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Abstract

biomarkers for solid tumor patients discussed.

Cancer-associated fibroblasts (CAFs) are tissue residing cells within the tumor microenvironment (TME). Stromal
CAFs have been shown to be associated with poor prognosis and tumor progression in several solid tumor entities.
Although the molecular mechanisms are not fully understood yet, a critical role within the TME through direct
interaction with the tumor cells as well as other cells has been proposed. While most studies on CAFs focus on
stromal CAFs, recent reports highlight the possibility of detecting circulating CAFs (cCAFs) in the blood. In contrast
to invasive tissue biopsies for stromal CAF characterization, liquid biopsy allows a minimally invasive isolation of
cCAFs. Furthermore, liquid biopsy methods could enable continuous monitoring of cCAFs in cancer patients and
therefore may present a novel biomarker for solid tumors. In this work, we present an overview of cCAF studies
currently available and summarize the liquid biopsy techniques for cCAF isolation and detection. Moreover, the
future research directions in the emerging field are highlighted and the potential applications of cCAFs as novel
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Background

Cancer-associated fibroblasts as a central component of
the tumor microenvironment

Cancer-associated fibroblasts (CAFs) play an important
role in the tumor microenvironment (TME). As a piv-
otal component of the stroma, fibroblasts are present in
high numbers in the TME [1]. In addition to their physi-
ological function as key players for extracellular matrix
homeostasis and their involvement in wound healing, a
strong link of dysregulated fibroblasts to multiple dis-
eases including cancer has been established in the past
[2].
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Several studies have shown the tumor-promoting effect
of CAFs [3]. CAFs can influence the TME through differ-
ent mechanisms including direct interaction via cell-cell-
adhesion, the promotion of immune escape mechanisms
and the remodeling of the extracellular matrix [4, 5].

However, there are also reports on anti-tumorigenic
CAFs that can act as negative regulators [6], warranting
the requirement for further functional characterization
of CAFs.

Recent studies have demonstrated that CAFs show
a high proliferation rate and can induce the degrada-
tion and remodeling of the extracellular matrix, epithe-
lial mesenchymal transition, angiogenic shift, metabolic
reprogramming toward a reverse Warburg phenotype or
promote stem cell trait achievement as compared with
normal fibroblasts [7-10].

Moreover, CAFs play a role in the production and
regulation of extracellular matrix components, such as
collagen, hyaluronan and proteoglycans, supporting the
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supply of nutrients to the tumor through angiogenesis
[11]. The influence of CAFs on tumor cells can be either
directly (e.g. by cell-cell interaction) or indirectly medi-
ated (e.g. by paracrine secretion of factors). CAFs influ-
ence, for example, CD8+ T cells, which are inhibited in
their anti-tumor function by immune checkpoint ligand
expression of CAFs [12]. CAFs can also exert indirect
effects on cells within the tumor stroma through para-
crine signaling as they secrete proteins such as chemo-
kines (i.e. CXCL1), interleukins (e.g. IL-6) and growth
factors (i.e. EGF) that influence immune response and
proliferation [11].

Of note, inversely to the influencing factors described
above, CAF differentiation and CAF functions can also
be regulated by tumor cells, for example through para-
crine secretion of tumor extracellular vesicles or other
factors, highlighting the strong crosstalk within the TME
[11]. The activation of CAFs can be influenced by cyto-
kines (e.g. TGF-83, IL-1, PDFQG) that originate from can-
cer cells [11]. For example, the TGF-f8 signaling pathway
is particularly active in advanced pancreatic cancer and
activated CAFs can also secrete TGF-f§ [11, 13]. The
activated CAFs produce pro-tumorigenic factors, which
in turn promote cancer cell proliferation. In pancreatic
ductal adenocarcinoma (PDAC), for example, cancer
cells can release exosomes that support the recruitment
and activation of CAFs. By secreting chemokines (e.g.
CXCL-1) and interleukins (e.g. IL-6), CAFs contribute to
an inhibitory immune microenvironment of the pancreas
and promote pancreatic cancer tumor growth [11]. The
interaction between tumor-associated macrophages and
CAFs has also been shown in studies on prostate cancer
[14]. CAFs promote the transformation to M2 macro-
phages and in this way enhance tumor progression [15].

Molecular subtypes and heterogeneity of CAFs

Over the past years, a strong phenotypic and molecu-
lar heterogeneity of CAFs has been reported [16—18].
As a consequence, the functional role of CAFs includes
both, tumor-promoting and tumor-inhibiting effects
[19]. Initially, it has been assumed that CAFs originate
from a homogenous population of stromal cells, but
recent research suggests that several cell types in addi-
tion to fibroblasts can represent the origin of CAFs,
including adipocytes, pericytes, endothelial cells, bone
marrow-derived macrophages, among others [20, 21].
Therefore, to ensure precise identification of this het-
erogeneous population, it is paramount to use multiple
markers including both CAF positive and CAF negative
markers [22]. Common CAF positive markers are alpha
smooth muscle actin (a-SMA), fibroblast activation pro-
tein (FAP), fibroblast specific protein (FSP) and vimen-
tin, but many more markers have been examined and
reviewed elsewhere [23]. Most studies on CAFs have
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been conducted in PDAC due to the strong desmoplas-
tic stroma reaction which is one of the key histological
characteristics of the tumor compared to other epithelial
tumors [24]. Nevertheless, also in other solid tumor enti-
ties including lung cancer [25] and colorectal cancer [26],
the presence and importance of tissue resident CAFs
have been reported.

Cancer-associated fibroblasts can be divided into dis-
tinct molecular subtypes based on their diverse phe-
notype. The molecular subgroups can exert different
functional impacts within the tumor microenvironment
with either promoting, inhibiting or mixed effect on the
tumor itself [4].

Various CAF subtypes have been reported based on the
different expression of markers and their secretomes in
solid tumor patients [27, 28], with myCAFs, iCAFs and
apCAFs being the most commonly reported.

MyCAFs [29] are characterized by high expression of
a-SMA and low expression of IL-6. Furthermore, they
can exert myocontractile properties [29, 30]. In PDAC, it
has been reported that myCAFs are close to the tumor
site and are activated by direct contact with neoplas-
tic cells [29, 31]. While most studies have implicated a
tumor promoting role of myCAFs, some reports suggest
that myCAFs can also contribute to tumor inhibition [4].
In contrast to myCAFs, iCAFs [29] are characterized by
low a-SMA expression but high IL-6 secretion contribut-
ing to an inflammatory microenvironment. Moreover, it
has been shown that iCAFs stimulate tumor cell prolif-
eration via the secretion of inflammatory cytokines and
growth factors [4, 32]. ApCAFs [33] are characterized
by the expression of the Major Histocompatibility Com-
plex II (MHC-II) which allows them to present antigens
and interact with CD4+T cells, thereby contributing to
immunomodulation. While several reports underline the
immunosuppressive effects and thus tumor promoting
effect of apCAFs through regulatory T cell differentiation
in pancreatic cancer and breast cancer [34, 35], T-cell
immunity against the tumor has been reported in lung
cancer [36], indicating a context and tumor-specific func-
tion of apCAFs [4]. In addition to these markers stated
here, several other markers have been reported and
reviewed elsewhere [37-40].

In addition to the diverse molecular subtypes, it has
been shown that CAFs exhibit a dynamic and highly
plastic phenotype that is interconvertible by differential
activation of signaling pathways. One example is the reg-
ulation through the TGF-f} signaling pathway, in which
iCAFs can become myCAFs [4] or apCAFs can change to
myCAFs [33].

The highly heterogeneous origin, the high plasticity
with the capacity to interchange subtypes and context as
well as the tumor-dependent functional role represent
challenges for studying CAFs in cancer patients [41].
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Circulating CAFs as novel liquid biopsy marker class

The sampling of body fluids, referred to as ‘liquid biopsy’
has opened and enabled novel strategies in cancer diag-
nostics and therapy [42]. Various body fluids, including
blood, urine, saliva, cerebrospinal fluid and cyst fluid,
can be used to detect circulating tumor cells (CTCs),
other cancer-associated cells and tumor-derived prod-
ucts including circulating tumor DNA [43]. Particularly
blood-based detection methods have received tremen-
dous attention for detecting these biomarkers [43]. In
addition, and in contrast to tissue biopsies, liquid biopsy
is minimally invasive and repeatable, which allows moni-
toring the process throughout the disease [44]. The
knowledge gained about the molecular tumor character-
istics and its evolutions open new avenues for personal-
ized cancer medicine [43].

While tissue resident CAFs have been thoroughly char-
acterized over the last decade in several solid tumor enti-
ties, studies on the role of circulating CAFs (cCAFs) in
the blood are emerging [45-52].

As liquid biopsy has several advantages over tissue
biopsy [44], we have reviewed the currently available
literature with respect to the isolation of cCAFs, the
detection of cCAFs using different markers as well as the
clinical applications of cCAFs and discuss the advantages
and current challenges of cCAFs as novel liquid biopsy-
based biomarkers in cancer patients.

Methods

The literature search of studies investigating the role of
cCAFs in the blood of cancer patients was performed in
PubMed on 28th February 2025 with the following search
strategy:

(“cCAF” OR cCAFs OR “circulating fibroblast*” OR
“circulating cancer-associated fibroblast*” OR “circulat-
ing CAF*”) AND (“cancer” OR “tumor”) AND (“blood”
OR “liquid biops*” OR “fluid biop*”) NOT (“fibronectin”)
NOT “growth factor”.

The search resulted in 19 publications. After screen-
ing of abstracts, only original research studies for cCAF
detection in the English language that used blood-based
liquid biopsy methods were included in this review. 11
out of the 19 studies were excluded as they did not meet
the inclusion criteria (not original research (n=3), not
blood (n=2), not cCAFs (n=5), not clinical research
(n=1)). The remaining 8 publications were eligible and
therefore included in this review. Additional screening of
the cited literature did not result in further candidates for
inclusion. The following characteristics were extracted
from the identified publications: tumor entity (breast
cancer, prostate cancer, multi-cancer, local or meta-
static), timepoint of blood draw, cohort details (cohort
size, tumor stage), detection methods, biomarker details
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(detection markers, subtypes) and study details (author,
year of publication, country).

Circulating cancer-associated fibroblasts in the blood of
cancer patients
Like other rare cells in the blood such as CTCs, the
amount of cCAFs is low compared to the plethora of
other blood cells [53, 54]. Therefore, their isolation is
challenging and highly sensitive enrichment and detec-
tion methods are important [44]. cCAF isolation meth-
ods used today include density gradient centrifugation,
immunomagnetic enrichment, size-based enrichment
and microbubble-based acoustic microstreaming tech-
niques, whereas cCAF detection is performed using fluo-
rescence microscopy after immunofluorescent staining
or flow cytometry (Fig. 1) [45-52].

In the following paragraphs, we present the identified
studies through the literature search per cancer entity. An
overview of the studies discussed can be found in Table 1.

Breast cancer
In total, three studies have assessed the role of cCAFs in
the blood of breast cancer patients.

All three studies used CD45- and DAPI+as markers
to identify cCAFs. Sharma et al. [48] and Jiang et al. [49].
both used FAP as an additional positive selection identi-
fication marker and Muchliiska et al. [46] used a-SMA.
In addition, the studies by Muchliniska et al. [46] and
Sharma et al. [48] both used CK and Jiang et al. [49] used
EpCAM as negative markers to distinguish cCAFs from
circulating epithelial cells/CTCs. All blood samples ana-
lyzed in the studies came from patients at different stages
of breast cancer, including both early and advanced cases
[46, 48, 49]. The numbers of CTCs and cCAFs were com-
pared to healthy donors in two of the three studies [46,
49].

Jiang et al. [49] established a novel label-free method
for simultaneous CTC, cCAF and immune cell isolation
by acoustic microstreaming in a custom-made micro-
fluidic device within just eight minutes while preserving
the viability of the captured cells. Whole blood samples
were subjected to red blood cell lysis and centrifuged,
the pellet was resuspended and processed through the
microfluidic device [49]. Cells that exceed a size of 16 um
were captured in the microfluidic devices and retrieved
for subsequent immunofluorescent staining [49]. In spik-
ing experiments using normal human lung fibroblasts in
healthy donor blood, the authors could achieve a recov-
ery rate of approximately 94% with a high viability rate
of the trapped cells of 90% [49]. After technical valida-
tion using cell lines, the authors analyzed blood samples
from 8 metastatic and 5 localized breast cancer patients
as well as 5 healthy donors [49]. cCAFs were defined as
DAPI+/FAP+/CD45- cells, whereas CTCs were defined
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Techniques for the Enrichment of Circulating Cancer-Associated Fibroblasts
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Fig. 1 Overview of the cCAF enrichment and detection strategies used in the studies included in this review. Liquid biopsy methods enable the isolation
of cCAFs (and other rare cells, e.g. CTCs) from patients’ blood samples. Various blood-based methods were used in the studies to isolate and detect the
cells. The different approaches used different properties of the cCAFs which are depicted here (e.g. size, density, surface marker expression). Created in

BioRender. Smit, D. (2025) https://BioRender.com/r17f728

as DAPI+/FAP-/CD45- cells [49]. The authors could
detect cCAFs in 75% of localized cases and all metastatic
breast cancer patients analyzed, whereas CTCs were
only detected in around 71% of metastatic patients [49].
Interestingly, in two of the metastatic cases, heterotypic
cCAF-CTC clusters could be detected, that were not
present in locoregional advanced breast cancer patients
[49]. In line with the data from other studies [51], the
healthy donors analyzed did not have detectable cCAFs
or CTCs [49]. In a next step, the authors used receiver
operator curves (ROC) to evaluate the diagnostic accu-
racy of CTCs and cCAFs. Both, cCAFs and CTCs,
showed a good diagnostic accuracy (AUC 0.889 and AUC
0.955, respectively) to discriminate healthy donors from
cancer cases [49]. Of note, cCAFs outperformed CTCs
with respect to the prediction of metastatic disease (AUC
0.975 versus AUC 0.675) in the breast cancer patients
indicating the potential application of cCAFs as prognos-
tic markers in breast cancer [49].

In a study by Muchlinnska et al. [46], the authors
recruited 210 breast cancer patients in different stages

as well as healthy volunteers without cancer. A one-tube
assay using peripheral blood utilizing immunofluorescent
staining and imaging flow cytometry analysis of DAPI,
a-SMA, CK, vimentin, CD29, CD31 and CD45 was used
to simultaneously detect CTCs and cCAFs [46]. cCAFs
were defined as a-SMA+/CK-/DAPI+/vimentin+/CD31-/
CD45- or CD29+/CK-/DAPI+/vimentint/CD31-/CD45-
cells by the authors [46], although no cCAFs expressing
CD29 were detected. In line with the data from Jiang et
al. [49], all 20 healthy volunteers analyzed were nega-
tive for CTCs as well as cCAFs. Surprisingly, despite the
high number of cCAF markers used for analysis and the
extensive study cohort, only 7 out of 210 patients (3.33%)
had detectable cCAFs in the blood, whereas CTCs were
detected in 58 out of 210 patients (27.6%) using the one-
tube assay [46]. Nevertheless, CTC as well as cCAF status
were significantly associated with the presence of dis-
tant metastasis in breast cancer patients [46]. Moreover,
the authors report that cCAFs coincided with CTCs and
patients with higher CTC numbers were more likely to be
positive for cCAFs [46]. With respect to the surprisingly
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< . g - low frequency of cCAF positive patients compared to
x oo | other studies (e.g. Ao et al. [45]) the authors hypothesize
b4 c59 that the low yield of cCAFs may be due to the high per-
&22 Y8 centage of localized stages of breast cancer (as only 12%
were metastatic cases) and on the other hand reported
limitations with respect to the methodology that may
> z have resulted in a loss of cells during the staining proce-
5 £ dure [46].
S 8 In the study by Sharma et al. [48], blood samples from
2 N breast cancer patients across all stages (UICC stage I-1V)
@ N were used to detect cCAFs. Blood samples were pro-
s g 2 cessed through the FaCTChecker device, an automated
E é( g size-based microfiltration enrichment system that was
a _ g Q originally developed for CTC isolation [48]. Follow-
.f'% % g(f % ing the incubation, the filters were transferred to a glass
§ S g 22 slide for further immunocytochemistry staining. cCAFs
- - were defined as DAPI+//FAP+/CK-/CD45- cells, whereas
,-vg el w CTCs were defined as DAPI+/CK+/FAP-/CD45- cells
.‘“=: g 32 8 [48]. The authors detected cCAFs in 74% of stage I (23
_§ § % % % 0 out of 31), 63% of stage II/III (n =33 out of 52) and 70% of
-F ° o= stage IV (n=42 out of 60) pre-treated patients, whereas
£ 8o the absolute number of cCAFs was the highest in stage
5 é S IV metastatic patients [48]. Interestingly, cCAF positivity
c o ST é rates exceeded CTC positivity rates ranging between 31%
23 E o> € and 45% in the breast cancer cohort [48]. In addition to
g .g g % g the pre-treated cohort, the authors also analyzed a cohort
ol ERY of treatment-naive stage II and stage III breast cancer
e ks patients and warrant that cCAF and CTC counts may be
) § % - 3 underestimated in treated patients as CTCs were pres-
.8 LE 8’% = ;ﬁ 3 E g = ent in 88% and cCAFs in 76% of treatment-naive breast
s g = <5 £ 5 % § g £ cancer patients [48]. Moreover, the authors analyzed the
2 S gE R presence of CTC and cCAF clusters. Homotypic cCAF-
= e nOUESSEST O clusters consisting only of cCAFs were found more
% ‘ often than heterotypic cCAF-CTC clusters [48]. Strik-
£ g . % 2 ingly, the authors could confirm the relevance of het-
g E .% = % g erotypic cCAF-CTC clusters for metastasis in a murine
g 3 % IS 58 orthotopic xenotransplantation model, with CD44 as an
Fac |(Ewa important mediator of cCAF-CTC interaction [48]. The
E 55 _ study highlights the feasibility to detect cCAFs in breast
Bl sg 2 2% cancer patients among all stages and furthermore defines
§_ % s § § % < é the presence of heterotypic cCAF-CTC clusters as a poor
27 % e > §¢ prognosticator and potential metastasis promoting factor
o0 2 S Rl in breast cancer that should be evaluated in further stud-
TR 8L 5 g 383 i
S =2 ES8-885
Prostate cancer
= E In two studies, cCAFs in the blood of prostate cancer
sls2 patients were analyzed [50, 51]. Interestingly, these two
IR & < publications are 12 years apart (2012 [50] vs. 2024 [51]).
% Besides the use of vimentin as a positive cCAF marker
S 2 5 in both studies, different markers were used. While the
-5 E study by Jones et al. [50] examined cCAFs in patients
% E % with localized and metastatic prostate cancer, the study
s 2 s
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by Booijink et al. [51] only included patients with meta-
static disease.

Already in 2012, Jones et al. [50] published one of the
first studies that reported cCAFs in blood samples. They
analyzed blood samples from 12 metastatic prostate
cancer patients, 10 patients with localized prostate can-
cer and 9 healthy individuals [50]. The blood samples
were analyzed using the CellSearch system, which is an
FDA-cleared system for CTC enumeration in epithelial
tumors [55]. Here, the authors used the immunoaffinity
based method to enrich cells by EpCAM expression and
utilized the system for additional staining of CK, DAPI,
CD45 and vimentin [50]. Cells that were neither positive
for CK nor CD45, but positive for vimentin were con-
sidered as cCAFs [50]. Although EpCAM has not been
described as a typical CAF marker, but rather as a marker
for cells of epithelial origin, 7 out of 12 patients with met-
astatic prostate cancer had circulating fibroblast-like cells
in their blood (enriched by EpCAM and DAPI+/CK-/
CD45-/Vimentin + by immunostaining) [50]. Strikingly,
patients with localized prostate cancer as well as healthy
volunteers did not have detectable fibroblast-like cells in
their blood. The number of cells in the blood of patients
positive for these fibroblast-like cells ranged from 2 to 10
per 7.5 mL blood which is rather low compared to other
studies [50]. Importantly, the presence of cCAFs corre-
lated with known indicators of poor prognosis in pros-
tate cancer including the presence of CTCs and high PSA
levels [50]. However, the low cell counts can potentially
be attributed to the use of EpCAM to enrich the cells for
detection using the CellSearch system. To increase the
sensitivity of the fibroblast-like cell detection, the authors
suggest to use microfluidic devices or a directly targeted
approach for fibroblasts [50], as other studies presented
in this review have used [45, 48, 49].

In a second study on prostate cancer by Booijink et
al. [51], blood samples from 18 metastatic prostate can-
cer patients were examined for the presence of rare cells
including CTCs and cCAFs. If more than 2 CTCs per mL
were detected in peripheral blood by CellSearch, diag-
nostic leukapheresis (DLA) was performed to obtain a
sufficient yield of CTCs and cCAFs for further molecular
characterization [51]. For cCAF detection cells derived
from the DLA were stained with FAP, EpCAM and CD45,
thereafter cells that were positive for FAP were collected
by fluorescence activated cell sorting. The isolated cells
were stained for collagen-I and vimentin and further
functional assays for collagen-I secretion for molecular
cCAF subtyping were conducted [51]. Analysis of the
DLA products revealed cCAFs in all 18 samples from
metastatic prostate patients, with the total number of
FAP+/EpCAM- cCAFs ranging from 60 to 776 with a
median of 360 cCAFs per 2 x 108 mononuclear cells [51].
The CTC count ranged from 0 to 7436 with a median of
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44 CTCs per 2 x 10° mononuclear cells [51]. Surprisingly,
FAP + cells were also found in 11 out of 12 healthy donor
peripheral blood samples. Interestingly, this is the only
study in which cCAFs were also detected in healthy study
participants, although the number of detected cCAFs
was lower (range: 0 to 71 per 2x 10® mononuclear cells)
than in cancer patients [51]. The authors further divided
identified cCAFs in FAP+/CD45 + and FAP+/CD45- sub-
populations [51]. Morphological analysis revealed that
FAP+/CD45 + cCAFs showed a spreading cytoplasm and
a larger size compared to FAP+/CD45- cCAF. In can-
cer patients as well as healthy participants, more FAP+/
CD45 + cCAFs were detected compared to FAP+/CD45-
cCAFs [51]. The authors propose that the subpopula-
tions could have different cellular origins, similar to the
existing knowledge of tissue resident CAFs which other
studies have already dealt with in the past [56, 57]. In the
future, further studies should be carried out to differen-
tiate between the two subpopulations and other cCAF
subpopulation and their relevance in the clinical setting.
With respect to the association of cCAFs and the clinical
characteristics of the prostate cancer patients, no signifi-
cant results were found which was mainly attributed to
the limited sample size by the authors [51].

Multi-tumor

In addition to the previously mentioned studies that have
either focused their research exclusively on breast can-
cer [46, 48, 49] or prostate cancer patients [50, 51], three
studies [45, 47, 52] have evaluated the role of cCAFs
across several tumor entities including pancreatic cancer,
colorectal cancer, renal cancer, lung cancer, gastric can-
cer and cholangiocellular cancer.

In the work of Ao et al. [45], the authors analyzed
peripheral blood samples from local breast cancer, meta-
static breast cancer, metastatic colorectal cancer, local
prostate cancer patients and healthy donors. Blood sam-
ples were fixed with formalin, passed through their novel
cell-size-based CTC isolation microfilter and immuno-
fluorescent stained with pan-CK, CD45 and FAP [45]. In
spike-in experiments with healthy donor blood and pri-
mary CAF cell lines, the authors reported a recovery rate
of 95.0% with a low standard deviation of 2.8%.

For the analysis of patient samples, CTCs were clas-
sified as CK+/CD45- cells and cCAFs as FAP+/CK-/
CD45- cells [45]. Moreover, in selected FAP +samples
the authors demonstrated that «-SMA is also expressed
confirming that the cells are indeed cCAFs [45]. All
healthy volunteers analyzed were negative for CTCs as
well as cCAFs similar to the data reported in other stud-
ies. The authors reported a significantly higher preva-
lence of cCAFs in metastatic breast cancer patients (88%)
compared to localized breast cancer patients (23%) [45].
Similarly, the absolute number of cCAFs was significantly
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higher in the metastatic breast cancer group compared
to those with local cancer [45]. Moreover, the authors
could confirm their previous finding in colorectal cancer
regarding the higher number of cCAF in the metastatic
cases. Furthermore, the researchers observed CTC and
cCAF clusters only in metastatic breast cancer patients
and not in the samples of the non-metastatic patients or
healthy volunteers [45]. Another interesting finding of
the study is the fact that three metastatic cancer patients
(two colorectal cancer patients and one breast cancer
patient) did have detectable cCAFs, but no CTCs [45].
This finding underlines the importance and potential of
additional cCAF detection to CTC detection as a poten-
tial biomarker for cancer prognosis. Moreover, given the
limited knowledge, e.g. in colorectal cancer, the authors
recommend that samples from other cancer entities
should be analyzed [45].

A study by Ortiz-Otero et al. [47] analyzed blood
samples from cancer patients with several metastatic
cancers and healthy volunteers. For the first time, the
presence of cCAFs in metastatic pancreatic, esopha-
geal, gastric and renal cancer patients was shown [47].
The authors isolated mononuclear cells which were sub-
sequently enriched by anti-fibroblast beads for cCAF
isolation, however, the exact marker used in the com-
mercially available kit is not publicly available [47]. CTCs
were enriched by the depletion of CD45+cells using
anti-CD45 magnetic beads. Potential candidates were
subjected to immunofluorescent staining for CTC and
cCAFs. CTCs were defined as DAPI+/CK+/CD45- cells
and cCAFs as DAPI+/a-SMA+/CD45- cells [47]. All
healthy donors were negative for cCAFs. 44 out of 45
metastatic patients (98%) showed more than 17 cCAF
per mL in their peripheral blood samples [47]. Among
the samples of breast, prostate, colorectal and lung can-
cer patients, a higher number of cCAFs (more than 200
per mL) were found, whereas in patients with renal and
gastric cancer, less than 60 cCAFs per mL blood were
detected [47]. The study also investigated the use of
cCAFs as a biomarker for therapy response in patients
undergoing chemotherapy [47]. The numbers of cCAFs
and CTCs were determined in 26 patients before, after
the first and after the second chemotherapy cycle [47].
Although only 12% of the patients analyzed had a radio-
logical progression of their disease, in this small subset
of patients, the authors reported that consistently gradu-
ally increasing cCAF numbers could be detected. More-
over, cCCAFs were found together with CTCs as a cluster.
Ortiz-Otero et al. [47] postulate that the CTC-cCAF
clusters may be an important precursor in cancer pro-
gression. This study also found that patients with cCAFs
above the mean cCAF number had a significantly shorter
overall survival compared to patients with low cCAFs,
highlighting the potential and importance of cCAFs as
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prognosticators in patients with solid tumors undergoing
chemotherapy [47].

In the work of Gotze et al. [52], cCAFs were analyzed
in patients with metastatic PDAC and patients with
metastatic gastrointestinal malignancies, including gas-
tric cancer, gastroesophageal junction adenocarcinoma,
cholangiocellular carcinoma. After initial optimization
assays comparing size- and deformability-based enrich-
ment and marker-dependent enrichment techniques
using primary human (tissue) CAF cell lines, the authors
established a sequential liquid biopsy assay for cCAF iso-
lation. The sequential assay combines the positive selec-
tion of cCAFs by magnetic cell separation with human
anti-fibroblast microbeads (D7-FIB-conjugated) and the
marker-independent size and deformability-based posi-
tive enrichment of the flow through from the cell sepa-
ration. Thereafter, the cells were stained using antibodies
against «a-SMA, FAP, pan-keratin (AE1/AE3), CD105 and
CD45 as well as with DAPL In the study, cCAFs were
defined as DAPI+, aSMA +and/or FAP+, AE1/AE3-,
CD45- cells and CTCs were defined as DAPI+, aSMA-,
FAPa-, AE1/AE3+, CD45- cells. CD105 was used as a
marker to distinguish a recently reported subtype of
CAFs with protumorigenic effects [52, 58]. In 95.4% of
metastatic PDAC patients, cCAFs were detected in the
blood samples, and in 78.2% of patients with metastatic
gastrointestinal malignancies. The average number of
cCAFs was significantly higher in PDAC patients (mean:
22.7, range: 0-72) compared to metastatic gastrointes-
tinal malignancy patients (mean: 11.0, range: 0-65). In
contrast, CTCs were detected in only 22.7% of metastatic
PDAC patients and in only 30.4% of patients with gastro-
intestinal malignancies. Surprisingly, despite the meta-
static stage, on average less than one CTC was detected
in both patient groups. In addition, the authors com-
pared the a-SMA and FAP expression in tissue with the
number of detectable cCAFs in the blood, but could not
demonstrate a correlation suggesting that the release may
be independent of the tissue abundance [52].

An overview of the applied methods for cCAF isola-
tion and their advantages and disadvantages is provided
in Table 2.

Synopsis: Tumor-agnostic and tumor-specific hallmarks of
cCAFs as a novel liquid biopsy biomarker

cCAFs are a new emerging class of liquid biopsy markers.
This section aims to provide a synopsis of the available
knowledge derived from the clinical studies highlight-
ing the similarities of cCAFs in different tumor entities
and the tumor entity-specific characteristics which could
leverage the discoveries in the field. Despite the wealth of
information on CAFs in tumor tissues, only seven stud-
ies [45-52] have been published on the role of circulat-
ing CAFs in cancer patients (Table 1). The studies differ
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Table 2 Overview of the different methodologies used for the cCAF enrichment, outlining their respective advantages and limitations

Method Advantages Disadvantages Reference
Immunoaffinity-based - Customizable - Markers need to be known [44, 59,
enrichment - No large equipment required - Cells with low expression may be lost 60]

- Cost-effective method

- Fast and standardized protocols

- Suitable for large sample

volumes

- No specific marker required

- Independent of phenotypes

- Can enrich heterogenous populations

- Fast protocol

- Microfluidic platforms commercially available
- High depletion of leucocytes and erythrocytes
- No specific marker required

- Very fast isolation

- High viability of enriched cells

Density gradient
centrifugation

Size-based
enrichment

Microbubble-based
acoustic enrichment

- Heterogeneity of the desired cell population
- Establishment and optimization required

- No enrichment of the target cell population [44, 59]

- Other larger cells including CTCs are also [44, 59,
enriched 61]
- Small-sized target cells may be lost

- Pre-processing of the sample by red blood cell  [49]
lysis required

- Custom-build

- Not commercially available

greatly in the number of participants, with the largest
cohort comprising 230 patients [46] and the smallest only
18 patients [49] with the majority of data on cCAFs gen-
erated in cohorts of breast and prostate cancer. Never-
theless, cCAFs could also be found in other solid cancer
entities including colorectal cancer, renal cell carcinoma
and lung cancer [45, 47] although for some entities the
sample size is limited and should be interpreted carefully.
In the future, further research among other tumor enti-
ties should be conducted to acquire more knowledge on
the role of cCAFs in different cancers.

The cCAF positivity rates in patients with cancer var-
ied with a wide range between 3.3% [46] and 100% [51].
Although it has not been continuously reported, a strong
trend of a higher positivity rate as well as higher absolute
numbers of cCAFs are present in the metastatic setting
which indicates that cCAF shedding may be tumor-stage
dependent [45, 48, 49]. However, this statement is not
universally applicable as observed in a cohort of breast
cancer patients in which stage I had an even higher cCAF
positivity rate than locally advanced cancer in stage II/III
[48]. Detectable cCAFs at baseline have been shown to be
associated with a poor prognosis and later stages in sev-
eral cancers, and one study indicated that cCAFs may be
used as suitable biomarkers for monitoring longitudinal
treatment response in patients receiving chemotherapy
[47]. In most studies [45—50], the studied healthy subjects
did not have detectable cCAFs in the blood, suggesting a
high specificity of cCAFs that may be also used as a diag-
nostic biomarker as demonstrated by ROC analysis with
an AUC of 0.89 [49].

cCAF heterogeneity and the selection of markers for
enrichment

The combination of biomarkers for the identification of
cCAFs varied among the studies. The most commonly
used markers for the positive selection of cCAFs were
FAP and a-SMA which were complemented in selected
studies by other markers including vimentin, CD29 and
CD31 [46, 50]. CK and CD45 were consistently used
as exclusion markers to distinguish cCAFs, CTCs and
remaining white blood cells [45, 48]. However, a high
degree of heterogeneity of tissue resident CAFs has been
reported in the past [11, 15]. Although several putative
markers for cCAF detection and particular cCAF pheno-
typing including FAP, a-SMA and vimentin were assessed
in the studies reported, the vast amount of potential
markers and particularly secreted factors (e.g. IL-6) [4,
29] is not accounted for cCAF subtype identification at
the moment. Moreover, as extensive molecular character-
ization of cCAFs isolated from blood is currently lacking,
novel markers including ITGA-5, which was identified
as a new biomarker for cCAF in a murine breast cancer
xenograft model [62], could be utilized in the future to
enhance cCAF capture rates and thereby increase prog-
nostic value. With respect to the techniques used for
cCAF isolation and detection, a wide spectrum has been
utilized (e.g [49]. vs [51]). Although different techniques
may have the advantage to detect the heterogeneous
populations of cCAF, the lack of standardization makes it
difficult to compare studies. This has been underlined by
one of the studies in breast cancer that found surprisingly
low cCAF numbers compared to the other studies [46].
In addition, the presence of cCAFs in the blood seems
to be tumor-dependent as one of the multicancer stud-
ies found more cCAFs per mL blood in metastatic breast,
lung, colorectal, prostate, esophageal and cervical cancer,
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than in gastric and renal cancer [47]. Therefore, cCAFs
in different types of cancer should be examined in order
to further understand the underlying factors that lead to
cCAF shedding into the blood.

cCAF clusters and the interaction of cCAFs with CTCs

In most of the studies, cCAFs were found as single cells,
whereas four studies [45, 47-49] also detected cCAF
clusters with other cCAFs or CTCs. Two studies have
reported heterotypic cCAF-CTC clusters, which were
only present in metastatic breast cancer patients, but not
in localized cancer patients [45, 49]. Furthermore, Ortiz-
Otero et al. [47] also found this type of cluster in meta-
static stages of other tumor entities. In contrast, Sharma
et al. [48] reported more homotypic cCAF-cCAF clusters
rather than heterotypic cCAF-CTC clusters in breast
cancer patient samples. Moreover, in a murine ortho-
topic xenotransplantation model, they demonstrated that
CD44 plays an important role as a mediator for cCAF-
CTC clusters [48]. Of note, these clusters could be asso-
ciated with a poor prognosis, as they were only found in
metastatic patients in the above-mentioned studies [45,
47-49]. Cluster detection could therefore also be an
additional important indicator for cancer progression. It
may also be interesting to note that most clusters were
detected in breast cancer [48, 49] and none in prostate
cancer [50, 51], which might indicate tumor-specific
clustering. For CTCs, clustering with other cells in the
blood has been reported in the past [63]. For example,
for homotypic CTC clusters, Aceto et al. demonstrated
that CTC clusters have an increased metastatic potential
compared to single CTCs in a murine xenotransplanta-
tion model [64]. Nevertheless, also for other heterotypic
clusters e.g. of CTCs with neutrophils [65] or platelets
[66], tumor and metastasis promoting properties have
been reported [63].

Overall, the studies indicate that the cCAF positiv-
ity rate and the absolute number of cCAF could be used
as a very important indicator of the disease and its fur-
ther prognosis. Compared to other liquid biopsy mark-
ers including ctDNA and extracellular vesicles, rare
cells (e.g. CTCs and cCAFs) can be cultured and subse-
quently characterized regarding the molecular proper-
ties as well as their functional role [67]. For example, for
CTCs, molecular characterization [67], ex vivo cultiva-
tion [68, 69], drug susceptibility testing [70, 71] and func-
tional analysis [72, 73] have been conducted in the past
that could provide valuable information for personalized
therapy approaches. Of note, despite the lack of a clinical
implementation, the prospective, randomized DETECT-
III clinical trial has recently demonstrated the clinical
benefit of lapatinib in addition to standard therapy after
the molecular characterization of CTC in breast can-
cer patients with HER2- primary tumors but detectable
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HER2+CTCs [74], highlighting the value of molecular
characterization of rare cells in the blood.

Outlook and future perspectives

Further understanding of the prognostic role, the func-
tional role and the heterogeneity of cCAF could lead to
the establishment of a novel viable analyte that can be
sampled by minimally invasive liquid biopsy approaches.
In the past, and exclusively for tissue resident CAFs,
the potential of anti-CAF therapies, CAF depletion and
CAF reprogramming have already been proposed [15].
Although the functional role of cCAFs is not clear yet,
cCAFs may also represent a therapeutic target. To date,
no clinical studies involving cCAFs for cancer diagnos-
tics, risk stratification or therapeutic targeting are avail-
able in the ClinicalTrials database, however, more than
100 studies involving CAFs are registered. Knowledge
from these studies could be leveraged for the contribu-
tion to the cCAF field. It is paramount to understand
the functional role of cCAFs in the metastatic cascade
and throughout the disease to elucidate whether cCAFs
are a product of tumor growth and metastasis and just
“bystanders” that can be detected in blood or if cCAFs
are active contributors to the metastatic cascade due to
crosstalk with other blood-borne cells as mediators with
tumor-promoting functions. However, similar to the tis-
sue resident CAFs, an extensive characterization of the
molecular landscape of cCAFs is required in order to
obtain the required knowledge for further therapeutic
conclusions. cCAFs may emerge as valuable liquid biopsy
analytes, as in contrast to other liquid biopsy analytes (i.e.
extracellular vesicles, ctDNA, etc.) the cells are viable and
could be used for functional assays. For example, similar
to the establishment of stable CTC cell lines in the past
decade [70, 75], in the future, cCAF cell lines could be
established. The establishment of stable cell lines could
then enable the analysis of the interaction with other cells
and in-depth functional characterization [72]. More stud-
ies will follow with progressing technology and advances
in the (tissue resident) CAF field that could contribute to
the deeper understanding of cCAFs in the blood of can-
cer patients.

Conclusion

Blood-based liquid biopsy enables simple and minimally
invasive detection of cCAFs in contrast to tissue resident
CAFs, providing a unique opportunity for early detection,
risk stratification and longitudinal monitoring of cancer
patients. Overall, the few available studies indicate that
cCAFs are valuable prognosticators in cancer patients.
In particular, an increased number of cCAFs was found
in the blood of patients with metastatic cancer, but cCAF
detection also succeeded in localized cases. Strikingly, it
has been shown that cCAFs can be accompanied by other
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rare cells in the blood such as circulating tumor cells
(CTCs), indicating a potential functional role that yet
has to be elucidated. Studies that investigated cCAFs in
addition to the CTC status suggest that for CTC-negative
patients cCAFs analysis could improve risk stratifica-
tion. For future studies, standardized protocols for cCAF
isolation and additional highly sensitive markers for the
detection of circulating CAFs would be useful. Impor-
tantly, as tumor-promoting and tumor-opposing effects
have been reported, the molecular phenotype of cCAFs
should be taken into account. Furthermore, as most stud-
ies at the moment have investigated breast and prostate
cancer patients, cCCAFs should be examined in other solid
tumor entities in the future. In addition, the possibility of
longitudinal monitoring of cCAFs during therapy should
be evaluated to underline the role of cCAFs in cancer
patients.
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