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Abstract

Tumours contain many fibroblasts, endothelial cells, and leukocytes that are emerging as therapeutic targets complementary to targeting
genetically unstable cancer cells. Immunotherapies directed towards this tumour microenvironment (TME) are increasingly effective.
Targeting the endothelium has shown success, particularly in hepatocellular carcinoma (HCC). Cancer-associated fibroblasts (CAFs) are
also attracting novel nascent therapeutic approaches, and fibroblast activation protein (FAP), which is specific to activated mesenchyme,
is prominent amongst CAF markers. This review places emphasis upon FAP, human HCC, and FAP-targeting approaches for therapeutic
benefit, including FAP inhibitors, radioligand therapy, T cell and antibody-dependent cytotoxicity/immunotherapy, and FAP-activated
prodrugs.
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1. Introduction

The incidence of cancer is rising. Whilst 5-year rel-
ative cancer survival rates are also increasing, cancer re-
mains a major contributor to disease burden and a leading
cause of death globally. Therefore, understanding tumour
pathogenesis in order to improve therapy and early detec-
tion is crucial. In addition to cancer cells, tumours contain
many fibroblasts, endothelial cells, and leukocytes that in-
teract with each other within the tumour microenvironment
(TME).

Cancer cells are often genetically variable and unsta-
ble, whilst the composition of the TME can vary between
tumours but its genetic stability is an advantage for thera-
peutic targeting. Although tumours are increasingly clas-
sified by molecular markers, the liver TME has unique
features, and hepatocellular carcinoma (HCC) and biliary
tract cancers (BTCs) need focused consideration. This re-
view describes the TME and explores human liver can-
cer and the fibroblastic component of tumours, then ap-
proaches cancer-associated fibroblast (CAF) targeting in
depth. The emphasis is a rationale for fibroblast activation
protein (FAP)-directed CAF targeting, and for each of the
FAP-targeting approaches for therapeutic benefit, including
FAP inhibitors, antibody-based and CAR-T immunothera-
pies, and FAP-activated prodrugs.

The high specificity of FAP to activated fibroblasts is
attracting a variety of approaches and the safety in humans
of removing FAP™ fibroblasts has been established. Some
efficacy data are emerging. The future of this field will fo-
cus on the question of which CAF-targeted approaches have
the greatest efficacy. CAFs influence all other TME com-
ponents, which are introduced here.

2. The Tumour Microenvironment

Tumour formation intertwines multiple intracellular,
intercellular, and extracellular processes that drive abnor-
mal cell growth and provide a favourable environment for
cancer cell survival. Neoplasia is associated with chronic
inflammation and a microenvironment likened to a non-
healing wound. The TME consists of immune cells, blood
vessels, extracellular matrix (ECM), fibroblasts, lympho-
cytes, bone marrow-derived inflammatory cells, and sig-
nalling molecules [1,2]. The TME has both common fea-
tures and heterogeneity, but is increasingly recognized as a
therapeutic target that is more stable and less mutable than
tumour cells.

2.1 Leucocytes

Immune cells have vital roles in preventing tumor
growth via secreted proteins and direct cell lysis. The im-
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mune component of the TME mainly consists of mononu-
clear macrophages, dendritic cells (DCs), T-cells, natural
killer (NK) cells, and other myeloid cells.

Tumour-associated macrophages (TAMs) often colo-
calize with CAFs [3]. TAM are activated via different types
of cytokines into two subtypes in the TME [4,5]. The TAM
M1 subtype performs pro-inflammatory anti-tumour roles,
whereas M2 TAM generate opposing functions, having a
role in tumour progression [5,6]. The TAM M2 pheno-
type expresses CD206 and can release arginase-1, the anti-
inflammatory cytokine interleukin-10 (IL-10), C—C motif
chemokine ligand (CCL) 17, and CCL22. Understanding
M1 and M2 is crucial and the transformation from M2 to
M1 is a potential immune-stimulating target [7].

The DC is crucial in surveillance for tumour cells be-
cause, as antigen-presenting cells (APCs), DCs activate and
recruit T-cells to the TME. Conventional DC type 1 (cDC1),
expressing CD141, Clec9A, and X-C motif chemokine
receptor 1 (XCRI1), mainly drives cytotoxic CD8 T cell
activation and attraction via the production of CXCL9,
CXCLI10, and IL-12 [8,9]. CD1b/c™ ¢DC2 interact with
CD4 T-helper cells, inducing IL-2 secretion and down-
stream activation of CD8 T-cells [9,10].

CD8 T-cells are the major effector cells in tumour
clearance, by secreting the cytotoxic enzymes granzymes
or perforin, or activating caspase-dependent apoptosis via
Fas/APO ligand binding [11,12]. Via CD40 stimulation,
CD4 cells can induce DCs to increase IL-12 and inter-
feron (IFN) production to increase downstream CD8 T-
cell activation, and can also induce B-cell maturation to
initiate antitumor antibody production [13—15]. However,
overactivation of CD8 T-cells can result in constant tis-
sue damage and T-cell exhaustion. Tumour cells can
also evade detection by T-cells by major histocompatibil-
ity complex (MHC) downregulation, or by expressing pro-
grammed death-ligand 1 (PD-L1), cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), lymphocyte activation gene
3 (LAG?3), or similar immune checkpoints to inhibit T-cell
activation.

NK cells are a unique lymphocyte subset that lacks
both CD3 and T-cell antigen receptors. Making up only 5—
10% of the immune cell population, these CD56™ cells tar-
get MHC-I-deficient cells and are activated in the presence
of cytokines such as IL-2, IL-12, IL-15, IL-18, and type-I
IFN [16-18]. Upon activation, NK cells release granzymes
and perforin to induce apoptosis, or release IFN-gamma to
enhance T-cell priming [17,18]. NK cells have less anti-
tumour potency than T-cells, but NK cells are increasingly
harnessed for immunotherapy.

Bone marrow-derived myeloid cells primarily dif-
ferentiate into myeloid-derived suppressor cells (MDSCs)
when recruited to the TME. MDSC abundance is associated
with poorer cancer prognosis. MDSCs suppress the host’s
anti-tumour immune system, so they are important in pro-
gression, proliferation, and immune evasion by cancer cells

[19,20]. Human monocyte-MDSCs express CD14 and have
low to negative MHC-II and CD15. Human granulocyte-
MDSCs lack CD14 but are positive for the granulocyte ac-
tivation markers CD15 and CD66b [21,22].

MDSCs act via diverse mechanisms. Enriched with
nitric oxide synthase (NOS), MDSCs can produce NO that
inhibits antigen presentation to DC and induces apoptosis
[23]. Moreover, MDSCs can prevent T-cell activation [21].
Additionally, MDSCs can recruit regulatory T-cells (Treg)
to the TME to increase immunosuppression, via the secre-
tion of IL-10 and transforming growth factor 8 (TGF-/5)
[21,22].

2.2 Blood Vessels

Understanding tumour perfusion is crucial for design-
ing and delivering cancer therapies. Blood vessels supply
nutrients and oxygen and remove waste products. Tumour
growth requires angiogenesis to satisfy huge demands for
oxygen and nutrients. In the 1970s, Folkman hypothesized
that solid tumours require angiogenesis for their growth and
metastasis, so blocking angiogenesis in tumours can be an
effective therapy [24]. Indeed, anti-angiogenic therapy is
an effective cotherapy in HCC [25-28]. However, it is not
a panacea because the tumour vasculature is heterogeneous.
Compared to the normal vasculature, blood vessels in TME
are unorganized, leaky, and hyperpermeable, so improv-
ing perfusion can improve treatment outcomes [28]. Thus,
normalizing tumour vasculature is a potential therapeutic
paradigm [26,28].

Tumour endothelial cells (TECs) have abnormal mor-
phology and molecular and signalling profiles and inter-
act with other TME components, including angiogenic cy-
tokines, CAFs, and immune cells [28—30]. Tumour vascu-
lature can act against leucocyte extravasation, antigen pre-
sentation, DC maturation, and T cell activation [31-33].
Dysregulated tumour angiogenesis can lead to hypoxia and
acidosis in the TME [34]. Hypoxia can induce angiogenic
factors that can suppress cell adhesion molecule expression
on TECs, which can suppress immune cell migration into
a tumour [35]. Moreover, TECs have lower MHC expres-
sion [36]. In these ways, tumour angiogenesis engenders an
immunosuppressive environment that favours cancer devel-
opment.

2.3 Extraceullar Matrix

ECM is primarily made by activated fibroblasts that
also make ECM-regulating enzymes, including families of
lysyl oxidase (LOX), matrix metalloproteinase (MMP), dis-
integrin and metalloproteinase with thrombospondin motifs
(ADAMTS), and ADAM enzymes. ECM is primarily com-
posed of collagens, proteoglycans, elastin, fibronectin, and
laminins [37]. The ECM has vital roles in cell interaction
and communication via reacting to or releasing growth fac-
tors. The ECM is dynamic as it is continuously remodelled
during normal and pathological conditions [38,39], but the
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rigidity of crosslinked collagens provides 3-dimensional
physical support for cells and tissues.

3. Cancer-Associated Fibroblast

3.1 The Definition and Origin of Cancer-Associated
Fibroblasts

Fibroblasts were first defined in the 19th century as
non-vascular, non-epithelial, non-inflammatory cells found
in connective tissues and all organs [40]. Normal fibrob-
last functions are crucial as they secrete many molecules,
like type I, I11, and IV collagens, proteoglycans, fibronectin,
laminins, glycosaminoglycans, MMPs, MMP inhibitors,
and prostaglandins, to maintain ECM homeostasis [40]. In
adult organs, fibroblasts are relatively quiescent but can
be activated by molecules including transforming growth
factor 81 (TGF-31), interleukin 13 (IL-13), interleukin 6
(IL-6), and platelet-derived growth factor (PDGF) [41]. As
these molecules are abundant in tumours, CAFs abound in
tumor stroma and are a rational target for cancer therapeu-
tics.

CAFs arise from normal fibroblasts, mesenchymal
stromal cells, adipocytes, pericytes, hepatic stellate cells,
epithelial cells, and endothelial cells (Fig. 1, Ref. [42]).
Epithelial to mesenchymal transition (EMT) is a dominant
mechanism [43]. Endothelial to mesenchymal transition
(EndMT) can be induced by TGF-3, PDGF, or Wnt-5b in
cancer [44]. Pericyte to fibroblast transition [45], and dif-
ferentiation of resident mesenchymal stem cells [46], stel-
late cells [47], and adipocytes, are other important sources
for CAFs [48,49]. CAF activation is driven by molecular
signals such as miRNAs, exosomes, cytokines, and factors,
including TGF-g3, IL-13, IL-6, CXCL12, and PDGF. A
comparison of resting fibroblasts with CAFs isolated from
breast cancer patients with metastasis implicated FOS and
JUN family members in intracellular signaling driving CAF
expansion [50].

Cadherin switching, with less E-cadherin and more
N-cadherin, is a hallmark of EMT [51]. The abnormal
expression of cadherin affects cell-cell attachment, which
is central to cancer cell invasiveness. The normal fibrob-
last is crucial for connective tissue, which is indispensable
for cell progression and organ growth and structural in-
tegrity (Table 1, Ref. [46,52-60]). However, fibroblasts
can be activated by certain stimuli, such as HtrA serine
peptidase 1 [61], TANK-binding kinase 1, TGF, galectin-
1 via TGF [60], pappadin [62], and WD repeat domain 5
[63,64]. WD repeat domain 5 is an important soluble fac-
tor, up-regulated by CXCL-8, that can induce EMT in cer-
vical squamous cell carcinoma [65]. Pancreatic ductal ade-
nocarcinoma (PDAC) generally involves extensive fibrotic
stroma and ECM deposition by CAFs [66].

In HCC, Egf7 can trigger liver fibroblast activation.
Egf7 could recruit liver fibroblasts, then induce the a3
integrin signaling pathway, which further promotes HCC
progression [67]. BMI-1 is a transcriptional repressor [68]
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that promotes EMT of HCC and colorectal cancer (CRC)
cells, as well as hepatic stellate cell (HSC) activation [69,
70]. In the liver, CAFs mainly originate from HSCs; HSCs
can transdifferentiate to myofibroblasts and to CAFs. The
secreted protein, aortic carboxypeptidase-like protein, is a
Wnt ligand that can trigger CAF activation from fibroblasts
and up-regulate liver fibrosis [66].

Extracellular vesicles (EVs) are small, membrane-
derived vesicles or exosomes. EVs are biologically active
and can mediate cancer-stroma communication [71,72].
Some specific molecules of EVs, such as microRNA (miR)
and protein transported via EVs to fibroblasts, may acti-
vate the latter [73] (Table 2, Ref. [74-80]). MicroRNA is a
subgroup of non-coding RNA that can modulate many cell
functions and cancer-derived EV-mediated stimulation is an
established mechanism for fibroblast activation in tumours
[81-84]. Therefore, microRNAs are important in transdif-
ferentiation to CAF [85].

A great deal more could be understood on the mech-
anisms of transformation and differentiation from normal
cell types to CAF, which may vary with cancer genotype
[48].

3.2 CAFs in TME
3.2.1 CAF Roles in the TME

Functionally, CAFs contribute to the TME through (1)
secretion of ECM proteins, increasing tissue stiffness and
a barrier; (2) modulating immune responses by inhibiting
CDS8™ T cell activity, promoting IL-6-mediated inflamma-
tion, reducing immune infiltration, and enhancing immune
suppression; and (3) supporting a pro-tumorigenic environ-
ment and metastasis by stimulating angiogenesis, cancer
cell migration, and proliferation.

In the liver, CAFs support the development of intra-
hepatic cholangiocarcinoma (ICC), in which CAFs and par-
ticularly FAP™ CAFs are abundant [86-91]. In a mouse
model, iCAF can trigger tumour-expressed MET via HGF
to promote ICC growth, and myCAFs also promote ICC
[86].

Metabolic interactions between cancer cells and CAFs
in TME are an important influence on tumour progression.
For example, Capan-1 PDAC cells co-cultured with CAFs
produce glutamic acid and lactic acid, while citric acid
and isocitric acid are released from iCAFs [92]. Cellular
metabolism can be targeted by novel cancer therapies. Non-
toxic short interfering (si)MFAP-5/desloratatine (DES),
which is in biocompatible polypept(o)ide-based polyion
complex micelles constructed with a triblock copolymer
composed of a cationic poly(l-lysine) complexed with anti-
MFAP-5 siRNA (siMFAP-5) via electrostatic interaction,
and a poly(y-benzyl-1-glutamate) block loading the cationic
amphiphilic drug DES via 7—r interaction as an endosomal
escape enhancer has been constructed. That construct, with
polysarcosine poly(N-methylglycine) added, has been gen-
erated for siRNA delivery [93]. These multicomponent mi-
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Fig. 1. Origin, heterogeneity, and roles of cancer-associated fibroblasts (CAFs) in the tumour microenvironment (TME). CAFs

arise from multiple cellular sources, including normal fibroblasts, mesenchymal stromal cells, adipocytes, pericytes, hepatic stellate

cells, epithelial cells via epithelial-to-mesenchymal transition (EMT), and endothelial cells via endothelial-to-mesenchymal transition

(EndMT). Various molecular signals, including miRNAs, exosomes, and cytokines, drive these processes. CAF subtypes include my-

ofibroblastic, antigen-presenting, and inflammatory. CAFs exhibit diverse functions. ECM, extracellular matrix. Created in BioRender.
Boumelhem, B. (2025) https://BioRender.com/1xhq7rj and modified from [42].

celles can perform well in a mouse model of HCC, with low
cytotoxicity.

MicroRNAs can drive EMT and can influence cancer
progression and metastasis [84,94-96]. Exosome miRNA-
139 inhibits MMP-11 expression to influence tumour in-
vasion in gastric cancer [97]. In contrast, the absence
of miR-200 in lung cancer can promote cancer metastasis
[98]. Exosomes, proteases, growth factors, and cytokines
of CAFs interact with cancer cells. Fibroblast growth factor
2 (FGF-2) secreted by CAFs is upregulated by serine pro-
tease 23 (PRSS-23). Consistently, both FGF-2 and PRSS-
23 are closely involved in EMT and expressed by CAFs
and mesenchymal cells [99]. Amphiregulin is an epidermal
growth factor (EGF) often overexpressed in human can-
cer [100]. Amphiregulin secretion can be stimulated by
lysophosphatidic acid (LPA) and, through an LPAR1 and
LPAR3/Gi/Rho signaling cascade, contributes to cancer cell
aggressiveness [101].

CAFs can produce chemokines and cytokines that reg-
ulate immune cells and cancer cell migration. IL1R1T

CAFs in breast cancer influence CD4" and CD8T T
cells as well as Treg cells, as shown by LIANA (ligand—
receptor analysis), a comprehensive computational frame-
work designed to infer cell-cell communication by analyz-
ing single-cell RNA sequencing (scRNA-seq) data [102].
CCL2, CXCL12, and IL6 upregulation in ILIR1*" iCAFs
can exert macrophage/monocyte chemotaxis to suppress
immune responses [102]. Also, M2 macrophages in TME
can stimulate the expression of PD-L1 by cancer cells [103,
104]. Moreover, increased TAM and CAF densities in neu-
roblastoma or CRC, with macrophages localized adjacent
to CAFs, associate with cancer progression [3,72,105,106].
When co-cultured with cancer cells, human monocytes and
mesenchymal stromal cells can activate into TAM and CAF,
respectively, then produce the pro-tumorigenic cytokines
TGF-51, MCP-1, IL-6, and IL-8 [106].

CAFs and “educated” fibroblasts can promote can-
cer cell growth and immunosuppression in the TME [107].
CAFs can “educate” normal fibroblasts to further pro-
mote cancer cell growth. Specifically, in diffuse-type gas-
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Table 1. CAF origins and stimuli.

Cell Type Trigger Linked Pathway Cancer Cell Type Reference
Galectin-1 TGF-pB Gastric cancer cell lines [60]

Normal fibroblast Long non-coding RNA (LncRNA) Not known Mouse melanoma cell line BI6F0 [52]
Hepatocyte growth factor (HGF) Induction of HGF secretion Gastric cancer cell line MKN45 [53]

Bone marrow mesenchy- Tumour-derived secreted GRP78 TGF-g/Smad signaling Human colon cancer cell lines [54]

mal stem cell (glucose-regulated protein 78)

Type 2 diabetes mellitus TGF-B/Smad2/3 signaling Triple negative breast cancer (TNBC)  [55]
Mesenchymal stem cell X . X

CXCR4 CXCR4/TGF-p1 signaling Human CRC cell lines [46]
Adipocyte Wnt3a Whnt/3-catenin Murine 4T1 breast cancer cell line [56]
Pericytes BMP2 PI3K/AKT and MEK/ERK Gastric cancer cell line [57]
Epithelial EMT TGF-8 [58]
Endothelial EndoMT TGF-8, PDGF [59]

Table footnote: BMP2, bone marrow protein 2; HGF, hepatocyte growth factor; TGF-3, transforming growth factor S.

Table 2. MicroRNA related to transformation of fibroblast to CAF.

Cancer Type Related miRNA Pathway or Related Factors References
Lung cancer miR-1247-3p B1-integrin/NF-kB signaling [74]

miRNA-146a TXNIP [76]
Breast cancer . . .

miRNA-221 A20/c-Rel/CTGF signaling [77]
Liver cancer miRNA-21 PDK1/AKT signaling [75]

miRNA-200 EMT [78]
Colorectal cancer . . .

miR-92a-3p miR-92a-3p/KLF4/CH25H axis [79]
Lung cancer miRNA-196a AnnexinAl and CCL2 [80]

Table footnote: CTGF/CCN?2, connective tissue growth factor; KLF, Kruppel-like fac-
tor; PDK1, pyruvate dehydrogenase kinase 1; TPS3INP1, tumour protein p53 induced

nuclear protein 1; TXNIP, thioredoxin interacting protein.

tric cancers, CAF-educated fibroblasts can trigger NF-xB-
mediated expression of inflammatory cytokines and the
ECM protein asporin. Asporin can further stimulate expres-
sion of CAF-derived molecules, including indoleamine 2,3-
dioxygenase 1, kynureninase, and pregnancy-associated
plasma protein-A. CAFs activated by asporin can suppress
CD8™ T cells and IGF-1 activation in cancer cells. NF-xB
is triggered by IL-1/3 from innate immune cells and 1L-6
production in CAFs can contribute to CAF differentiation
from fibroblasts via the JAK-STAT pathway [108]. In addi-
tion, CAFs can independently drive malignant function in
cancer by dysregulating autophagy. Fibroblasts and CAFs
isolated from cancerous and adjacent non-cancer tissues of
the prostate show downregulation in CAFs of autophagy-
related 5 (ATGS), which is essential for autophagy. Low
ATGS facilitates xenograft tumour growth and lung metas-
tasis, so this is a potential mechanism for CAFs to support
tumours and further suggests CAFs as a therapeutic target
in prostate cancer [109].

3.2.2 CAF Subtypes and Cellular Neighbourhoods in Solid
Tumour Cancers

Mesenchymal cell biomarkers are used in identifying
CAFs, in particular FAP, a-smooth muscle actin («SMA),
fibroblast-specific protein 1 (FSP1; S100A4), PDGFRa//3,
desmin, discoidin domain-containing receptor 2 (DDR2),
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and vimentin [110]. CAFs are heterogeneous and have
been classified into subtypes, including myofibroblastic
CAFs (myCAFs), antigen-presenting CAFs (apCAFs), in-
flammatory CAFs (iCAFs), and other CAF subtypes in
human PDAC by scRNA-SEQ [111]. Similarly, single-
cell transcriptomics on CAFs combined with gene ontology
has identified four subtypes of CAFs in human lung ade-
nocarcinomas, namely immunosuppressive, neoantigen-
presenting, myofibroblastic, and proliferative [112]. Nev-
ertheless, a universal CAF biomarker system that is applica-
ble to multiple or single cancer types remains elusive [110].
New techniques are illuminating this field.

The complexity of CAFs has only recently been
probed using advanced technologies to classify their dif-
ferent phenotypes and functions in situ within human
tumours.  Recently, pan-cancer classifications of hu-
man CAFs have defined numerous phenotypes, including
matrix-, inflammatory-, vascular-, tumour-like-, antigen-
presenting-, interferon response-, reticular-like-, and divid-
ing CAFs, with good concordance across multiple cancers
[113]. Integrative analyses of multiple in situ proteomic and
spatial transcriptomic platforms propose four CAF subtypes
conserved across eight cancer types [114]. These CAF sub-
types are based on phenotypic markers: CAF1 has TGFB,
ACTA2, CXCL8; CAF2 has FAP, PDPN, MMP2; CAF3
has PDGFR3, CCL8, CCL14; and CAF4 has CD74, MHC-
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II, CXCL12, CCL19 [114]. Each CAF subtype has been
associated with distinct cellular organizational patterns of
location within tumours, identified as tumour adjacent, stro-
mal niche, myeloid niche, and within lymphoid aggregate,
with FAP™ CAFs the most abundant. FAP™ CAFs are
located within the stroma and have multiple immune cell
types nearby [114]. Moreover, FAPT CAFs have similari-
ties to hypoxic tumour-like CAFs that have a potential role
in ECM production [113,114].

Despite these insights, cancers such as glioblastoma,
PDAC, and HCC have unique microenvironments and only
partially align with these classifications of CAFs [113]
or immune cells [115]. Indeed, a unique CAF subset in
PDAC is CD144" CAF (endo-CAF) that negatively cor-
relates with recurrence-free survival and overall survival in
PDAC [116]. In addition, it is likely that fibroblast pheno-
types change or fluctuate over time due to fibroblast plas-
ticity. To date, pan-cancer CAF classification is useful but
limited by TME variability, and so lacks histopathological
or molecular clarity.

The HCC microenvironment is characterized by struc-
turally and functionally abnormal immune cells, tumour
vasculature and stroma, including CAFs [117]. Techno-
logical advances in simultaneously localizing multiple cell
phenotypes have enabled the description of unique cellular
neighbourhoods in liver cancer, such as organization into
perivascular immune neighbourhoods [118], to better un-
derstand disease progression.

By combining data from spatial proteomics, spa-
tial transcriptomics, and multiplex imaging, HCC-specific
FAP' CAFs and CAF-C7 (complement-7) CAF subsets
have been identified [119]. These HCC CAF subsets are
mainly located in intratumoral and marginal zones, respec-
tively, with roles in inflammation and tumour progression
and in wound healing, respectively. Thus, these HCC-
specific CAF subsets might have some opposing functions.
FAPT CAFs’ inflammatory hubs involving PD1+ CD8 T
cells with reduced cytotoxic capabilities imply a contribu-
tion to immune suppression. Dense ECM fibres in FAP™
CAFs stroma may also physically restrict anti-tumour im-
mune capabilities [119]. Such studies demonstrate that
high-plex multi-modal technologies are advancing our un-
derstanding of CAF diversity and roles in cancer develop-
ment and progression. Further such analyses are essential
to move forward the understanding of TME for better tar-
geting and discovery of TME-directed therapies.

3.2.3 Stromal Architectures in HCC

Malignant cells can have very abnormal morphology,
or can appear nearly identical to a normally functioning cell
nearby, and so are categorized histopathologically as well
as poorly differentiated. In HCC, hepatocytes lose polar-
ity, particularly near portal tracts and fibrotic septa, and can
exhibit ballooning that associates with altered gene expres-
sion. Chronic inflammation consequent upon hepatocyte

damage can lead to fibrosis, but all these processes are re-
versible. Fibroblast location is an important component of
the TME, and their presence and intercellular signaling can
modify the TME.

CAFs have been extensively studied in mice and there
is promising data from human tumours of types other than
liver, despite fibroblast heterogeneity. Currently, treatment
of the underlying liver disease seems the most effective an-
tifibrotic, and subsequently anti-cancer strategy [120,121].
However, the known critical interactions of CAF in the
TME make them a prospective target for developing thera-
pies for HCC.

Dense fibroblastic banding or encapsulation com-
monly surrounds tumours in murine models, but encapsu-
lation is not typical in immunocompetent primary human
tumours [120,122]. Some subtypes of HCC differ, which
needs more immunophenotype mapping in primary human
tissue to elucidate. Overall, patterns of fibroblast localiza-
tion vary markedly (Fig. 2), and include fibroblastic cores
in tumours, fibroblasts in semi-lunar configurations semi-
circumferentially in the tumour, and near circumferential
fibrous “walls” [123]. Fibroblasts and fibrosis are usually
denser around the edge of HCC tumours as a broad cate-
gory. It is uncommon in HCC for fibroblasts to be infil-
trative, or nesting in the tumour space. The architecture
and location of TME and cancer cells in the tissue are also
not necessarily static, responding to cellular signaling and
changing location and function accordingly. Spindled cells
can be stained to determine lineage, as not all spindle cells
are fibroblasts. Thus, architectural aspects of the TME re-
quire consideration in CAF targeted therapies, especially
whether such therapy might enhance embolization.

CAFs across different tumour types, typed by molecu-
lar marker or organ system, display remarkable heterogene-
ity and plasticity [48,123]. Animal models are not able to
fully mirror the human immune system, cancer microenvi-
ronment, and potential for off-target effects, and this fun-
damentally limits their utility for the development of useful
molecules for human treatment [48,123,124].

Staining fibroblasts would visualize the cellular com-
ponents of the TME to better understand TME structure,
cellular interactions, and whether an ECM barrier forms.
Reticulin stain is used regularly in anatomical pathology to
visualize the non-cellular network in HCC for diagnostic
purposes; however, CAF research would benefit from more
frequent visualization of the cellular TME, which is not rou-
tine in diagnostic pathology, but would be useful for trans-
lating CAF-targeted therapies. Some understanding of CAF
interactions with malignant cells, the immune system, and
benign tissues has been elucidated in human organ systems
[40,125]. However, in humans, the fibroblast subtypes and
CAF-associated cellular patterns in primary HCC are not
well understood [118]. Moreover, the types of fibroblasts
present in histopathological subtypes of HCC, location in
relation to the tumour cells, and changes during tumour de-
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Fig. 2. Stromal architectures in hepatocellular carcinoma (HCC) vary regarding fibroblast location and density. In HCC tumours,

stromal fibroblasts are generally in lower abundance than in the surrounding liver but location and abundance vary. Created in BioRender.

Boumelhem, B. (2025) https://BioRender.com/mrbznhb.

velopment and the influences of changes in leukocyte sub-
sets are needed in large numbers of tumours for improved
CAF targeting in cancer therapies.

3.3 CAFs as a Target for Cancer Therapy
3.3.1 Chemo-Screening

A variety of compounds have been found to influence
CAFs by non-immunological mechanisms (Table 3, Ref.
[126-128]).

3.3.2 Immunotherapy

Immunotherapies based on CAF targeting are expand-
ing, based on a rationale that CAFs can secrete barrier col-
lagens and suppress T cell infiltration into TME while be-
ing far less genetically and phenotypically variable than tu-
mour cells [129]. Such approaches target biomarkers of
CAFs. Pharmacological inhibition of NADPH oxidase 4
(NOX4) with Setanaxib promotes intra-tumoral CD8" T
cell infiltration [130]. Inhibition of TGF-£, which stim-
ulates FAP expression and CAF activation and prolifera-
tion, can retard cancer progression [131]. Combining DNA
vaccination with chimeric antigen receptor (CAR) T cells
that deplete CAFs can promote T-cell infiltration into TME.
Such CAR-T cells most commonly incorporate FAP target-
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ing. Anti-FAP CAR-T involves an anti-FAP targeting moi-
ety (scFv), a spacer, a transmembrane domain (TM), and
signaling domains (CD28/41BB and CD3(). This construct
is transduced into T cells such that those cells can bind to
FAP expressed on CAFs [132]. Such CAR-T approaches
are attracting ongoing study [133,134].

FAP-targeted DNA vaccination can weaken
chemotherapy resistance [135], perhaps implying that
any method of depleting CAFs might weaken chemother-
apy resistance. To leverage immunotherapy, combining
FAP-targeted cancer vaccines, such as CpVR-FAP or
MVA-FAP, with cyclophosphamide can inhibit tumor
growth [135].

A decade ago, a potential safety concern involved pos-
sible FAP expression in skeletal muscles and bone marrow
[136], but recent safety evaluations of FAP-targeted thera-
pies have set aside this concern [137-145].

As FAP occurs in soluble form in plasma, some meth-
ods of FAP targeting of CAFs might be misdirected by
soluble circulating FAP (see section 4.3). This possibility
should be and generally has been considered for each ap-
proach, while allowing for the 20-fold greater concentration
of circulating FAP in mice than in humans [141,146].
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Table 3. Some chemotherapies that target CAFs.

Drug Name Chemical Structure Pathway or Biomarker Reference
Chelerythrine chloride WNT10B/S3-catenin, TGF32/Smad2/3 axis [126]
Mirogabalin Decreased CAF and cancer-associated pain [127]
Triptonide microRNA-301a suppression, and microRNA-149 upregulation in CAFs [128]

3.3.3 Other Approaches to Targeting CAFs

Increasingly, combination therapies of different
modes of action (MOAs), such as chemotherapy and
immune checkpoint or other immunotherapy, show
promising, potentially synergistic, efficacy increases
[147]. Combining nanobody—paclitaxel (Nab-PTX) with
soluble TRAIL/Apo2L. (tumor necrosis factor-related
apoptosis-inducing ligand; TNFSF10) has shown im-
proved efficacy and less resistance, compared to a single
agent in a PDAC model [147]. Both mesenchymal stromal
cells and cancer cells die in this treatment regimen [147].
Also, a multi-target nanoparticle delivery system using
docetaxel-containing gold nanoparticles (GNPs) has shown
promise for targeting both CAFs and cancer cells in vitro
[148].

GNPs can act in nanomedicine as a drug carrier for
chemotherapy and a radiosensitizer in radiotherapy [149—
151]. A novel multi-target delivery system using docetaxel
and GNPs is promising in targeting both CAFs and can-
cer cells [148]. Docetaxel can block the cell cycle at G2/M
phase by stabilizing microtubules to prevent spindle assem-
bly during mitosis, which traps GNPs within the cancer cell.
The quantity of intracellular GNPs is proportional to the ef-
fectiveness of chemical drug treatment and radiotherapy in
both CAFs and cancer cells. This technology is being fur-
ther developed to improve radiotherapy and potentially re-
duce adverse effects [148,152,153].

4. Fibroblast Activation Protein (FAP)

4.1 FAP Biochemistry and Its Role in Tumour
Microenvironment

FAP was first discovered as a cell surface antigen that
can be highly expressed in CAFs in many types of human
epithelial tumours compared to its barely detectable level in
non-diseased human tissues [146,154—156]. FAP is a type

II transmembrane serine protease and belongs to the prolyl
oligopeptidase or S9 protease family, which also includes
dipeptidyl peptidase (DPP) 4, DPP8, and DPP9 [157]. FAP
is a unique protease as it contains both endopeptidase ac-
tivity and dipeptidyl peptidase activity for hydrolyzing the
post-proline bond [157-159].

4.2 FAP Biological Functions and Substrates

FAP can promote pathological disease progression via
its unique characteristics. Therefore, fully understanding
interactions between its natural protein substrates and FAP
is critically important for understanding the many types of
diseases that involve activated fibroblasts.

The well-known substrates of FAP are FGF-21 [160-
162], collagens [158,162—-165], and a2-antiplasmin [165,
166]. Alpha2-antiplasmin is cleaved by circulating FAP in
human plasma [166,167]. Both a2-antiplasmin and type |
collagen (CN-1) are slowly hydrolyzing endopeptidase sub-
strates of FAP. Proteomics analyses have identified numer-
ous potential substrates [162,168], of which latent TGF-
B binding proteins (LTBPs) are confirmed [156,162,168,
169].

FGF-21 is a key regulator of cell metabolism and has
an important role in metabolic disorders. The cleavage site
of FAP is at Pro-171, close to the C-terminus and in a site
necessary for cognate receptor activation. Therefore, FGF-
21 is an important substrate for FAP. FGF-21 is cleaved by
FAP in primate plasma [160]. This cleavage of FGF-21 can
limit the half-life of pharmacological doses of human FGF-
21 [161], but all the forms of FGF-21 that are under devel-
opment for metabolic dysfunction therapy are modified to
prevent hydrolysis by FAP. There is a knowledge gap in un-
derstanding the concentrations of active FGF-21 in illnesses
compared with healthy individuals [170].
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FAP can also cleave some DPP4 substrates, includ-
ing substance P, peptide Y'Y, and neuropeptide Y. Neu-
ropeptide Y was the first identified physiological substrate
of FAP [171]. Examining many substrates indicates that
FAP prefers a small hydrophobic amino acid to an acidic
residue at the P1’, P3, and P4 sites. It has specificity for
particular residues at P2, preferentially cutting after Gly-
Pro [162,168].

4.3 Circulating Fibroblast Activation Protein (cFAP)

FAP is often strongly expressed on the cell surface of
activated fibroblasts (membrane FAP; memFAP). A solu-
ble form of FAP in the circulation (cFAP) [146] is an active
derivative of memFAP but its mechanism of release from
the cell surface, perhaps by a sheddase protease, is not un-
derstood. Mouse serum contains 10- to 20-fold more cFAP
than human serum [146] and mouse cFAP is greatest be-
fore weaning, but does not associate with disease in adult
mice, which indicates that mouse and human FAP protein
abundances are regulated differently.

In humans, the quantity of the enzyme-active form
of cFAP is proportional to total cFAP protein [172]. In
humans, the many studies showing significant associa-
tions between cFAP and disease severity include fibrosis
in metabolic dysfunction-associated steatosis [172,173], in-
flammatory bowel disease [174,175], cancer [176], and cer-
tain coronary disease events [177—179], but not obesity
[172].

In inflammatory bowel disease, elevated cFAP is pos-
itively associated with endoscopically assessed mucosal re-
modeling and FAP overexpression by myofibroblasts [174]
in diseased tissue. As in liver [180,181], FAP expres-
sion probably reflects the intensity of tissue remodeling be-
cause it hydrolyzes a number of collagens and other ECM-
associated proteins. However, the physiology of cFAP and
memFAP in inflammatory bowel disease needs to be under-
stood.

FAP is usually overexpressed by activated CAFs in tu-
mour stroma and contributes to stroma formation and re-
modeling in epithelial carcinomas [154,156,182]. As in
liver [180,183], it is likely that FAP™ cells are associated
with crosslinked collagen in tumours. However, the po-
tential for cFAP as a serum biomarker more broadly than
for liver fibrosis is unclear [172,177,178]. Possibly, a large
well-perfused organ that makes most serum proteins is more
likely than a tumour to contribute to cFAP from liver myofi-
broblasts. The few studies on this question have provided
mixed outcomes [175,184], including less cFAP in cancer
patients [176,185]. Serum cFAP levels in cancer patients
with solid tumours are likely influenced by several diverse
parameters, including vascular integrity, quality of blood
perfusion, tumour location and size, and possible interfer-
ence with mechanisms of shedding FAP from CAFs. Al-
though total intratumoral FAP content generally correlates
with tumor size (see section 4.6.3, below), there is no con-
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sistent association between cFAP levels and high FAPi PET
signal intensity. Consequently, cFAP lacks utility for can-
cer detection/screening. However, we speculate that longi-
tudinal studies of changes in cFAP following cancer therapy
might be informative (Fig. 3, Ref. [172,181]).

Greater understanding is needed regarding the rela-
tionship between circulating and cellular FAP, the mech-
anism of converting memFAP to cFAP, and the cellular ori-
gins of cFAP. Stromal fibroblasts in epithelial carcinoma,
fibroblasts in fibrotic tissue during wound healing, such as
cardiac fibrosis, cirrhosis, and arthritis, and embryogenic
mesenchymal fibroblasts are identified origins of FAP ex-
pression [154,186,187], but the originating cell type of in-
creased cFAP in diabetes is unclear [188].

Naturally, in a clinical setting, cFAP quantitation as a
biomarker would be interpreted in context, especially for a
patient with multiple conditions that might influence cFAP
levels. Perhaps cFAP will be most useful at the time of on-
set of extensive fibroblast activation and at times of exten-
sive removal of activated fibroblasts. The latter situation
occurs following liver transplantation, and is also likely to
occur following a CAF-targeted therapy. We have shown
that cFAP falls following liver transplantation [172], so
cFAP quantitation following any therapy that is designed
to kill FAP* cells in humans should be undertaken. How-
ever, cFAP may fall following tumour removal but perhaps
not following radiation therapy [185]. Extensive death of
FAP cells might not occur abruptly but rather be gradual
over time, and sometimes radiation therapy results in fibro-
sis. When assessing the response to FAP-targeted cancer
therapy, early and later blood test timing might detect dy-
namic fluctuations in cFAP levels (Fig. 3). Nevertheless,
quantifying cFAP as a biomarker has exhibited some clin-
ical potential in cancer and in hepatic and cardiac fibrosis
[172,173,176,177,185,189].

Several methods of measuring cFAP have been devel-
oped; primarily, enzyme assay and ELISA [172,173,176],
which are very well correlated with each other [172]. Un-
like MMPs, FAP does not have a zymogen form and so is
constitutively active. ELISA can be influenced by proteases
that degrade the antibody epitope recognized by an ELISA.
FAP enzyme assay can be influenced by protein degrada-
tion and by natural inhibitors of FAP. Osteolectin, which is
expressed in bone and is a serum biomarker for active bone
remodeling, is a natural inhibitor of the enzyme activity of
FAP [190,191]. Thus, perhaps serum osteolectin is a poten-
tial modulator of cFAP activity. There is some, but limited,
evidence that both intact and catalytically inert FAP protein
have tumour-promoting activity, probably through protein—
protein interactions [186,192].

4.4 FAP Role in Cancer

FAP exhibits a variety of roles in tumours [156,193,
194]. These roles include a functional role in cancer cell
migration and metastasis [182,192,195-199], which may
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Fig. 3. Circulating fibroblast activation protein (cFAP). Intrahepatic FAP occurs in activated myofibroblasts and CAFs. Part 1:

Circulating FAP (cFAP) correlates with fibrosis severity in fatty liver disease [181], and drops soon after removal of a liver that has

severe fibrosis [172]. Part 2: We speculate that although cFAP is not a reliable indicator of cancer, it might vary with increases and

decreases in intratumoral FAP™ CAF numbers.

occur when FAP is made by a cancer cell. Recombinant
overexpression of FAP in the human breast cancer cell line
MCF-7 can increase FAK phosphorylation, thereby enhanc-
ing cell growth, migration, and cell invasion [199]. This ef-
fect may be reversible by FAK inhibition. In addition, FAP
has proteolytic actions upon ECM proteins [200—202] that
may disrupt ECM structure to facilitate tumor cell migra-
tion and invasion [156]. FAP may also disrupt ECM for-
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mation by degrading LTBP, ECM1, and thrombospondins
and disrupt ECM structure by degrading denatured colla-
gens [162,169]. In addition, FAP can promote the growth
and invasion of cancer cells by regulating the activation
of kinases ERK and AKT [200,203]. ECM degradation
is a complex process that typically involves proteases, in-
cluding MMPs, MMP inhibitors (TIMPs), tyrosine kinases,
and various hydrolases [204]. Thus, FAP-mediated ECM
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degradation could influence tumour progression by modu-
lating cell migration, angiogenesis, immune response, and
inflammation.

TGF-p1 binding to LTBP can form large molecular
TGF-f complexes, which are stored in the ECM in an inac-
tive state [205]. FAP mediated degradation of collagens,
ECMI1, and LTBP may promote the dissociation and re-
lease from the ECM of TGF-S1-LTBP complexes. Acti-
vated TGF-31 phosphorylates cell surface TGF-3 receptor
II. Phosphorylated TGF-g receptor II then binds and acti-
vates TGF-§ receptor 1. Activated TGF-/3 receptor I can
phosphorylate intracellular SMAD2 and SMAD?3 proteins,
prompting them to form SMAD protein complexes that
translocate to the cell nucleus. SMAD regulates transcrip-
tion of genes related to cell proliferation, differentiation,
migration, and apoptosis [206]. Therefore, FAP may en-
hance Treg recruitment by releasing TGF-/3 that promotes
Tregs to produce more IL-10 and TGF-3, thereby inhibiting
anti-tumour immune responses. The detailed mechanism
of FAP’s interaction with the TGF-{ signaling pathway re-
quires further investigation.

FAP promotes angiogenesis via cellular and molec-
ular cooperation [207-209]. Vascular endothelial growth
factor-A (VEGF-A) can enhance endothelial tubule forma-
tion [210]. FAP can influence VEGF-A expression in os-
teosarcoma, renal carcinoma (RCC), and CRC cells via
PI3K/AKT and ERK signaling pathways [203,207,209].
So, FAPT mesenchymal cells or pericytes adjacent to
blood vessels might drive vascularization. Angiogenesis-
promoting molecules, such as Ang-2, endothelin-1, and
insulin growth factor binding protein-2, are produced by
FAPT mesenchymal cells [208]. Moreover, in lung can-
cer and breast cancer models, FAP has been implicated in
tumour angiogenesis [211-213].

Stromal FAP promotes cancer progression via EMT
through the Wnt/3-catenin pathway in gastric cancer [214],
and promotes the growth and migration of lung cancer cells
[215]. FAP transfected SK-MES-1 lung cancer cells exhibit
increased adhesive and migratory properties that are me-
diated by phosphatidylinositol-3-kinase (PI3K) and sonic
hedgehog [215]. However, data from FAP transfected can-
cer cells need cautious interpretation because epithelial and
mesenchymal cells have shown differing outcomes to FAP
transfection [192].

FAP™ cells are discussed here because their functions
can overlap with outcomes of FAP overexpression in vitro.
However, FAP enzyme inhibition should not be conflated
with the removal of FAPT CAFs cells, because FAPT cells
exert both FAP-dependent and FAP-independent effects.

FAP™ fibroblasts dysregulate immune responses, with
involvement in migration and differentiation of TAMs,
CD4TCD25% Treg cells, and MDSCs [136,216,217].
FAP™T cells make multiple chemokines, most prominently
CCL2. CCL2 is not a FAP substrate [162]. Instead, FAP
induces STAT3 activation and CCL2 upregulation in CAFs
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[218]. This STAT3 signaling pathway is activated, causing
CCL2 release, thus recruiting MDSCs through a CCL2 gra-
dient [219]. MDSCs in the TME are immunosuppressive,
mainly via TGF-£ and IL-10, thereby protecting tumour
cells from immune attack and promoting tumour growth
[217]. Moreover, CCL2 causes C—C motif chemokine re-
ceptor 2 (CCR2)* TAM recruitment and facilitates TAM
polarization into the M2 phenotype. This process promotes
TNBC pulmonary metastasis of human TNBC cell lines
[87]. Thus, FAPT fibroblasts can promote the differenti-
ation of MDSC, Treg cells, and M2 macrophages/TAMs,
and promote tumour cell proliferation.

FAPT CAFs secrete abundant fibronectin 1 (FN1) that
engages integrin o531 on macrophages and activates FAK—
AKT-STAT3 signaling, which drives macrophage polar-
ization toward an immunosuppressive M2-like phenotype
[220]. FAP* CAFs are enriched at the tumour periphery
and can co-localize with CD8% T cells, CD4TFOXP3+
Tregs, and CD68" macrophages. This phenomenon asso-
ciates with larger tumours, metastasis, and poorer survival,
identifying FAP as a stromal marker of an immunosuppres-
sive, aggressive clear cell RCC phenotype [193].

CXCL12 primarily regulates cell migration via its
cognate receptor, CXCR4 [221]. CXCLI2 is typically dis-
tributed in a gradient within the ECM, guiding the migra-
tion of inflammatory cells and other cell types along spe-
cific paths [221]. CXCLI12/SDF-1 is a FAP and DPP4
substrate [168,222] made at high levels by FAPT CAFs
[136]. So, in the context of inflammation, FAP influences
the CXCL12-CXCR4 signaling pathway [223], which in-
volves PI3K-Akt, ERK-MAPK, and JAK-STAT [224]. In
a pancreatic cancer model, targeting CXCLI12 produced
by FAP-expressing CAFs can enhance the therapeutic ef-
ficacy of anti-PD-L1 immunotherapy [136]. Similarly, im-
munomodulation induced from FAP™ fibroblasts through
the CXCL12/CXCR4 axis occurs in oesophageal carcinoma
[225]. Thus, several models demonstrate the association
between FAP and the CXCL12/CXCR4 signaling pathway
in the TME. Disrupting the CXCL12-CXCR4 pathway in
tumours is desirable and might be achieved by removing
FAP* CAFs.

4.5 FAP Role in Liver Cancer

FAP is linked with the Thl cytokine interleukin-17
(IL-17), reminiscent of the Th1/Th17 pro-inflammatory as-
sociation with DPP4 [226,227]. IL-17A is an important
pro-inflammatory cytokine in chronic liver diseases and
HCC [228,229]. IL-17 is an independent trigger of FAP
expression by hepatic stellate cells (HSCs) both in vitro
and in vivo [230]. Moreover, IL-17RA and FAP are sig-
nificantly positively correlated with HSC activation, with
activation indicated by SOX9, cytokeratin7, and cytoker-
atinl9 expression in human liver [230]. FAP overexpres-
sion changes cell behavior in HSC [192]. Furthermore, FAP
expression in CAFs has been positively associated with the
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expressions of PDL-2, PD-1, CTLA4, and PDL-1 in HCC
cells, in which cell proliferation and migration and inhibi-
tion of apoptosis increase [231]. Thus, like DPP4/CD26,
intrahepatic FAP may be pro-inflammatory and foster tu-
mours.

A challenge of antiangiogenic therapy in CRC liver
metastasis models (CRCLMs) is blood vessel co-option in
bevacizumab-resistant CRCLM [232], which is associated
with FAPT HSC density [233]. Depleting FAPT HSC in
a CRCLM xenograft tumour mouse model disrupted the
co-opted sinusoidal blood vessels and increased mouse sur-
vival time by about one-third [233,234]. Thus, removing
FAP™ cells from mice can be efficacious and safe in tumour
models.

In patients with BTC, such as ICC, highly expressed
FAP is significantly associated with worse survival, which
indicates the important role of FAP in promoting tumour
growth in ICC and its potential as a diagnostic biomarker
or therapeutic [89].

4.6 FAP is a Potential Clinical Marker and Target

The literature reviewed above establishes FAP as a
marker of pathogenic CAFs. FAP enzyme inhibition may
confer anti-cancer outcomes but all therapeutics that re-
move FAPT CAF are expected to deplete tumours of FAP
activity, so may, in part, replicate outcomes of FAP inhibi-
tion. Both solid tumours and most fibrotic tissues contain
high expression of FAP, making FAP also a potential target
in fibrosis [156,235,236]. The specific distribution and spe-
cific proteolytic activity of FAP make it an ideal target for
theranostic approaches to tumours and fibrotic conditions.

4.6.1 Photodynamic Therapy

To achieve precision treatment and lowered risk of
drug resistance, high specificity therapies are critical. Pho-
todynamic therapy is being developed for both cancerous
and non-cancerous diseases. The indispensable features
of this therapy are the photosensitizer, with an appropri-
ate emission wavelength, and intracellular oxygen. The
principle is based on fluorescence resonance energy trans-
fer (FRET), aggregation-induced emission, photo-induced
electron transfer, and self-quenching of the photosensitizer
[237-240]. Excitation of a photosensitizer triggers energy
transfer onto an oxygen molecule to generate cytotoxic re-
active oxygen species. A FAP sensitive cleavage site is con-
jugated with a clinical photosensitizer, such as methylene
blue (MB) [241]. The pro-photosensitizer FAP-MB deriva-
tives are screened for maximum hydrolytic efficiency of ac-
tivation by recombinant human FAP and relative fluores-
cence intensity of tumours to normal organs (Fig. 4, Ref.
[242]).

A FAP-mediated photodynamic method can be engi-
neered to cause immune stimulation [243,244]. ZnF16Pc
(zinc hexadecafluorophthalocyanine) is a potent photosen-
sitizer (Amax = 671 nm; ®A = 0.85) that has been conju-
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gated onto an apoferritin surface and targeted to CAFs by a
single-chain variable fragment (scFv) that is FAP-specific
[244]. This agent, anti-FAP-ZnF16Pc-apoferritin, can in-
crease CD8V/Treg T cell ratios and cell death of CAFs. A
combination of anti-FAP-ZnF16Pc-apoferritin and the im-
mune checkpoint inhibitor anti-PD-1 has been shown to de-
plete CAFs and increase anti-cancer immunity [243].

IRDye700DX is a widely used photosensitizer in non-
cancerous diseases. A FAP antibody 28H1-700DX has
been used to induce FAP-specific cell death in vitro and
may become an arthritis therapy [245]. This FAP-directed
photodynamic therapy has shown patient-derived fibroblast
contraction in a 3D cell culture model [246,247]. Moreover,
28H1-IRDye700DX has shown promise on rheumatoid
arthritis synovial explants and can accumulate in arthritic
joints, with very low background signal [248].

4.6.2 Antibodies to FAP for Targeting CAFs

Antibodies to FAP were problematic for many years
due to the number of commercial antibodies that were not
FAP specific [249] and early attempts to target FAP us-
ing antibodies failed to deliver clinical benefit. However,
specific, potent anti-FAP antibodies are now emerging that
have shown that FAP is strongly expressed in a broad range
of tumours [91,250-252]. Moreover, novel anti-FAP anti-
bodies, including single domain antibodies, are being de-
veloped to deliver toxins, radiation, IL2, and CD137 ago-
nism to tumours [143—-145,250,251].

4.6.3 FAP Inhibitors in Oncological and Non-Oncological
Diseases

Positron emission tomography (PET) imaging, or PET
scan, is usually combined with computed tomography (CT)
to detect and characterize tumour stages, assessing for tu-
mour metabolism and monitoring treatment response. '8F-
FDG PET/CT is widely used in clinical oncology because
cancer cells have high glucose uptake and consumption,
linked to the Warburg effect [253]. Due to glucose up-
take by normal brain, liver, and heart and the unique char-
acteristics of FAP, including its presence in most tumour
stroma, FAP-targeted PET tracers, such as FAP inhibitors
(FAPISs), are increasingly applied in clinical imaging [254—
257]. FAPI-PET/CT enables highly specific tumour visu-
alization for improving cancer diagnosis and monitoring,
especially in sarcoma and in stroma-rich tumours, includ-
ing pancreatic, gastric, colorectal, biliary, salivary, thyroid,
and breast cancers [256,258-261].

4.6.3.1 Development of FAP-Targeted Radioimaging in
Oncology. FAPI-04 was the first FAP-selective inhibitor
developed for FAPI-PET (Fig. 5; Table 4, Ref. [141,
142,262-278]). Derived from the University of Antwerp’s
UAMC-1110, which was the first quinoline-based FAP se-
lective inhibitor, the University of Heidelberg’s FAPI-04
was selected to have superior affinity for FAP in in vivo
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pharmacokinetics for tumour retention during PET [279].
Gallium-68 (%Ga) is a short half-life positron-emitting ra-
dionuclide that was first used in clinical medicine in the
early 1960s, and remains popular as a potent molecule suit-
able for labeling peptides and small molecules like FAPIs
[280,281]. %8Ga-FAPI-04 FAPI PET/CT is a pan-cancer
imaging agent, shown in breast [279,282,283], lung [282,
284,285], prostate [282,286,287], colorectal [282,288,289],
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and liver [90,282,290,291] cancers. Superiority of [63Ga]
Ga-FAPI-04 over ['®F]-FDG-PET has been clearly estab-
lished, especially for metastases and HCC and CRC tu-
mours [254,257,292]. FAPI-PET/CT shows extremely low
uptake of %8Ga-FAPI in the liver compared to ['®F]-FDG
[90,254,293].

FAPI-46 is a modified UAMC-1110 compound [294]
superior to FAPI-04 and generally chelated to %3Ga us-

13


https://www.imrpress.com

"O
l’o

0 NQL " NJ
H;bo& H311CO Q

11C-RJ1101 11C-RJ1102
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Fig. 7. The structure of FAPI-34 [318].

Fig. 8. The structure of FSDDOI. Created using Ketcher v2.25.0.

ing DOTA [254,295]. [®®Ga]FAPI-46 PET/CT has shown [68Ga]FAPI-46 PET/CT limitation is difficulty discriminat-
clear superiority to '8F-FDG PET/CT, with, for example, ing between benign hepatic lesions such as focal nodular
better SUVyax for staging BTC [262,295]. However, a  hyperplasia, hepatic adenoma, and cirrhosis [296].
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Table 4. FAPI radiopharmaceuticals in imaging and therapy.

Name Chemical Class Mechanism of Action Radionuclides Ongoing Research Field References
PNT6555 Boronic acid-based Potent and selective '77Lu (therapy), %8Ga (imaging), Pan-cancer PET, theranostic [141,142]
small molecule FAP inhibition 225 Ac (therapy), 61 Tb (therapy)
PNT3090  PNT6555 derived ~ Potent and selective '77Lu (therapy), °®Ga (imaging) ~ Tumour retaining theranostic ~ [142,263]
FAP inhibition
ARI-3099 Boronic acid-based Potent, selective FAP N/A Research tool [264]
small molecule inhibition
UAMC-1110 Quinoline-based Highly potent and se- N/A Cancer, fibrotic diseases [265]
small molecule lective FAP inhibition
FAPI-04 UAMC-1110-based FAP targeting, bind 68Ga (imaging), !8F (imaging) Pan-cancer PET [266-268]
CAF
. 68Ga (imaging), 17"Lu (therapy), .
FAPI-46 UAMC-1110-based  FAP targeting to CAF . 90 Pan-cancer PET, theranostic [262,269-273]
Ac (therapy), °YY (therapy)
FAPI-74 UAMC-1110-based FAP targeting for tu- '8F (imaging), Cold-Kit 63Ga Various solid tumours (pan-  [273-277]
mour imaging creatic, BTC, HCC, gastric,
bladder, ovarian, pheochro-
mocytoma, lung, neuroen-
docrine, mesothelioma, sar-
coma)
FAP-2286 Cyclic peptide FAP targeting to CAF 177Lu (therapy), 6®Ga (imaging) ~ Pan-cancer PET, theranostic [270,278]

Table footnote: Ac, actinium; BTC, biliary tract cancer; F, fluorine; Ga, gallium; HCC, hepatocellular carcinoma; Lu, lutetium; Tb, terbium;

Y, yttrium.

For head and neck squamous cell carcinoma, %®Ga-
FAPI-46 PET/CT has shown close concordance with ®F-
FDG PET/CT for initial staging and recurrence/metastasis
detection [297]. Moreover, such PET/CT achieves compa-
rable levels of detection of metastases in lymph nodes, liver,
and bone [298]. However, a study of small (<7 mm) metas-
tases reported that 18F-FDG PET/CT had a higher detec-
tion rate for cervical nodal metastases than did 8Ga-FAPI
PET/CT [299]. Thus, FAPI-46 and FDG may have compa-
rable sensitivity for metastasis detection.

FAPI-74 is probably now the most commonly used
FAPI-PET reagent, which can use 1,4,7-triazacyclononane-
N, N’,N'-triacetic acid (NOTA) as a chelating agent to en-
able labeling with %8Ga, or with '8F via a complex with
aluminum (['8F]AIF) [300,301]. Superiority of ['3F] AIF-
FAPI-74 over '®F-FDG in PET/CT in most primary and
metastatic lesions in gastric, pancreatic, and liver cancers
has been shown [276,277,302]. In addition, ['®F] FAPI-
74 has a greater synthetic yield and better image resolution
than %8Ga-labeled FAPI [274,275], and is superior to ‘®F-
FDG, based upon SUVmax, TBR, and diagnostic accuracy
[303,304]. However, false-positives can occur, even using
both FAPI-PET and FDG-PET, thought to be due to glu-
cose uptake by metabolically active leukocytes and FAP ex-
pression by activated fibroblasts in inflamed tissues [305].
Moreover, FAPI-PET false positives have been caused by
an external jugular vein thrombus that can prolong blood
retention [306].

The cyclic peptide FAPI-2286 (Fig. 5) [270,307] was
developed to address the low tumour retention of FAPI
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radiotracers that are based on UAMC-1110. Longer tu-
mour retention time is needed for the therapeutic use of
a FAPIL. Compared to FAPI-46, FAPI-2286 yields greater
signal intensity in the kidney, liver, and heart [270,308].
In preclinical tests, FAPI-2286 shows longer tumour reten-
tion than FAPI-46 [309]. Moreover, FAPI-2286 presents a
significant advantage in identifying patients with muscle-
invasive bladder cancer who may not benefit from radical
surgery, as it can discriminate between false-positive and
false-negative results that arise from conventional imag-
ing [310]. In summary, FAPI-2286 has displayed superior
FAP binding affinity, tumour accumulation, and tumour re-
tention times compared to the UAMC-1110 series of com-
pounds.

Many new FAPIs and antibodies for PET and for radi-
oligand therapy (RLT) are under development [250], with
preclinical data published for some [139,141,233,311,312],
but this review is focused on FAP-targeted agents that have
published clinical data. Currently, a variety of series of FAP
inhibitors and FAP binding peptides are being optimized for
clinical use. Many that are published are discussed here.
The optimization goals are primarily to maximize tumour
uptake and achieve suitable retention times in solid tumours
for imaging (brief) and for delivering a therapeutic dose of
radiation (prolonged).

FAPI are most commonly bound to ®3Ga, but other ra-
dionuclide labels are sometimes used, most often '8F, but
also 90Y, 89Zr, 11C, 4Cu, 67Cu, '""Lu, and ?°*Ac [313—
315]. Besides the Gallium-68 (8Ga) and Fluorine-18 (18F),
Carbon-11 (*'C) can be used in imaging; therefore, some
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novel inhibitors specifically exploit ''C. The key charac-
teristic of the ''C-RJ1101 and '*C-RJ1102 compounds is
their novel ! C-methylated derivatives (Fig. 6, Ref. [315]).
Their short half-life could be an important advantage as they
persist in vivo no longer than other positrons [315]. FAPI-
based therapy generally uses !7"Lu [295] or 22°Ac [272].

In addition to advances in radionuclides and FAPI for
PET/CT, evolving SPECT technology is important for tu-
mour imaging and endoradiotherapy [316]. The most com-
mon radionuclide for SPECT images is ™ Tc. Advantages
of MTc SPECT are an affordable price and greater avail-
ability of equipment. Therefore, *™Tc conjugated com-
pounds may elevate the popularity of SPECT-based cancer
screening [317]. Compared with optimized compounds of
the UAMC series, such as FAPI-28, -29, -33, -34, and -43,
FAPI-04 has poor intratumoural accumulation because of
its high lipophilicity. Intratumoural accumulation has been
increased by attaching an asparagine with a neutral carbox-
amide side chain in FAPI-28 to confer some lipophilicity.
When modified for SPECT, **™Tc-FAPI-34 (Fig. 7, Ref.
[318]) was a further improvement [316], with this FAPI
showing high and reliable uptake in several solid tumours,
particularly breast cancer and metastases [319-321].

Albumin conjugated compounds have been made be-
cause albumin can retard excretion and confer high cell per-
meability and intratumoural retention time in humans [322—
324]. 8Ga-FSDDyl (Fig. 8) has a higher binding affinity to
albumin and less hydrophilicity (logP =—-1.18 £ 0.02) and
is superior to FAPI-04 in PET/CT [324,325].

A number of FAP-targeted agents, including a modi-
fication of the cyclic peptide 2286, DOTAGA-FAP-2286-
ALB, and derivatives of FAPI-04, TE-FAPI-06 and -07, in-
clude an albumin-binding moiety to increase stability in hu-
man serum, with high FAP binding affinity in vitro and ex-
cellent performance in PET and SPECT imaging [307,322,
323,325,326]. For example, compared with 17"Lu-FAPI-
04, TE-FAPI-06 has exhibited high tumour uptake of 7.3
+ 2.3 %ID/g at 96 h after injection, and a tumour-to-liver
ratio of 4.2 [322,323]. Thus, an albumin-binding linker is
an important design element for FAP imaging radioligands
to improve in vivo stability and tumour retention to achieve
enhanced imaging performance.

4.6.3.2 Development of FAP-Targeted Radiopharmaceuti-
cal Tools in Oncologic Therapy. An interesting example
of FAPI-PET/CT potential is its application in tumour clas-
sification of consensus molecular subtype (CMS) of col-
orectal tumours [327]. Most colorectal tumours make FAP
[154,327,328]. More than that, RNA and protein data im-
plicate FAP as a marker of therapy resistance and poor prog-
nosis and CMS4 [327,329]. FAPI-PET/CT imaging pro-
vides clear discrimination of CMS4 from CMS1-3 CRC
[327,329], showing that FAPI-PET could be very useful in
CRC management.
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In contrast to FAPI-PET imaging that usually uses
58Ga or '®F-labeled tracers and is designed for tumour lo-
calization, staging, and treatment planning, Lutetium-177
(}""Lu) is the most common radionuclide in FAPI-targeted
RLT because it emits beta particles that can travel from
CAFs to cancer cells and thereby kill both cell types. Beta
radiation causes localized DNA damage (Table 4). 1""Lu
has a 6.7-day half-life to allow sustained therapeutic ef-
fects, which is useful for systemic treatment of metastatic
tumours. Alternative radionuclides for RLT include 22°Ac,
67Cu, 2°Yitrium, '8! Terbium, and 47 Scandium [330,331].

177Lu-FAPI-2286 and 58Ga-FAP-2286 are a promis-
ing theranostic (therapy/diagnostic) pair and compared with
FAPI-46 [309,332,333]. In preclinical PET/CT, %8Ga-
FAP-2286 and %8Ga-FAPI-46 are comparable and both can
shrink tumours when labelled with 7"Lu. However, 17" Lu-
FAP-2286 is superior to }7"Lu-FAPI-46, with longer intra-
tumoural retention time, greater absorbed dose delivered to
tumour, and greater tumour inhibition [309]. Limited pa-
tient response data have been promising with metastases,
including squamous cell carcinoma and adenocarcinoma
[278,332,333].

Achieving retention of radiation in a tumour, with
a high tumour:non-target ratio, has emerged as the great-
est challenge for FAPI theranostics. However, the boron-
containing FAP selective compound 77 Lu-PNT3090 has
these characteristics and so is a major advance from the
team led by medicinal chemist W.W. Bachovchin [142,
263].

FAP-targeted PET/CT is a potential tool to monitor
FAP levels before, during, and following treatment using
FAP-targeted and other therapies, as seen using [°Zr] anti-
FAP antibody PET/CT when developing FAP CAR-T cells
[313]. A simpler method of monitoring the effectiveness of
therapies that are designed to eliminate FAP™ cells might be
the lowering of circulating levels of soluble FAP (cFAP), as
occurs following removal of a cirrhotic liver by liver trans-
plantation [172] (Fig. 4).

4.6.3.3 FAP Radiopharmaceuticals in Nononcologic Dis-
eases. Significant densities of activated FAP™ fibroblasts
occur in liver, cardiac, renal and lung fibrosis and in arthri-
tis and endometriosis, so FAPI PET/CT has been inves-
tigated and shows promise for these non-oncologic con-
ditions and diseases (Table 5, Ref. [90,189,235,256,334—
349]) [140,296,312,334,349-354]. Using FAPI-PET or
FDG-PET in inflamed tissues can produce false-positive
images that are thought to be due to glucose uptake by
metabolically active leukocytes and FAP expression by ac-
tivated fibroblasts in inflamed tissues [305]. Moreover,
FAPI-PET false positives have been caused by an exter-
nal jugular vein thrombus that can prolong blood retention
[306].
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Table 5. FAPI radiopharmaceuticals in imaging non-oncologic diseases.

Disease FAPI Tracer Reference
Liver fibrosis Various FAPI 68Ga, 18F [90,235,335,336,349]
Chronic thromboembolic pulmonary hypertension FAPI-04 68Ga [337]
Acute myocardial infarction FAPI-04 68Ga, 18F [338-340]
Cardiac injury/fibrosis FAPI-04, FAPI-46 68Ga, 18F [189,256,341]
Light-chain cardiac amyloidosis FAPI-04 68Ga [342]
Cardiovascular disease FAPI-04 18F_NOTA-FAPI-04 [343]
Rheumatoid arthritis FAPI-04 68Ga [334,344,345]
Pulmonary fibrosis diseases FAPI-46 68Ga [346]
Idiopathic pulmonary fibrosis FAPI-74 18F [347]
Atherosclerotic plaque MIP-1232 1251 [348]

Table footnote: F, fluorine; Ga, gallium; I, iodine.
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Fig. 9. Schematic illustration of FAP-activated prodrugs that have a doxorubicin (DOX) warhead. The top schematic illustrates
the design and activation of a FAP-cleavable chemo-photodynamic prodrug [359], a prodrug constructed by conjugating a photosensi-
tizer (blue) with the chemotherapeutic agent doxorubicin (DOX, orange) via a peptide linker (Thr-Ser-Gly-Pro) that can be hydrolyzed by
FAP specifically. In its intact form, the prodrug exhibits quenched photosensitizing activity and reduced cytotoxicity, enhancing systemic
safety. Upon cleavage by FAP, the linker is degraded, releasing active doxorubicin and restoring photosensitizing activity. Upon irra-
diation with red light (A >610 nm), the photosensitizer generates reactive oxygen species (ROS), enabling photodynamic therapy. This
dual-release mechanism achieves synergistic chemo-photodynamic therapeutic effects. Another example of a FAP-activated doxorubicin
prodrug, AVA-6000 [137], lower panel, highlights the versatility of FAP-targeted prodrug strategies. Reproduced with permission from
[Ke, et al.], [European Journal of Medicinal Chemistry]; published by [Elsevier], [2017] [359].
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4.6.4 FAP-Activated Prodrugs for Targeting CAFs

Rather than blocking the site of catalysis in FAP en-
zyme molecules with an inhibitor, prodrugs harness that
catalytic activity to release an active form of a drug (the
“warhead”) from an inert “prodrug” compound that con-
tains a peptide bond that only FAP can hydrolyze [169,355].
FAP has a unique catalytic specificity [156,236]. There-
fore, prodrugs contain a pharmacologically active drug (the
“warhead”), such as doxorubicin, that is inactivated by co-
valent linkage to an FAP-specific peptide. Targeting tu-
mours is conferred by the specific and large upregulation
of FAP expression by CAFs. If the warhead is a cytotoxin,
then activation of the prodrug into an active drug can kill
FAP™ cells and nearby cells.

Suitable warheads include drugs that exhibit cytotox-
icity at cancer chemotherapy-effective doses, such as dox-
orubicin[137,356,357] and emetine [358]. Emetine is a nat-
ural toxin but its cytotoxicity can be blocked by derivatiz-
ing its N-2’ position. The FAP-cleavable, DPP4-cleavable
peptide Ac-Ala-Ser-Gly-Pro-Ala-Gly-Pro (ASGPAGP) has
been added at N-2' to create an emetine prodrug [358]. Be-
cause the FAP-related enzymes DPP4 and prolyl endopep-
tidase are ubiquitous and thus unsuitable to target in a pro-
drug, more recent prodrugs are FAP-specific.

Thapsigargin is an early example of a lead compound
modified to create a FAP-activated prodrug: A peptide car-
rier containing a FAP selective cleavage site is coupled to
a thapsigargin (TS) analog via a linker [355]. That early
study established the FAP-activated prodrug strategy in the
literature.

The key power of a prodrug is to greatly increase the
intratumoural concentration of a therapeutic with precise tu-
mour targeting to produce a high tumour:uninvolved organ
ratio of concentrations. Prodrug development is facilitated
by converting an existing, well-understood drug into a pro-
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drug. Ideally, before treatment, a tumour is identified as
both FAP™ and sensitive to the chosen drug, such as dox-
orubicin.

Doxorubicin (Fig. 9, Ref. [137,359]) is a very effec-
tive antitumour drug but is dose-limited by its cytotoxic-
ity. Therefore, concentrating doxorubicin in tumours by
exploiting the high prevalence and abundance of FAP in
tumours is potentially an ideal synergy. This approach
reduces systemic doxorubicin toxicity in mice and hu-
mans and produces high tumour to blood ratios of doxoru-
bicin concentration [137,357]. Doxorubicin prodrugs can
have, for example, an N-terminal benzyloxy carbonyl (Z)-
blocked peptide [357], Thr-Ser-Gly-Pro as a FAP-specific
linker [359], and/or use a photosensitizer [359].

4.7 Commentary on FAP-Targeted CAF Targeting

The high specificity of FAP to activated fibroblasts is
attracting a variety of approaches (Fig. 10) and the safety
in humans of removing FAP™ fibroblasts has been estab-
lished. Limited efficacy data are emerging. The current
major question is which approach has the greatest efficacy.

The major hurdle for RLT, which is the persistence of
radiation delivery inside the tumour, is being solved. An ad-
vantage of RLT is that radiation can kill cells in any tumour
type. An advantage of prodrugs is storage and availability
because radiation decays rapidly. Moreover, when an ar-
ray of prodrugs with various warheads becomes available,
a prodrug can be selected according to the known suscep-
tibility of the tumour that is to be treated. However, this
desirable goal is slowed by the attendant need to develop
multiple prodrugs: each delivering a different chemothera-
peutic or cytotoxic warhead.

Promising, specific, potent, sometimes bispecific
CAR-T cells and antibodies to human FAP are now emerg-
ing. Some imaginative approaches have succeeded. Such
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antibodies can deliver a cytotoxin that has broad or narrow
specificity, or can facilitate an immune response or immune
cell-mediated killing of CAFs. CAR-T cells remain prob-
lematic for solid tumours.

Soluble FAP (cFAP) can conceivably decoy FAP-
targeted agents away from tumours, so agents that can tar-
get memFAP or intracellular FAP and not react with cFAP
(soluble FAP) would be expected to display greater effi-
cacy than indiscriminate FAP-targeted agents. In all FAP-
targeted approaches, agents that can achieve slow release in
tumours will be advantageous.

4.8 Future Directions

The future will reveal exciting new knowledge of
which approaches to FAP targeting, including choice of
agent, patient, tumour, and treatment timing, are the most
effective in humans. The FAP-activated prodrug field as
yet contains few warheads: A number of prodrugs will need
to be developed, with a variety of warheads, each suited to
each tumour genotype. This field has the potential to greatly
boost precision oncology.

The question of which other therapy is best combined
with a FAP-targeted therapy will need to be explored. The
best methods and approaches, and appropriate situations
for FAP-targeted clinical imaging, need to be further ex-
plored. Assessing treatment success will probably have two
aspects: assessing the removal of FAP™ cells and assessing
tumour mass, which likely needs separate techniques.

FAP expression by activated fibroblasts extends be-
yond CAFs, to fibrosis, so the extent to which FAP-targeted
CAF removal also alleviates fibrotic disease needs clarifi-
cation. Taking a step back and targeting triggers of the tran-
sition of cells to the mesenchymal phenotype might prevent
fibrosis and neoplasia.

5. Conclusion

CAFs are an attractive target for cancer therapy be-
cause they are genetically stable, support tumour growth,
and are ubiquitous in solid tumours. The known criti-
cal interactions of CAF in the TME make them an excep-
tional research target for developing therapies for HCC.
Many CAFs express FAP, a cell surface protease that is
specific to activated mesenchyme and prominent amongst
CAF markers. Increasing numbers and varieties of FAP-
targeting approaches for therapeutic benefit in cancer and
fibrosis are appearing, including FAP inhibitors in RLT,
antibody-dependent cytotoxicity or immunotherapy, and
FAP-activated prodrugs.
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