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REVIEW

ABSTRACT: According to the “seed and soil” theory, cancer progression is influenced by the crosstalk between tumor cells and the 
surrounding tumor microenvironment (TME). TME comprises several cell types, including tumor-associated macrophages (TAMs), 
tumor-associated neutrophils (TANs), lymphocytes, leukocytes, vascular endothelial cells, pericytes, and fibroblasts. Cancer-associated 
fibroblasts (CAFs) are a crucial component of the TME and contribute to tumor development and progression. CAFs are a heterogeneous 
population originating from different cells including resident fibroblasts, circulating fibrocytes, smooth muscle vascular cells, endothelial 
cells, mesothelial cells, and organ-specific cells such as hepatic stellate cells in the liver. CAFs can play a dual role in the development and 
progression of tumors, acting as both promoters and inhibitors of tumor growth. The acquisition of a hypermethylated state is associated 
with a protumorigenic phenotype. Multiple subtypes have been identified in CAFs: inflammatory (iCAFs), myofibroblastic (myCAFs), antigen-
presenting (apCAFs), complement-secreting (csCAFs), and CAFs with high metabolic state (meCAFs).  In this review, we will discuss the origin of 
CAFs, their heterogeneity, their interaction with the other components of the TME, and their role in cancer insurgence and progression. The 
immunohistochemical marker useful for the identification of CAF subtypes in clinical practice will be discussed. The mechanisms by which 
CAFs may promote cancer angiogenesis, inhibit cancer cell apoptosis, and induce epithelial-to-mesenchymal transition will be analyzed. In the 
final part, targeted therapies for CAFs, including their direct removal, the inhibition of CAF signaling, and CAF reprogramming will be discussed.

© 2024 Annals of Research in Oncology - ARO. Published by EDRA SpA. All rights reserved.

Impact statement: Our work highlights the role that compo-
nents of the tumor microenvironment play in tumor growth and 
progression. In particular, tumor-associated fibroblasts, which 
could be useful therapeutic targets in the future.
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INTRODUCTION
According to the “seed and soil” theory, introduced 
by Steven Paget in 1889 (1), the insurgence and pro-

gression of cancer are strictly related to the cross-
talk between tumor cells and the peritumoral stro-
mal cells (2). Recent studies have identified Paget’s 
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theory as the key determinant for a better compre-
hension of the role played by stromal cells in cancer 
insurgence and development (3). Upon histological 
examination, the stroma surrounding the tumor 
presents as a mildly eosinophilic and amphophilic 
myxoid stroma, which may be categorized as hya-
linizing fibrosis or desmoplastic reaction (4). In clin-
ical practice, surgical pathologists easily recognize 
the typical aspect of the desmoplastic reaction since 
it is often associated with cancer insurgence and/or 
relapse (5, 6). Recent studies have revealed that per-
itumoral stromal cells express L1 cell adhesion mol-
ecule (L1CAM), which can affect cancer progression 
and prognosis (7). Based on recent findings, the tra-
ditional view that tumors are cell-centric has been 
revised. Pathologists are now encouraged to ana-
lyze the tumor microenvironment (TME) to deter-
mine its role in cancer. The TME is a complex tissue 
comprising various cell types, such as tumor-asso-
ciated macrophages (TAMs), tumor-associated neu-
trophils (TANs), lymphocytes, leukocytes, vascular 
endothelial cells, pericytes, and fibroblasts. Among 
the stromal cells giving rise to the TME, peritumor-
al-activated fibroblasts, better known as cancer-as-
sociated fibroblasts (CAFs), play a key role in cancer 
insurgence, progression, invasion, and metastasis 
(8, 9). Here we will report the most recent data on 
the origin and the multiple functions of CAFs in can-
cer insurgence and progression, trying to allow their 
identification among the multiple cell types that are 
present in the peritumoral stroma.

FIBROBLASTS IN HEALTH  
AND DISEASE
After the first description in 1858 by Rudolph 
Virchow, who reported the presence of “spin-
dle-shaped cells” in the connective tissue, the term 
“fibroblast” was subsequently proposed by Ernst 
Ziegler in 1895 (10).
Fibroblasts represent a very heterogeneous cell 
population, characterized by high plasticity, which 
may acquire stem/progenitor cell properties, up-
regulating Sca-1 (Stem Cell Antigen-1) (11). In phys-
iology, fibroblasts support the function of multiple 
organs, by maintaining the architecture of extra-
cellular matrix-rich connective tissues (12). Dur-
ing embryonic development, fibroblasts actively 
partecipate to tissue homeostasis by producing 
multiple factors of the extracellular matrix, creat-
ing signalig niches for stem/progenitor cells, exhib-

iting a marked plasticity in phenotype and cell fate 
(10). Moreover, fibroblasts may serve as progeni-
tors of specialized mesenchymal cells, which may 
differentiate towards bone-forming osteoblasts, 
lipid-filled adipocytes and condrocytes (13).
Fibroblasts are mainly involved in wound healing, 
with multiple roles: recruitment and activation of 
innate immune cells, synthesis and deposition of 
scar tissue, remodeling of the extracellular matrix 
and acquisition of a contractile phenotype, leading 
to the fusion of the wound margins (14). Moreover, 
fibroblasts may promote macrophage activation, 
accelerating wound healing (15). 
A major role for fibroblasts has been recently ev-
idenced in the progression of the atherosclerotic 
plaque. In the injuried arterial wall, fibroblasts are 
activated to myofibroblasts, acquiring the expres-
sionn of alpha-smooth muscle actin (alpha-SMA), 
promoting leukocyte recruitment, producing 
proinflammatory cytokines and orchestrating ex-
tracellular matrix production and remodeling (16).

CELL TYPES OF THE TUMOR 
MICROENVIRONMENT 
The TME is formed by multiple cell types including 
tumor-associated neutrofils, natural killer cells, B- 
and T-lymphocytes, vascular endothelial cells, per-
icytes, myeloid-derived suppressor cells (MDSCs), 
dendritic cells, enteric glial cells, CAFs and TAMs 
(17). Among the many immune cells populating 
the TME, macrophages are among the most abun-
dant, playing a cancer-promoting role. In particu-
lar, TAMs induce neoangiogenesis and promote 
tumor cell invasion (18).  Recent evidence suggests 
the existence of a two-way dialogue between can-
cer cells and the tumor environment, with multiple 
cell types, molecules and physical forces acting si-
multaneously in the TME, profoundly affecting tu-
mor behaviour (19). According with this view, envi-
ronmental cues occurring in the TME might either 
drive or dampen malignant transformation and 
cancer progression. In the TME, CAFs play a funda-
mental role in ECM remodeling, in the acquisition 
of a motile phenotype by cancer cells leading to 
metastasis and favoring the insurgence of thera-
peutic resistance to immunotherapy (20). Under-
standing the communication between cells in the 
TME, especially between CAFs and TAMs, is crucial 
for developing new therapeutic strategies in on-
cology. CAFs and TAMs work together to produce 
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chemokines and cytokines that regulate communi-
cation with other cells in the TME (21). 
Communication between TAMs and CAFs is not 
limited to cytokines and soluble factors. Non-cod-
ing RNAs (ncRNAs) and exosomes facilitate tu-
mor-stromal and stromal-stromal cell interactions, 
potentially affecting the properties of both the tu-
mor and stromal cells (22). 
When cells undergo malignant transformation, the 
peritumoral stroma and microenvironment active-
ly attempt to suppress and eliminate them. Con-
sequently, tumor cells try to resist the suppressive 
efforts of the peritumoral stroma. During cancer 
progression, tumor cells may attract distant mes-
enchymal stem cells, inducing them to change their 
phenotype and function within the TME: from one 
attempting to suppress cancer cells to one which 
will support their survival and growth. Eventually, 
the TME modified by the cancer cells and enriched 
with CAFs and TAMs acquire a new ability to sup-
port cancer progression and metastasis (23, 24). 

CANCER-ASSOCIATED 
FIBROBLAST ORIGINS
The origins of CAFs are still a topic of debate, likely 
due to the absence of a specific marker for them. 
Additionally, recent studies exploring CAFs in dif-
ferent types of tumors suggest that their origin can 
vary from one organ to another, and even within 
the same organ for different cancer types. The fi-
broblasts present in the TME can originate from 
various cell types, and this happens through the 
activation of different molecular pathways (25). Fi-
brocytes that circulate in the blood originate from 
hematopoietic stem cells and are a specific type of 
white blood cell that expresses both lymphocytic 
markers (CD45) and fibroblastic markers (Collagen 
type-I) (26). In a mouse model of colorectal carcino-
genesis, CAFs emerge from intestinal pericriptal 
cells expressing the leptin receptor (Lepr) and the 
melanoma cell adhesion molecule (MCAM) (27). In 
HCC, CAFs originate from various cell types, such 
as fibrocytes, peritumoral fibroblasts, vascular 
smooth muscle cells, and mesothelial cells (28). It 
was discovered that hepatic stellate cells are the 
primary source of CAFs in HCC (29). In HCC, CAFs 
play a key role in the early stages of cancer de-
velopment. They communicate with cancer cells, 
support angiogenesis, and suppress the immune 
system (30). 

Another cell type from which CAFs may originate 
is the endothelium of the vessels embedded in the 
peritumoral stroma. Through the process known 
as an endothelial-to-mesenchymal transition (End-
MT), endothelial cells may lose their typical mark-
ers, detach from the neighboring endothelial cells, 
acquire a migratory phenotype, and gain mesen-
chymal markers (31). 
The analysis of the methylation status of CAFs in 
breast cancer stroma evidenced that the transition 
from fibroblasts to activated fibroblasts and CAFs 
is characterized by massive methylation, responsi-
ble for the transcriptional reprogramming of CAFs. 
The acquisition of a hyper-methylated state might 
be responsible for the acquisition of a protumori-
genic phenotype in CAFs. The extensive epigenetic 
rewiring of CAFs could be linked to the upregula-
tion of RUNX1, a mediator of DNA methylation.  
Upregulation of RUNX1 expression in breast can-
cer patients is associated with poor disease out-
comes (32).
In peritoneal metastases, CAFs may originate from 
mesothelial cells, which undergo a process of mes-
othelial-to-mesenchymal transition (MMT). The 
ability of mesothelial-derived CAFs to promote 
adhesion, invasion, and vascularization of tumor 
cells is crucial for the progression of metastases 
in the peritoneum (33). In pancreatic ductal ade-
nocarcinoma, CAFs may originate from pancreatic 
stellate cells and tumor-infiltrating mesenchymal 
stem cells (34). In gastric carcinoma, approximately 
20% of CAFs have been reported to originate from 
bone marrow-derived mesenchymal stem cells 
(35). In breast cancer, the expression in CAFs of 
alpha-smooth muscle actin (alpha-SMA), the typi-
cal marker of smooth muscle cells, was associated 
with the secretion of osteopontin and with poor 
prognosis (36). 

MOLECULAR PATHWAYS 
INVOLVED IN CAF FUNCTION
Multiple biological differences have been reported 
between normal fibroblasts and CAFs. CAFs ex-
hibit higher motility and growth rate and show a 
stronger potential in the promotion of malignancy 
of cancer cells. Moreover, miRNAs are differential-
ly expressed in CAFs and normal fibroblasts (37). 
Since CAFs are characterized by a marked heter-
ogeneity, with different CAF subtypes observed 
in different tumors, even the molecular pathways 
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involved in CAFs are different in different cancers 
(38). In colorectal cancer, CAFs genes related to the 
Wnt signaling pathway and the TGF-beta pathway 
are highly enriched. TGF-beta is generally consid-
ered a regulator of CAFs, whereas Wnt2 is involved 
in cancer growth, lymph node metastasis, venous 
invasion, and recurrence (39). Wtn5, a component 
of the beta-catenin-independent pathway, is high-
ly expressed in CAFs. Colorectal cancers with high 
CAF expression of Wnt5 are characterized by ag-
gressiveness and poor prognosis (40). 
Many miRNAs are overexpressed in CAFs in the 
TME of colorectal cancer. These tumor-associated 
miRNAs may influence cancer cell spread, inva-
siveness, metastasis and chemioresistance (41). 
In colorectal cancer, CAFs may exert their role 
by transferring exosomes into the TME towards 
cancer cells, leading to increased levels of miR-
92-3p in tumor cells. The release of miRNAs-rich 
exosomes is responsible for the activation of the 
Wnt/Beta-catenin pathway, enhancing the tumor 
cell stemness and epithelial-to-mesenchymal-tran-
sition of cancer cells (42). The TGF-beta pathway 
is highly activated in CAFs, TGF-beta being consid-
ered a regulator of CAF activity (39). 
Multiple microRNAs, able to regulate the tu-
mor-promoting properties of CAFs, may be aber-
rantly expressed in different cancers. miR-101-3p 
and miR-490-3p are downregulated in CAFs sur-
rounding HCC. Since TGF-beta is a common target 
for both miRNAs, their decreased expression is as-
sociated with an increased expression of TGF-beta 
in tumor cells, associated with poor clinical out-
comes. Regarding the possible causes of these 
two miRNAs downregulation, it has been hypothe-
sized that infiltration in the TME of a huge amount 
of immunosuppressive immune cells might neg-
atively modulate the expression of multiple miR-
NAs in CAFs, influencing the oncogenic signature 
of HCC (43).
In the TME of colorectal cancer, non-coding RNAs 
were identified in exosomes, probably represent-
ing the way utilized by tumor cells for exchanging 
information with CAFs and for crosstalk with other 
cell types of the TME (44). According with this study, 
exosome-derived non-coding RNAs might regulate 
the properties of the peritumoral stroma in func-
tion of tumor pregression, influencing angiogene-
sis, vascular permeability, tumor immunity, tumor 
cell metabolism and drug resistance. On the other 
hand, CAFs might exert their influence on cancer 
cells by exosome secretion. In colorectal cancer, 

CAFs have been shown to secrete and transfer ex-
osomes to tumor cells, leading to increased levels 
of miR-92a-3p, able to activate the Wnt/Beta-cat-
enin pathway, promoting epithelial mesenchy-
mal transition of tumor cells and their metastatic 
abilities (42). According with this hypothesis, the 
inhibition of the exosome-related transfer of miR-
92a-3p from CAFs to cancer cells might provide an 
intriguing modality for the prevention of metasta-
ses in colorectal cancer patients.
In recent years, a complex regulatory network has 
been clarified in the TME, modulating the forma-
tion, activation, phenotype, and heterogeneity 
of CAFs. In this CAF regulatory TME network, the 
following signaling pathways have been identi-
fied: TGF-beta, NOTCH, Hippo, Hedgehog, Nuclear 
factor kappa-beta (NF-k-beta), Janus kinase (JAK), 
signal transducer and activator of transcription 
(STAT), mitogen-activated protein kinase (MAPK), 
phosphoinositide 3 kinase (PI3K), hypoxia-induci-
ble factor (HIF), heat shock transcription factor 1 
(HSF1) and p53 (45).
CAFs may also exert regulatory effects on tumor cell 
metabolism, promoting metabolic reprogramming, 
dysregulating multiple molecular pathways, and in-
ducing the expression molecules, such as CD44 in 
cancer cells that may influence significantly tumor 
progression and the insurgence of metastases (46, 
47). Metabolic reprogramming mainly regards glu-
cose, amino acid, and lipid metabolism (48).

CAF HETEROGENEITY: THE 
MULTIPLE PHENOTYPES OF 
PERITUMORAL FIBROBLASTS
Within the TME, CAFs play multiple functional 
roles in the initiation and progression of cancer, 
including the production of growth factors, signa-
ling molecules, multiple cytokines, and exosomes, 
mediating crosstalk between stromal cells and 
cancer cells (49). CAFs are a diverse cell type with 
a significant amount of variability in both appear-
ance and function. These cells play a critical role 
in aiding cancer cells to evade the immune system 
(50). CAFs are made up of multiple subtypes, each 
with unique characteristics and functions, and ac-
tivated through different molecular signaling path-
ways. The following CAF subtypes have been iden-
tified: i) inflammatory CAFs, characterized by low 
expression of alpha-SMA and high levels of IL-6; ii) 
TGF-beta-dependent myofibroblastic CAFs, char-
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acterized by high levels of alpha-SMA expression; 
iii) CAFs that suppress tumor cell growth, charac-
terized by activation of the stroma-specific Hedge-
hog (Hh) (51). 
Distinct subclasses of CAFs have been identi-
fied in a genetically engineered mouse model of 
breast cancer, with single-cell RNA sequencing. In 
these studies, the following CAF subclasses attrib-
utable to different origins were identified: i) CAFs 
originating from the peri-vascular niche; ii) CAFs 
originating from the mammary fat pad; iii) CAFs 
originating from the transformed epithelium (52). 
A classification scheme of CAFs with different 
functional roles in the TME was defined by iden-
tifying nice CAF phenotypes through single-cell 
RNA sequencing of over 16,000 stromal cells from 
breast cancer (53). Single-cell RNA sequencing 
has identified three major CAF subpopulations in 
human non-small cell lung cancer. These subpop-
ulations include alveolar, adventitial, and myofi-
broblasts. Alveolar and adventitial fibroblasts are 
associated with improved overall survival rates in 
lung adenocarcinoma, whereas myofibroblasts 
are associated with poor overall survival rates in 
lung adenocarcinoma.  In contrast, the presence 
of myofibroblasts in lung squamous cell carcino-
mas did not show any correlation with prognosis. 
This confirms that there is a significant variabil-
ity in the composition of the TME and the role 
of CAFs, even among tumors that develop in the 
same organ (54). In bladder urothelial cancer, sin-
gle-cell sequencing allowed the identification of a 
role for inflammatory CAFs in tumor progression, 
which is related to poor prognosis (55). 
The proposal of a classification of single cells ap-
plied to the TME, the scATOMIC, represented a 
new tool for a deeper understanding of the TME 
and for accurately subset stromal and immune 
cells in the TME of different cancers (56). 
These data taken together clearly show that the 
TME of every cancer type is characterized by pe-
culiar features, and stromal and immune cells of 
the different microenvironments may play differ-
ent roles in cancer progression.
CAF heterogeneity is, at least in part, due to epige-
netic changes occurring during their maturation, 
including DNA methylation and histone modifica-
tions. Loss of CAF histone methylation and gain of 
CAF histone acethylation has been associated to 
CAF activation and accelerated tumor growth. The 
epigenetic regulation of CAF activation and heter-
ogeneity is mainly related to TGF-beta and to the 

bromodomain and extraterminal (BET) domain, 
an epigenetic reader that recognizes histone 
acetylation, activates CAF gene transcription and 
leads to the acquisition of a pro-tumor phenotype 
in CAFs. Moreover, miRNAs play a key role in the 
epigenetic modifications that influence gene ex-
pression in CAFs, functioning as targets and or-
chestrators of gene transcription in CAFs (57).
The heterogeneity and the multifaceted nature 
and function of CAFs has been recently confirmed 
in HCC, a still worrisome disease. CAFs have been 
dissected into four genetically distinct subsets, 
characterized by distinct functions in the TME 
of this aggressive cancer type (58). In this study, 
CAFs have been confirmed to represent the most 
prevalent cell type populating the TME in HCC, 
being characterized as fibroblasts in a persistent 
state of activation. 

IMMUNOHISTOCHEMICAL 
MARKERS OF CAFs
A crucial point in identifying CAFs in the TME is 
the dependence of utilized markers on the cancer 
type being studied. The role of CAFs and the TME 
in cancer development and progression poses a 
significant challenge for surgical pathologists. Pa-
thologists must identify the specific CAF markers 
for each cancer type rather than relying on gener-
al immunohistochemical markers. This approach 
is crucial in clinical practice and would help in 
the accurate diagnosis and treatment of cancer 
patients. Moreover, the panels utilized should be 
able to discern the various subtypes of CAFs, in-
cluding protumoral, anti-tumor, proinflammatory 
and other CAF subtypes with different roles in 
carcinogenesis (59).
A panel of 12 markers has been suggested to 
identify CAFs in HCC, in addition to alpha-smooth 
muscle actin: ADAM18, ADAM32, CXCL5, FGF4, 
FGF5, FGF8, FGF17, FGF19, FGF23, IGFL1, IGFL2, 
and MMP1 (60). Vimentin and alpha-SMA are 
overexpressed in cervical CAFs than in normal fi-
broblasts from uterine leyomyomas.
Wnt2 is a marker that indicates the presence of 
activated CAFs. In colorectal cancer, the expres-
sion of Wnt2 in CAFs is significantly associated 
with various factors such as the depth of the tu-
mor, TNM stage, vascular invasion, lymph-node 
metastasis, and recurrence of cancer after chemo-
therapy or surgery (39). Wnt5, a component of the 
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beta-catenin independent pathway, may be highly 
expressed in CAFs of colorectal cancer. A positive 
staining for Wnt5 in the stromal cells of colorectal 
cancer, particularly in CAFs, is associated with high 
tumor cell proliferation and migration, as well as 
poor prognosis (40).
A subset of CAFs, like some normal fibroblasts, 
may express the glial fibrillary acid protein (GFAP), 
a typical marker of glial cells, indicating their possi-
ble origin from the neural crest (61).
The following immunohistochemical markers have 
been utilized in a study aimed to characterize CAFs 
in the peritumoral stroma of HCC (62):
1. alpha-smooth mucle actin (alpha-SMA)
2. Desmin
3. Vimentin
4. Fibroblast activation protein (FAP)
5. Fibroblast specific protein-1 (FSP-1)
In a recent study carried out on CAFs in pancreatic 
cancer, the following CAF subtypes were identified, 
on the basis of their immunohistochemical marker 
expression:
1. inflammatory CAFs (iCAF), characterized by low 

expression of alpha-SMA and strong expression 
of IL-6;

2. myofibroblastic CAFs (myCAF), with strong ex-
pression of alpha-SMA and low levels of IL-6 ex-
pression

3. antigen-presenting CAFs (apCAFs) characterized 
by the expression of CD74;

4. complement-secreting CAFs (csCAFs) expressing 
C3 and C7;

5. CAFs with high metabolic state (meCAFs) with no 
certain specific marker known (63). 

Identifying CAF subpopulations through the ex-
pression of different immunohistochemial mark-
ers represents a challenge for pathologists in-
volved in research as well for surgical pathologists 
involved in clinical practice. Distinct CAF subgroups 
often play different roles, even opposite, just like 
water and fire, in carcinogenesis, so that the iden-
tification of the CAF subpopulation involved in a 
specific cancer will represent a breakthrough in 
oncology (64). 

CAF FUNCTIONS IN TUMOR 
INSURGENCE AND PROGRESSION
CAFs play multiple, and often opposite, roles in 
carcinogenesis, by contributing to the deposition 
and remodeling of the extracellular matrix, cross-

talk with other cells of the TME and with cancer 
cells, to the epithelial-to-mesenchymal transition 
of tumor cells, and influencing invasion, metasta-
sis and therapy resistance of cancer (65). 
Once activated, CAFs can secrete multiple mes-
sengers such as the multifunctional cytokine 
TGF-beta that, if deregulated, can promote an 
aggressive phenotype in cancer (66). Communi-
cation through CAF-derived exosomes is crucial 
in intercellular communication in the TME (67). 
In particular, exosomes have been shown to play 
a key role in crosstalk between CAFs and cancer 
cells (68). TGF-beta in CAF-derived exosomes pro-
motes epithelial-to mesenchymal transition in 
cancer cells (69).
Moreover, CAF-secreted exosomes may promote 
matastasis, chemotherapy resistance and may 
enhance cancer cell stemness (70). 
The miR-17-5p contained in exosomes derived 
by CAFs promotes an aggressive phenotupe in 
colorectal cancer by initiating a RUNX3/MYC/
TGF-beta1 positive feedback loop (71). The pro-
duction of Hepatocyte growth factor (HGF) by 
CAFs has been associated with the promotion of 
invasion and metastasis (72). CAF-derived Wnt  
signaling acivity in the TME has been shown to 
define cancer cell stemness in colorectal carcino-
ma (73). 
CAFs show an abundant and stable expression 
of the FAP-alfa, a type II integral serine protease 
that plays a key role in promoting tumor growth, 
immunosuppression, invasion, and metastasis 
(74). CAFs produce the stromal cell-derived fac-
tor-1 (SDF-1), a CXC chemokine that promotes 
cancer cell migration and tumor growth, due to 
angiogenesis-dependent induction of tumor cell 
proliferation and inhibition of apoptotic cell death 
(75). CAFs are involved in promoting invasion and 
metastasis through the stimulation of CXCL12/
CXCR4 signaling. High CXCL12 expression is asso-
ciated with larger tumor size, lymphatic invasion, 
and poor prognosis in gastric cancer (76). 
Interestingly, AMD3100 (plerixafor), a bicyclam 
molecule that selectively antagonizes the bind-
ing of stromal cell-derived factor-1 (SDF-1) to its 
receptor CXCR4, approved for the mobilization of 
hematopoietic stem/progenitor cells (77) might 
be taken into consideration as an antagonist of 
the promotion of invasion and metastasis exert-
ed by CAFs through the stimulation of CXCL12/
CXCR4 signaling.  Moreover, CAF-derived CXCL12 
enhances the immune escape of tumor cells in 
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1. promotion of cancer angiogenesis. CAFs pro-
duce galectin-1, a glycan-binding protein with 
high angiogenic potential, which is positively 
associated with CD31 and vascular endothelial 
growth factor (VEGF) expression (82). Since can-
cer aggressivity and progression are highly de-
pendent on neo-angiogenesis, CAFs appear as a 
possible therapeutic target in cancer (83).

2. Induction of apoptosis in cancer cells. CAFs 
have been shown to induce apoptosis of cancer 
cells in different cancers, regulating the invasion 
mode of tumors. In gastric cancer, CAFs induce 
apoptosis in tumor cells, through activation of 
caspase-8 and death receptor 4, preventing ex-
pansive invasion and facilitating CAF-led inva-
sion. Adequate scattered cancer cell apoptosis 
induced by CAFs facilitates the mobilization of 
the adjacent cancer cells, favoring their detach-
ment from the tumor mass and their migration 
away from the tumor (84).
A CAF-induction of apoptosis of cancer cells, 
able to fuel oncogenic processes, has been re-
ported in pancreatic cancer (85).

3. Induction of epithelial-to-mesenchymal transi-
tion in cancer cells. In breast cancer, CAFs char-
acterized by high expression of alpha-smooth 
muscle actin and SDF1/CXCL12, promoted epi-
thelial-to-mesenchymal transition through par-
acrine TGF-beta signaling. In particular, CAFs 
secreted more TGF-beta 1 than TGF-beta 2 and 
TGF-beta 3 and activated the TGF-beta/SMAD-
signaling pathway in cancer cells (86).
In endometrial cancer, CAFs have been shown 
to induce epithelial-mesenchymal transition 
through the secretion of multiple cytokines, in-
cluding E-cadherin, N-cadherin epidermal growth 
factor, TGF-beta, hepatic growth factor and fi-
broblast growth factor (87). In bladder cancer, 
CAFs induce epithelial-to-mesenchymal transi-
tion through paracrine IL-6 signaling (88).
In laryngeal squamous cell carcinoma, CAF-de-
rived extracellular vesicles enhance the epithe-
lial-to-mesenchymal transition of tumor cells 
by delivering TUC338 that upregulates CBX2 
through sponging miR-8485 (89). 
Recent studies have confirmed that CAFs play a 
key role in the epithelial-to-mesenchymal tran-
sition process. This is because CAFs produce 
various matrix proteins and growth factors. 
Additionally, a 3-gene CAF transcriptional signa-
ture (COL1A1, COL1A2, COL3A1) has been asso-
ciated with the expression of markers related to 

bladder cancer, through the inhibition of degra-
dation of PDL1 (78).
The activities of CAFs and tumor cells of any spe-
cific cancer type should be considered always bi-
directional, with reciprocal influences. In an in 
vitro system, HCT-116 human colorectal cancer 
cells were able to induce the transformation of 
normal fibroblasts to CAFs. Compared to normal 
fibroblasts, CAFs secreted high levels of transform-
ing growth factor-beta (TGF-beta), tumor necrosis 
factor-alpha (TNF-alpha), C-X-C motif chemokine 
ligand-2 (CXCL2), interleukin-1 beta (IL-1beta) and 
SDF-1 (79). In this experiment, CAFs also expressed 
higher levels than normal fibroblasts of fibro-
blast-activated protein and alpha-SMA. Colorectal 
cancer cell-activated CAFs stimulated tumor cell 
migration, which was weakened by AMD3100, an 
inhibitor of SDF-1, underlying the major role of 
CAF-derived SDF-1 in promoting metastatic behav-
ior in colorectal cancer cells.
All these data taken together evidence that CAFs 
play an essential role in carcinogenesis, influenc-
ing cancer cell proliferation, stemness, invasion, 
migration, epithelial-to-mesenchymal transition, 
angiogenesis, chemoresistance, and immunosup-
pression, by releasing multiple chemokines and 
regulatory molecules in the microenvironment of 
tumors (80). 
Since CAFs represent the most common compo-
nent of the TME, CAFs play a pivotal role in cancer 
insurgence and progression, in tumor immunity, in 
the therapeutic response, and in the insurgence of 
drug resistance (3). It is to be noted that the TME 
is characterized by a marked variability among dif-
ferent cancer types, and the activity of CAFs may 
change from one tumor to another. An in-depth 
understanding of the crosstalk between FAFs and 
cancer cells in different tumor types might guide 
the development of new CAF-based anticancer 
strategies and represent a breakthrough in oncol-
ogy (81). 

CAFs AS TUMOR PROMOTERS
In several cancer types, CAFs have gained much 
attention as a pivotal component of the TME. The 
mechanisms by which CAFs facilitate cancer insur-
gence and progression are multiple and, probably, 
differ from one cancer type to the next. Here are 
the better-known mechanisms of the pro-tumoral 
activity of CAFs: 
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a result of this activation, CAFs secrete factors that 
promote self-renewal and expansion of CSCs. It is 
interesting to note that treatment with Hedgehog 
inhibitors reduced the expansion of CSCs, leading 
to a delay in tumor progression overall (96). 
More recent studies carried out in pancreatic can-
cer, evidenced that Hedgehogh signaling is acti-
vated in CAFs, particularly in myofibroblastic CAFs. 
These studies confirmed the ability of Hedgehog 
inhibitors to reduce myCAF number in the TME, 
and increase the inflammatory CAFs, ending with 
a decrease in cytotoxic T cells and an expansion of 
regulatory T cells, consistent with immunosuppres-
sion (97).

CAFs AS POSSIBLE NEW  
ANTI-TUMOR TARGETS
Deciphering the cellular and molecular composi-
tion of the TME, as well as the intercellular interac-
tions and crosstalks between tumor cells, stromal 
and immune cells is a prerequisite for a modern 
therapeutic approachs to cancer, targeting repro-
gramming of CAFs (70). Moreover, defining CAFs 
in the TME represents a fascinating opportunity 
in cancer immunotherapy and a breackthrough 
in clinical trials targeted to halting CAFs’ protu-
mor multiple activities (9). In short, oving to their 
robust function as tumor-promoters, CAFs repre-
sent, at the best of our knowledge, one of the most 
promising targets for oncotherapy in the near 
future. Recent knowledge of the multiple factors 
produced by CAFs and of the multiple molecular 
signaling pathways activated by CAFs in the TME, is 
at the basis of the development of novel anti-can-
cer strategies. 
Targeted therapies for CAFs can be classified into 
three mechanisms. The first one involves the direct 
removal of CAFs by using specific molecules capa-
ble of recognizing their biomarkers, immunothera-
pies, and oncolytic viruses. The second mechanism 
is the inhibition of CAFs signaling. This objective 
can be achieved by targeting the extracellular ma-
trix of the TME leading to depletion of peritumoral 
tumor stroma. Finally, the third mechanism is the 
reprogramming of CAFs.
Research is currently focusing on finding specific 
and exploitable biomarkers that can be used for 
the creation of target molecules to directly inhibit 
CAFs. These biomarkers differ depending on the 
histotype being considered. For breast cancer, 

epithelial-to-mesenchymal transition and poor 
prognosis (90). 
The promotion of a motile phenotype in cancer 
cells allows them to migrate towards blood and 
lymphatic vessels. CAFs promote directional 
cancer cell migration by assembling fibronectin, 
producing a fibronectin-rich extracellular matrix 
that guides tumor cells to migrate directionally 
(91). In non-small cell lung cancer, CAFs promote 
cancer cell migration and invasion through the 
miR-101-3p-mediated secretion of VEGFA and 
activation of the AKT/eNOS pathway (92). 

4. Reshaping of the extracellular matrix of the 
TME, favoring the migration of motile cancer 
cells.

5. Promotion of cancer metastasis.
6. CAFs within the TME can promote resist-

ance to multiple cancer therapies, including 
chemotherapy, anti-angiogenesis, radiotherapy, 
and immunotherapy (93). 

7. Development of an immunosuppressive mi-
croenvironment in the peritumoral stroma. 
It is important to note that only certain subtypes 
of CAFs promote tumor growth, while others 
may inhibit it (9).

CAFs AS TUMOR SUPPRESSORS
Recent studies have shown that CAFs not only play 
a major role in promoting cancer growth but also 
have the potential to act as tumor suppressors. In 
HCC, at least one population of CAFs synthesizes 
prolargin in the peritumoral stroma. Higher levels 
of prolargin are positively correlated with improved 
patient outcomes (94). In the same study, CAF-pro-
duced prolargin was shown to inhibit the activity of 
several pro-angiogenic proteins, of the hepatocyte 
growth factor (HGF) and fibroblast growth factor 
(FGF), resulting in a tumor-suppressor activity. CAFs 
probably represent a very plastic cell population, 
which may play opposite functions in cancer pro-
gression, by secreting a wide repertoire of factors 
that regulate cancer progression. Turning foes to 
friends is the goal of many novel anticancer thera-
pies, targeting CAFs (95).
There has been a recent report on the complex 
relationship between CAFs and cancer stem cells 
(CSCs). In the case of mammary gland tumors, CSCs 
have been found to regulate the function of CAFs 
through paracrine activation of Hedgehog signaling 
pathway by secreting the hedgehog ligand SHH. As 
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One approach in cancer treatment involves FAP-
based DNA vaccines, which can stimulate the 
growth of lymphocytes that infiltrate the tumor 
and break down CAFs. By doing so, these vaccines 
can disrupt immune tolerance towards the tumor 
(107). Studies have shown that anti-FAP vaccines 
can effectively inhibit tumor growth both in vitro 
and in vivo during preclinical trials. However, DNA 
vaccines can currently only be tested on animals, 
and clinical trials have not yet been conducted. 
FAP is a key target for CAR-T cell-based therapy. 
A recent study has developed a radiolabeled FAP 
inhibitor that can detect and intercept tumor 
and stromal cells expressing FAP in the TME. This 
“probe” can help predict and monitor the efficacy 
of CAR-T therapies targeting FAP (108).
It has been identified that inhibiting the tumor-pro-
moting CAF signal can be an effective therapeutic 
strategy. The CXCL12-CXCR4 axis is a crucial com-
ponent of CAF-mediated tumorigenesis. To this 
end, a CXCR4 antagonist named AMD3100 has 
been developed. This antagonist can improve lym-
phocyte infiltration, reducing desmoplasia, and im-
munosuppression (109).
Another strategy is represented by the combina-
tion of CXCR4 antagonist (AMD3100) or BL-8040 

the biomarkers include CD29, FAP, FSP1, α-SMA, 
PDGFRb and CAV1, while for pancreatic cancer, 
the biomarkers are α-SMA, FAP, and PDGFRa (98, 
99). For colorectal cancer, the biomarkers include 
FAP, MMP2, DCN, α-SMA, PDGFA, and TAGLN (100, 
101). For gastric cancer, the biomarkers include 
IL6, CXCL12, MMP14, LOXL2, and POSTN, while for 
lung cancer, they include HGF, FGF7, and p-SMAD2 
(102) (Figure 1).
FAP is one of the most expressed biomarkers in 
different types of tumors, and if present, it relates 
to a poor prognosis. However, the use of anti-FAP 
monoclonal antibodies (mAb), such as FAP5-DM, 
has shown promising results in inhibiting tumor 
growth and even achieving complete remission in 
some cases, as demonstrated in various xenograft 
models of cancer (103). The immunotoxin αFAP-
PE38 was tested on an animal model of breast 
cancer. The test showed that the compound was 
effective in blocking tumor growth (104).
Clinical trials have been conducted on some drugs 
that target FAP in patients with metastatic colon 
cancer. Two of the drugs are Sibrotuzumab, which 
is a humanized monoclonal antibody that targets 
FAP, and Talabostat. However, these drugs were 
not able to progress to phase II trials (105, 106).

Figure 1. Main CAFs subtypes and their therapeutic targets. Interaction of tumor cells with the main CAF subgroups: myofibroblastic and 
inflammatory CAFs (promoting tumor growth); tumor suppressor CAFs. FAP represents one of the main therapeutic targets (FAP inhibitors: 
talabostat, sibrotuzumab and αFAP-PE38). TIMP-1 (tissue inhibitor of metallo-proteinases1) and its inhibitor (ruxolitinib). CXCL12 (C-X-C 
motif chemokine 12) and its inhibitors (AMD3100 and motixafortide).
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a significant role in CAF activation and function. 
Blocking TGF-β directly, downstream signaling 
and receptor antagonism can reverse activated 
CAFs (117-119).
The “stromal switch” is a new therapeutic strate-
gy aimed to change tumor-promoting CAFs, such 
as TGF-dependent myofibroblastic CAFs, into tu-
mor-retarding fibroblasts, like Hedgehog-activat-
ing CAFs (51). One of the most important aims 
of this new anticancer therapy is the block of the 
CAFs’ ability to promote actomyosin contractility 
in tumor cells and the remodeling of the extracel-
lular matrix of the TME, to form the tracks utilized 
by cancer cells for collective migration towards 
blood and lymphatic vessels.
One of the goals of this approach is to change the 
tumor-promoting CAF phenotype, typical of a CAF 
subgroup with pro-invasive abilities (120) towards 
a tumor-suppressive one or to revert activated 
CAFs to a quiescent state. Therapies targeting 
IL-1 and TGF-β can transform CAFs. Some stud-
ies have shown that vitamin A and analogues can 
convert CAFs into a quiescent state. In the case 
of pancreatic cancer, restoring retinol levels may 
help neoplastic cells shift towards a quiescent 
phenotype. (121).
A combination of all-trans retinoic acid (ATRA) and 
gemcitabine has been discovered to delay the 
progression of pancreatic ductal adenocarcinoma 
(PDAC) in mouse models. This combination works 
by intercalating in a series of enzymatic cascades 
such as Wnt, Hedgehog, retinoid, and FGF (122). 
Furthermore, a phase Ib study conducted in pa-

(motifortide) with other antineoplastic agents, a 
therapy capable of slowing down the growth of 
PDAC, through the inhibition of CAFs (110, 111). 
In the Phase II study, the combination of moti-
fafortide, pembrolizumab, and chemotherapy 
demonstrated efficacy in the PDAC patient pop-
ulation. The triplet resulted in a median progres-
sion-free survival (PFS) of 3.8 months and a medi-
an overall survival (OS) of 6.6 months (112).
A recent study investigated a combination therapy 
that involved using CXCR4 antagonist nanoparti-
cles along with miR-210/KRASG12D blockade. This 
combination was found to be effective in breaking 
down the matrix components of tumors, resulting 
in reduced immunosuppression and slowed tumor 
growth. The study suggested that nanoparticles 
could be used as carriers for delivering CAF modu-
lators to enhance their effectiveness (113).
The STAT3 signaling pathway plays a crucial role 
as it is activated by CAFs that secrete TIMP-1, 
leading to the hyperactivation of the pathway 
(114-115). A recent study found that the coac-
tivation of the MEK and STAT3 pathways is an 
important mediator of neoplastic growth. To 
explore this further, researchers used a combi-
nation of MEK inhibitor (trametinib) and STAT3 
inhibitor (ruxolitinib) in a mouse model. The re-
sults showed that the use of MEK inhibitor and 
STAT3 inhibitor together helped to reduce the 
expression of proinflammatory IL-6/CXCL1 and 
LRRC15-expressing myCAFs, while also enriching 
Ly6a/CD34-expressing CAFs that exhibit mesen-
chymal stem cell-like features (116). TGF-β plays 

Table 1. Preclinical and clinical trials including CAFs targeting. 

STUDY DRUG TARGET HISTOTYPE

Phase II BL-8040 
(motifortide) CXCR4 Pancreatic cancer Bockorny B, 2020 (111)

Phase II Talabostat FAP Metastatic colorectal 
cancer Narra K, 2007 (106)

Phase II Sibrotuzumab FAP Metastatic colorectal 
cancer Hofheinz RD, 2003 (105)

Preclinical Ruxolitinib STAT3 Pancreatic cancer cells Datta J, 2022 (116)

Preclinical αFAP-PE38 FAP Breast cancer cells Fang J, 2016 (104)

Preclinical AMD3100 CXCL12 Pancreatic cancer cells Feig C, 2013 (110)

Preclinical FAP5-DM Serin-protease Malignant epithelial 
cells Ostermann E, 2008 (103)
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