
activation of HSCs, may also be considered in fibrogenic tumors [533].

Inhibiting SHH and Gli1 signaling with a small molecule inhibitor in hepatic stellate
cells that express high levels of SMO receptor and low levels of SHH ligands, in contrast
to cancer cells, which express low levels of SMO and elevated SHH, inhibits proliferation
in vivo [535]. Specific inhibition of stromal SHH signaling with neutralizing antibodies or
small molecule inhibitors inhibits tumor growth in xenograft murine models [536]. Small
molecule SHH inhibitor-mediated stromal depletion in a pancreatic cancer murine model
administered in combination with gemcitabine produces a transient increase in tumor
vascular density and an increase in the intratumoral concentration of gemcitabine, leading
to transient stabilization of disease [537].

Treatment of tumor-bearing mice with polyethylene glycol (PEG)ylated liposomes
loaded with salvianolic acid-B (Dan Phenolic Acid A), a small molecule natural product
used in traditional medicine as an antifibrotic, can interfere with CAFs by inhibiting the se-
cretion of TGFβ1, reduce collagen deposition and increase the penetration of nanoparticles
into tumors [538]. Treatment with Dan Phenolic Acid A results in high expression of Th1
cytokines and chemokines CXCL9 and CXCL10, recruitment of CD4+, CD8+ T-cells, and M1
macrophages [538]. Conversely, it induces low expression of Th2 cytokine and chemokine
CXCL13, decreases myeloid-derived suppressor cells (MDSCs), Tregs, and M2 macrophages
in the tumor area, inhibits tumor metastasis to the lungs, and significantly inhibits tumor
growth when combined with docetaxel-loaded PEG-modified liposomes [538].

Neutralizing TGFβ in vivo causes remodeling of CAF dynamics, reduces the frequency
and activity of myofibroblasts, promotes the formation of immunomodulatory fibroblasts
with a strong response to interferon and the development of productive anti-tumor im-
munity [539]. Blocking the effects of TGFβ induces greater efficacy of programmed death
(PD)1 immunotherapy and provides a rationale for the evaluation of TGFβ and PD1 protein
co-blockade in patients [539]. Inactivating CAFs by inhibition of TGFβ in vivo also reduces
collagen deposition, induces cell-mediated immune response with high expression of Th1
cytokines and chemokines CXCL9 and CXCL10, the recruitment of CD4+, CD8+ T-cells,
and M1 macrophages to the tumor area [538]. CAF and TGFβ inhibition also reduces the
expression of Th2 cytokine and chemokine CXCL13, decreases myeloid-derived suppressor
cells, Tregs, and M2 macrophages in the tumor area, and decreases tumor growth and
metastasis to the lungs [538]. In a CRC model, joint IL-6 and GM-CSF blockade dramati-
cally reverses TAM infiltration, which generates an immunosuppressive tumor niche, and
metastasis in orthotopically co-implanted CAFs and CRC cells in vivo [490]. In another
transplanted CRC tumor model, the administration of a chemokine receptor CCR5 inhibitor
reduces intratumoral αSMA+ CAFs that express EGF, and reduces growth [540]. Adminis-
tration of a CXCL12 receptor CXCR4 inhibitor AMD3100 to mice with human pancreatic
tumors induces rapid T-cell accumulation among cancer cells and acts synergistically with
αPD-L1 to reverse immune suppression and resistance to immune therapy to diminish or
eliminate cancer cells and their loss of heterogeneity of transformation related protein 53
(TRP53) [541].

Leptin is an important cytokine regulating CAF crosstalk with BC cells and is im-
plicated in breast carcinogenesis [542]. Leptin-activated signaling and leptin-induced
expression of target genes are inhibited by the nuclear Farnesoid X Receptor-(FXR), a tumor
suppressor, through induction of the suppressor of the cytokine signaling 3 (SOCS3) [542].
A synthetic FXR agonist, GW4064, inhibits the leptin-induced tumor-promoting activities
of CAFs and CAF-conditioned medium in BC cells by inhibiting growth, motility, and
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invasiveness in vitro [542]. GW4064 also inhibits tumor growth of human ER+ BC cells
co-injected with CAFs in a mouse model in vivo, with tumors exhibiting decreased levels
of leptin-regulated proteins and a strong staining intensity for SOCS3 [542].

Approaches to normalizing tumor stroma have been considered with some pre-clinical
successes [543]. In one study, blocking IL-8 produced by BM MSCs inhibited angiogenesis
and CRC growth in vivo [166]. Using retinoids to normalize cancer and stroma behavior
has been a long-term goal. In one study, treatment of mice with a synthetic retinoid in vivo
induced the expression of meflin, an inhibitor of TGFβ-induced fibrosis, stiffness, and colla-
gen crosslinking, increased tumor vessel area, drug delivery, and the response of pancreatic
carcinoma to chemotherapy [504]. Administration of ATRA to mice in a pancreatic cancer
tumor model rendered pancreatic stellate cells quiescent, reversed the secretion of cytokines,
chemokines, including CXCL12, which regulate T-cell migration towards the stellate cells
and away from the tumor, and of adhesion molecules, and increased the numbers of CD8+

T-cells in juxtatumoral compartments [491,530]. The administration of dexamethasone
has been investigated in CAF normalization. Dexamethasone reduced the recruitment of
myeloid cells responsible for CAF activation and decreased CAF accumulation, collagen
deposition and the cancer-promoting microenvironment [544]. Collagenase treatment also
augments T-cell mobilization and permits their accessibility to tumor cell nests [545].

Targeting and using exosomes in cancer therapy have been considered in pre-clinical
models in vitro and in vivo [184]. The preparation of plasma membrane vesicles for cyto-
plasm or miRNA replacement therapy has been described and is technically feasible [546].
Exosome-based therapy can either utilize inhibitors to prevent exosome uptake using
amiloride or diannexin to enhance T-cell activation [184] or to potentially deliver miRNAs,
such as miR-222 [268], miR148b [286], miR-101 [285] or miR-3188 [117] to tumors. miRNA
delivery can be achieved either by systemic administration, which takes advantage of
their extended half-lives in the circulation to directly target tumor receptors, or by direct
intratumoral injection, resulting in some antitumor effects in animals [120,184].

As noted earlier, cancer cells induce transcriptional alterations of p53 in CAFs relative
to normal NFs [235,237], including in gastric cancer [547]. Gene therapy with a replicative
oncolytic adenovirus-expressing wild-type p53 gene (OBP-702) against CAFs and peritoneal
metastases in gastric cancer (GC) resulted in cytotoxicity to both gastric cancer cells and
CAFs but not to normal gastric fibroblasts in a murine model [547]. It induced apoptosis
and autophagy in CAFs, decreased their secretion of cancer-promoting cytokines, was
synergistic with paclitaxel in inhibiting the growth of peritoneal metastases, and decreased
CAFs in peritoneal metastases [547].

4.3. Theranostics

A significant new approach to cancer treatment involves combining tumor imaging
and therapy, termed theranostics, which uses a combination of biomarker imaging with
therapy. The field is mostly driven by the development and use of radionuclide-labeled
markers, but other approaches have been devised. In CAFs, the membrane-bound pro-
tease FAP has become a promising target for molecular imaging with positron emission
tomography (PET)/computer-assisted tomography (CT) using radiolabeled FAP inhibitors
(FAPIs) [548]. FAP-targeted theranostics appear to be equal or superior to the current
oncology practice standard that uses tracer 18-fluorodeoxyglucose (FDG) imaging but
benefits from lower backgrounds, stronger uptake, and sharper contrasts in several tumor
types [549,550]. An initial Iodine-125 radiolabeled FAPI, 125I-FAPI-01, targeting human
and murine FAP-expressing cells rapidly internalized tracer into fibroblasts, but expe-
rienced rapid deiodination and short retention times, limiting the therapeutic efficacy
potential [551]. Investigations improved on the early class of agents. In a retrospective
analysis, Gallium-68-labeled FAPI 68Ga-FAPI-04, an alternate version of the inhibitor,
was able to identify 28 different cancer types in 80 patients with 54 primary tumors and
229 metastases, some as small as one cm in diameter, with the highest SUV found in sar-
coma, esophageal, breast, cholangiocarcinoma, and lung cancer, with no adverse events
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reported [552]. Subsequent quinolone-based radiotracer modifications on the original
compounds have been developed, which have higher uptake and retention in patients [553].
Specifically, two radiotracers, FAPI-21 and -46, displayed substantially improved ratios
of tumor to blood, liver, muscle, and intestinal uptake [553]. Other improved radiola-
beled FAP-binding proteins, including dimers, have demonstrated superior preclinical
antitumor efficacy [554]. A Technetium-99m-labeled FAP ligand 99mTc-FL-L3 has been
developed for imaging triple-negative BC [555]. As noted earlier, fluorescent probes [221]
and 68Ga-FAPi-46 PET [222] have been used to identify FAP CAF subpopulations that
modulate tumor aggressiveness. A prospective exploratory imaging clinical trial with
68Ga-FAPi-46 PET demonstrated that tracer uptake and biodistribution across multiple
cancers strongly correlated with FAP expression of surgically excised tumor and metastasis
tissues [222]. Another FAP binding protein, FAP-2286 linked to a radionuclide chelator,
along with its metal complexes, demonstrated high affinity to recombinant FAP and cell
surface FAP with rapid and persistent biodistributed uptake of radiolabeled versions 68Ga-
FAP-2286, Indium-111-labeled 111In-FAP-2286, and Lutetium-177-labeled 177Lu-FAP-2286
in FAP-positive tumors, with good renal clearance and minimal normal tissue uptake [556].
177Lu-FAP-2286 exhibited antitumor activity in FAP-expressing HEK293 tumors and sar-
coma patient-derived xenografts, with no significant weight loss and longer tumor retention
and suppression than treatment with radiolabeled FAPI-46 in animal studies [556]. Other,
68Ga- and 177Lu-bound FAP albumin-binding ligands are under development [557]. Of
four albumin-binding FAPIs (TE-FAPI-01 to 04) labeled with 68Ga, Yttrium-86 (86Y), and
177Lu, TE-FAPI-04 had the most favorable performance with respect to in vitro stability,
binding affinity, in vivo biodistribution, pharmacokinetics, tumor uptake, labeling, and
imaging [558].

Investigations of different radionuclides demonstrated that the beta-emitter 177Lu-
labelled FAPI-46 had relatively slower treatment effects, but ones that lasted longer than
those of the alpha-emitter Actinium-225-labeled 225Ac-FAPI-46 in a pancreatic cancer
xenograft model [559]. A 177Lu-labeled bivalent FAPI (ND-bisFAP) demonstrated eight-
fold higher binding affinity to FAP-expressing cells, higher specific tumor uptake, and
retention in vivo, four-fold higher radiation delivery, greater reduction in tumor growth
but comparable median survival in study animals than 177Lu-labeled cells expressing
monomeric complexing agent dodecane tetraacetic acid (DOTA)-FAPI-04 [560]. That study
serves as a reminder that tumor response does not correspond to differences in survival,
and that multitargeted approaches need to be considered in devising therapeutic strategies.
Novel hetero-bivalent radiolabeled antibodies to FAP and prostate-specific membrane
antigen (PSAMA) are being developed, having demonstrated high and specific tumor
targeting of FAP and PSMA [561]. They will enable imaging of lesions expressing FAP,
PSMA, or both on the tumor cell surface or within the TME for the theranostic management
of heterogeneous tumors [561].

As discussed above, tumor hypoxia is a significant contributor to tumor progression
and NF conversion to CAFs, and theranostics have begun to take advantage of it. The
most common radiotracer used in hypoxia imaging is 18F-fluoromisonidazole (FMISO),
which can predict the microenvironment of a tumor, including necrosis, vascularization,
and permeability [562]. FMISO PET has been successful in distinguishing glioblastomas
from lower-grade gliomas, in providing prognostic information, including survival and
treatment response information, and in generating a potential strategy to radiation dose
escalation to hypoxia-induced radioresistance [562].

Other theranostic approaches are being investigated as well. Complement factor H
(FH)-modified 298 nm nanobubbles carrying doxorubicin, which bind to CAF tenascin C,
can be used for contrast-enhanced ultrasonic imaging, as well as eradication of CAFs [563].
Core–shell cobalt–gold nanoparticles with spherical morphology (Co@Au NPs) have su-
perparamagnetic properties and are able to generate hyperthermia upon magnetic field
stimulation [564]. Cobalt–gold nanoparticles with elliptical morphology (Co@Au NEs)
can be optically excited to generate hyperthermia upon photostimulation, and elevate the
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medium temperature to 45 ◦C, which causes the detachment of a previously complexed
methotrexate molecule from a Co@Au NEs-MTX complex and induces a 90% reduction
in colon cancer cell viability in vitro [564]. Both nanomaterials can be used as contrast
agents [564].

Fibrogenic fibroblasts are particularly significant contributors to the malignant poten-
tial of cancers and targeting and elimination of such fibrogenic populations has become of
interest in theranostic investigations [565,566]. In one study, an infrared dye IR-780 was
used to eliminate a fibrogenic population of glycolytic fibroblasts to control the cutaneous
scarring [567]. Innovative, precise near-infrared-specific FAP targeting for imaging and
photothermal therapy is under development [568].

4.4. Clinical Trials

A number of drugs of various classes, signaling inhibitors, natural compounds,
retinoids, deltanoids, epigenetic modifiers, immunomodulators, radiolabeled antibod-
ies and inhibitors to CAF antigens, inhibitors of leucine-rich repeat superfamily (LCC)
members on CAFs, radioimmunotherapy, MMP inhibitors, disruptors of the microenviron-
ment and its signaling, disruptors of CAFs and other fibroblasts, including ones isolated
from fibrogenic tumors that impede immune response are all under prior, current and
prospective investigations in multiple clinical trials [352,506,565,566,569–573].

A number of clinical trials directed at stromal components are underway either not
completed or with results pending [28], including one using ATN161, a small peptide
antagonist of integrin α5β1 with carboplatin in glioblastoma, MEDI-522, a humanized
monoclonal antibody to αvβ3 with dacarbazine in metastatic melanoma, volociximib, a
chimeric monoclonal antibody to integrin α5β1 with gemcitabine in metastatic pancreatic
cancer, verteporfin, a benzoporphyrin derivative photosensitizer alone in glioblastoma
or in combination with photodynamic therapy in pancreatic cancer [28]. The following
represent some additional relevant examples. Over seventy Notch targeting clinical tri-
als are registered, including a Phase III trial of a Notch gamma-secretase inhibitor (GSI)
nirogacestat, which addresses tumor cells, CAFs, and endothelial cells supporting tumor
progression [574]. A phase I/II clinical trial in patients with pancreatic cancer is underway
to convert CAFs to cancer-restraining NFs on the basis of inhibiting meflin, which, as
noted above, is an inhibitor of TGFβ signaling, mediated by BMP-7 binding, to induce
stromal softening by preventing collagen crosslinking and fibrosis in combination with
two chemotherapy agents [575]. C52-halichondrin-B amine (E7130), a novel microtubule
dynamics inhibitor able to increase intratumoral CD31-positive endothelial cells and re-
duce αSMA+ CAFs at pharmacologically relevant concentrations and significantly enhance
antitumor agents in mouse models is being tested in a clinical trial [576].

Epigenetic drugs such as DNMT inhibitors (DNMTis) and HDAC inhibitors (HDACis)
are currently undergoing clinical trials and have demonstrated abilities to reactivate epige-
netically inactivated genes [476]. DNMTis (Azacitidine (Vidaza) and 5-Aza-2′-deoxycytidine
(Dacogen)) and five HDACis (vorinostat, romidepsin, belinostat, panobinostat, and chi-
damide) are US Food and Drug Administration (FDA)-approved for hematologic malig-
nancies and are candidates for CAF-directed clinical trials [476].

Other trials test the prognostic significance of stromal characteristics or the use of
radiotracers to stratify prognostic features or staging. A prospective randomized clinical
trial is on the way to determine the value of adjuvant chemotherapy for stage II CRC using
desmoplastic classifications of immature, intermediate, and mature, based on hematoxylin–
eosin staining for myxoid stroma and keloid-like collagen features generated by CAFs
exclusively in the tumor front during a desmoplastic reaction, to determine if an intermedi-
ate/immature desmoplastic reaction is one of four risk factors supporting the advantage
of treatment [577]. Use of the radiolabeled FAP inhibitor (FAPi) [68Ga]-FAPi-46 PET has
demonstrated heterogeneous localization of FAP in tumors in a clinical trial and will be
further explored as a pan-cancer imaging biomarker for FAP expression and as a stratifica-
tion tool for FAP-targeted therapies [222]. Furthermore, another PET reagent, 68Ga-FAPI-04
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PET is likely more efficient in providing primary gastric cancer diagnosis and staging than
18F-FDG PET in data from a clinical trial [578]. In a trial of neoadjuvant chemoradiotherapy
in locally advanced oral cavity HNSCC followed by radical surgery, a higher abundance
of PD1+ CAFs, as well as PD1+ cytotoxic T-cells and macrophages are associated with
incomplete response [579].

In a multicenter cohort of prostatectomy patients, tumor and stroma samples were
analyzed by in situ hybridization in tissue microarrays for the expression of miR-210, a
direct responder to and regulator of hypoxia in PC-CAF crosstalk [580]. Results demonstrate
a statistically significant association between the overexpression of miR-210 and reduced
clinical failure-free survival [580].

Trials have investigated the response of tumor markers to stromal-directed treatment.
Hypoxia-directed therapy for pancreatic cancer with a combination of two functionally
different chemotherapy agents with a hypoxia-activated prodrug DNA crosslinker bromo-
isophosphoramide mustard significantly increased DNA damage, apoptosis, and tumor
necrosis, inhibited cell proliferation and reduced stroma density and intratumoral hypoxia,
as compared with one chemotherapy agent plus the prodrug or the two chemotherapy
agents alone in tumor biopsies [581]. A phase II trial of green tea active compound polyphe-
non E, which contains a specific mixture of polyphenols administered to men with positive
prostate biopsies prior to prostatectomy demonstrated a decrease in HGF and VEGF
in prostate CAFs and correlated with a significant reduction in serum PSA, HGF, and
VEGF [582].

To date, most of the completed clinical trials, have not resulted in major advances in
the survival of patients with difficult-to-treat solid tumors [24,573]. One example with a
modicum of success was reported in a meeting abstract, but not published yet in manuscript
format [583]. In that phase II trial, the effects of the TGFβ inhibitor LY2157299 in HCC
patients with high alpha-fetoprotein (AFP) levels, which correlate with high TGFβ 1 levels,
who failed Sorafenib treatment or were ineligible to receive Sorafenib were reported [584].
These patients had a significant reduction in AFP, TGFβ 1, and E-cadherin levels, and a
prolongation in the time to progression and overall survival compared with patients who
did not have a reduction in AFP levels [583,584].

Results of other completed clinical trials directed at stroma have not been promising.
Single-agent FAP inhibitor Val-boroPro (Talabostat) had minimal activity in patients with
previously treated metastatic colorectal cancer in a phase II trial, despite significant, but
incomplete inhibition of FAP enzymatic activity in the peripheral blood [585]. In a phase
II trial of patients with metastatic colorectal cancer, sibrotuzumab, an antibody targeting
FAP did not meet the criteria for a minimal response [586]. Cilengitide, a selective αvβ3
and αvβ5 integrin inhibitor with documented antitumor activity as a single agent in recur-
rent glioblastoma and in combination with standard temozolomide chemoradiotherapy in
newly diagnosed glioblastoma, did not improve outcomes when combined with temozolo-
mide chemoradiotherapy in patients with newly diagnosed glioblastoma with methylated
MGMT promoter in a randomized phase III trial, and will not be developed further as an
anticancer drug [587]. Trials adding simituzumab, a monoclonal antibody that inhibits the
extracellular matrix-remodeling enzyme lysyl oxidase-like 2 that maintains pathological
stroma in tumors, to gemcitabine in pancreatic cancer [588] and to 5-fluorouracil, leucov-
orin, and irinotecan (FOLFIRI) [589] have been completed with negative results with respect
to clinical outcomes compared to the chemotherapy regimens alone.

Some trials had modest successes. Chemokines have been targeted in a number of
clinical trials in multiple tumor types to determine immune modulation to reduce desmo-
plasia and increase T-cell infiltration of tumors as demonstrated in preclinical models with
variable results [569,590]. Their safety and early efficacy have been tested and have shown
tolerability and some promising responses alone or in combination with chemotherapy and
radiation [565,569,590]. A phase I study of eribulin plus balixafortide, a CXCR4 inhibitor,
demonstrated a 30% objective response rate in heavily pretreated, relapsed metastatic BC
patients [591]. Inhibiting desmoplasia with chemokine inhibitors may have more pro-
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nounced effects in tumors that are more desmoplastic, such as ER+ breast tumors [590].
Clinical trials targeting CAFs, MSCs, and pericytes have had modest successes in prolong-
ing survival, but due to CAF heterogeneity and concerns of opposing effects on cancer
progression, global approaches must be abandoned for more specific targeted approaches
that perhaps address cancer cell and CAF survival mechanisms in concert [508]. A system-
atic review and meta-analysis of twenty clinical studies and six randomized controlled
trials of anti-VEGF/VEGFR therapy revealed a treatment advantage of combined therapy
with nab-paclitaxel, with the only marginal improvement of objective response rates and
progression-free survival, but not overall survival [592].

Several challenges presented by the tumor and its stroma outlined throughout this
manuscript pose significant obstacles to stroma-based therapy. One of these obstacles to
stromal targeting in clinical trials may be the reality of the heterogeneity of stromal effects
on cancer and the potential of some CAFs with stem cell characteristics to restrain tumor
progression. Clinical trials inhibiting Hedgehog signaling have yielded moderate results,
at best, possibly influenced by roles of SHH signaling in restraining pancreatic cancer cell
progression [499]. More recently, as a result of positive preclinical data and divergent down-
stream signaling through SMO, which supports an immunosuppressive TME, a phase I/II
clinical trial has been initiated in basal cell carcinoma patients with the FDA-approved SHH
inhibitor vismodegib in combination with the checkpoint inhibitor pembrolizumab [471].
The rationale was based on the fact that combined modality may overcome resistance due
to mutations, deletions, amplification and bypass signaling downstream of SHH [471]. In a
phase I clinical trial of the SMO inhibitor sonidegib combined with docetaxel chemotherapy
in patients with metastatic triple-negative BC, 25% of patients derived clinical benefit and
one patient had a complete response, suggesting that in specific circumstances, SHH signal
blockade may enable tumors to respond to chemotherapy [472].

Overall, the obstacles in targeting CAFs and related stromal cellular and structural
elements are colossal. The heterogeneity of CAFs and the spectrum of gene expression,
epigenetic, and structural survival characteristics are practically limitless. Stromal cells con-
tinue to be generated, recruited, and activated by the cancer cells and by CAFs themselves,
despite being targeted. In addition, while cancer cells rely on stroma for support and gener-
ation of optimal growth, invasion, and establishment of optimal metastatic conditions, the
cancer cells also grow, expanding their heterogeneity and treatment resistance in parallel to
that of CAFs and stroma. The direction in developing CAF- and stromal-directed therapy
may be gleaned from the few trials that employed hybrid therapy directed at cancer cells,
CAFs, stroma, and immune modulation in concert to achieve some modicum of success in
prolonging patient survival.

5. Conclusions

All of the cells in the TME affect each other, train each other and support the com-
munal goal in the dynamic reciprocity that is the cancer ecosystem [593]. CAFs originate
in the solid tumor microenvironment from NFs, pericytes, resident or recruited MSCs,
adipocyte-derived fibroblasts, endothelial cells, epithelial cells, and cells of hematopoietic
origin. NF and other CAF precursors are heterogeneous and this heterogeneity dictates,
to an extent, the genetic characteristics of the converted CAFs. Cancer cells convert CAF
precursors into activated CAFs through a number of mechanisms, including ones medi-
ated through soluble factors, direct contact signaling, exosomes carrying miRNAs and
other molecules, and fusion. In turn, activated CAFs have reciprocal effects on the tumor,
affecting the microenvironment and the cancer cells themselves. The effects are mostly
protumorigenic and utilize a highly varied and extensive list of mechanisms, but there is
substantial data supporting efforts by CAFs to suppress cancer progression. These efforts
are mostly unsuccessful, due to the heterogeneity of the CAF population, most of which is
protumorigenic, and which continues to grow and expand its heterogeneity due to genomic
instability and continued generation of CAFs by the cancer cells. Indeed, the malignant
tumor is a multidimensional autonomous entity, whose elements co-evolve over time to
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advance each other’s capacities to adapt to the host’s desperate defense mechanisms, which
ultimately turn out to be no match for the singularly focused, cooperative efforts of the
ever-adaptable cancer cells, associated fibroblasts, and other supporting cells [594].

Efforts to target CAFs in cancer therapy have had some pre-clinical effects and have
even resulted in modest effects in clinical trials. However, most clinical trial results have
been disappointing, particularly in regard to prolonging survival. Future trials will need to
use combined approaches targeting cancers, stroma, and the immune system to move the
field forward.
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