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The complexity of tumor biology represents an ongoing hurdle
to the improvement of prognosis in many cancer entities. From a
genotype-driven perspective, cancer medicine has been tremen-
dously advanced through identification of a multitude of actionable
genetic alterations. The ongoing development of sophisticated tech-
nologies and analytic methods with unprecedented resolution allows
for personalized approaches using an ever-increasing armamentar-
ium of targeted approaches. These developments have led to im-
pressive therapeutic results for some entities and small subsets of
various cancers carrying targetable alterations. However, cancer
patients still too often do not benefit from such approaches, caused
by the absence of actionable targets, the poorly understood lack of
response despite presumably matching genotype—drug situations,
the enormous inter- and intratumoral heterogeneity, and the fast
development of resistance.

Notably, the tumor microenvironment (TME) has been recog-
nized as driving the complex and heterogeneous tumor ecosystem.
Indeed, there is an increasingly acknowledged connection between
hard-to-treat tumors and a strong desmoplastic reaction, such as in
pancreatic cancer. As one important factor, the TME plays a central
role in mediating drug resistance via impaired drug delivery and
activity (/). Another increasingly recognized stroma-dependent
contributor to tumor progression and resistance is the remarkable
phenotypic plasticity of tumors and the ability of cancer cells to
undergo adaptive phenotypic changes not determined by their ge-
nome. Thus, transcriptional rewiring and change in cell state may
allow cells to survive and resist harsh conditions. These transcrip-
tional programs are highly context-dependent and include cell-
autonomous mechanisms but importantly also microenvironmental
cues (2). Besides the role of the TME in regulating the phenotype
of cancer cells, components of the TME such as the vascular and
immune compartment have been identified as therapeutic targets
and are now a mainstay in the therapeutic arsenal, with tremendous
successes in subsets of cancer patients.
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However, a master regulator orchestrating the structural organi-
zation of the TME, namely cancer-associated fibroblasts (CAFs),
has so far proven a difficult target. CAFs are a heterogeneous and
highly abundant cell population in desmoplastic tumors and have
long been observed in many solid tumors yet somewhat ignored for
many years. CAFs become activated via various factors includ-
ing tumor-derived signals or mechanical stress and are themselves
the source of extracellular matrix, cytokines, chemokines, nutrients,
and other signaling factors. Although much of their precise role is
still incompletely understood, recent results provide an astonish-
ingly multifaceted array of their various functions (3). Their distinct,
in part opposing, functions are highly contextual and may vary in
different tumor stages and entities, thereby reflecting the ability to
adapt to and influence the surrounding TME. Indeed, besides sig-
naling factors that influence the survival of tumor cells and their
acknowledged role in matrix modeling and angiogenesis, CAFs
have been shown to regulate immunosurveillance by promoting or
inhibiting the infiltration and accumulation of immune subsets and
their spatial arrangement within tumors (3).

These complex layers of regulation will have to be considered
when targeting CAFs. A marker protein of CAFs is the fibroblast-
activating protein (FAP), a type II transmembrane cell surface
proteinase that belongs to the dipeptidyl peptidase (DPP) family,
which consists of the enzymes DPP4, FAP, DPP8, and DPP9 (4).
While DPP4 and FAP are transmembrane proteases and also have
extra- and intracellular soluble truncated forms, DPP8 and DPP9 are
intracellular proteins. All members have a DPP activity, cleaving 2
amino acids after a proline residue off the N terminus of a protein.
FAP, unlike the other DPP family members, has an additional en-
dopeptidase activity that allows cleavage after a glycine-proline
motif. This unique feature may be relevant in a tumor context
because physiologic substrates of FAP include denatured type I
collagen, a2-antiplasmin, and several neuropeptides. Thus, FAP
can degrade proteins of the extracellular matrix, an ability that is
of particular relevance in pathologic processes.

Although a role in developmental processes during embryo-
genesis has been described, FAP is expressed at only low levels in
adult normal tissues and its function in regulating physiologic
processes is not well known. Indeed, genetic depletion of FAP in
normal tissues in mice led to the development of paraneoplastic
syndromes, including cachexia and anemia (5), suggesting that
FAP is involved in maintaining normal organ functions. During
tissue remodeling during tumor development and in inflammatory
conditions such as liver cirrhosis, cardiovascular diseases, and
rheumatoid diseases, FAP becomes highly induced. Indeed, over
90% of epithelial cancers express FAP. Interestingly, targeting of
FAP-positive CAFs in mice developing endogenous spontaneous
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tumors, such as melanoma and pancreatic cancer models, improved
immunosurveillance. For example, in melanoma an improved anti-
tumor activity of CD8-positive T cells could be observed (6),
whereas in pancreatic cancer, known to be highly resistant to
immune-based approaches, immune checkpoint blockade against
PD-L1 and CTLA4 was more effective (7).

However, these studies of genetic depletion of FAP-positive
CAFs may not entirely reflect an acute perturbation as would be the
case in clinical scenarios. In a study reporting on the adoptive
transfer of FAP-targeted chimeric antigen receptor T cells, depletion
of CAFs led to immune-independent effects on tumor growth via
remodeling of extracellular matrix, leading to a suppressed tumor
angiogenesis (8). Notably, FAP can also be expressed from tumor
cells, and overexpression is associated with worse prognosis in solid
tumors (9). Early targeting approaches in clinical trials using tala-
bostat, an unselective DPP inhibitor, showed insufficient clinical
activity in various cancers, and thus further development was not
continued. An anti-FAP antibody, sibrotuzumab, labeled with 1311
for therapeutic use suffered from low clearance and lack of clinical
activity (10,11). For years, targeting efforts against FAP remained
scarce because of absence of selective and potent inhibitors with
suitable properties for clinical use; however, recent studies provided
promising drug development strategies for potent FAP-selective in-
hibitors (/2,13).

In 2 seminal papers in this issue of The Journal of Nuclear
Medicine, Haberkorn’s group now moves a big step ahead in target-
ing FAP for clinical use (/4,15). Based on a strategy to inhibit FAP
enzyme activity by using 4,4-difluoroproline as described previously
(16), they developed a series of quinoline-based radiopharmaceuti-
cals for diagnostic and therapeutic use. The generated inhibitors
bind human and murine FAP with rapid and almost complete in-
ternalization and, importantly, without cross-reactivity to the DPP
family member DPP4, thus laying the ground for further develop-
ment. By linking this FAP inhibitor (FAPI) to the chelator DOTA,
they generated a theranostic tracer with favorable pharmacokinetic
properties. The most promising representative of a whole tracer
generation, FAPI-04, showed good pharmacokinetic properties and
high affinity to FAP but not DPP4. Importantly, there was no accu-
mulation in normal tissues, and the tracer cleared rapidly from the
blood and was eliminated by the kidneys. These properties resulted
in impressive images of high contrast and sensitivity with regard to
tumor visualization in PET/CT scans. A high tumor uptake rate in
tumor-engrafted mice and eventually in patients with metastatic
epithelial cancers was described using ®8Ga-FAPI-04. Consequently,
theranostic use was approached in 2 patients with metastasized
breast cancer using *°Y-FAPI-04, which led to a reduction in pain
symptoms at a considerably low dose.

Overall, the provided results, although still in an early develop-
mental stage, are an impressive advancement with potentially enor-
mous implications for targeting the microenvironment of tumors.
First, the strategy to develop theranostic FAP-targeting tracers offers
the possibility of testing the expression and overall suitability of a
therapeutic approach in an individual patient, thus greatly facilitating
personalized treatment approaches. Patients with high tumoral tracer
uptake will be an obvious first-target population for a therapeutic
approach. The first proof-of-concept investigation of FAPI-PET/CT
in various cancers such as those of the pancreas, head and neck,
colon, lung, and breast showed an equal or even improved tumor
visualization with lower background in liver and brain in compar-
ison to '8F-FDG (/7). This improvement may also be relevant for

diagnostic purposes, as is the independence from blood sugar and the
possibility of early measurements due to fast tracer kinetics.

Second, given the stroma-acting nature of this approach, the
TME will potentially undergo a significant transformation with a
substantial impact on tumor biology (e.g., growth, differentia-
tion, and metabolism), as well as on the immune landscape and
mechanical issues such as the drug-penetrating stromal barrier (e.g.,
in pancreatic cancer). Thus, extensive characterization of the TME
on FAPI-induced alterations through pre- and posttreatment biopsies
may ultimately be crucial to identify the most promising combi-
nation partners, be they chemotherapeutic, immune-directed, or
targeted agents. Given our increasing insights into the enormous
impact of CAFs on tumor progression, tissue re-(modeling), and
therapeutic response, it will be exciting to explore the effect of
FAP targeting using the available comprehensive analytic tools to
identify the most effective combination partners and schedules.

Lastly, given the biologic role of FAP known so far, various
additional clinical scenarios can be envisioned ranging from adju-
vant settings (e.g., prevention of metastatic recurrence) to highly
palliative and supportive indications (e.g., pain reduction). Indeed,
the preclinical hypothesis that FAP is involved in formation of
a premalignant or premetastatic niche (/8) envisions further ap-
proaches at the preneoplastic or postoperative stage of malignant
disease yet will require powerful and sophisticated preclinical
models to better understand the window of opportunity.

As next steps, several questions and caveats lie ahead and will
have to be addressed. FAP is a highly contextual protein with
complex expression patterns and regulation. How frequently will
there be a sufficiently high uptake in different tumors and within
individual cancer entities, and which cancers are the most promising
to approach? Further diagnostic studies with well-annotated clinical
and histopathologic data and ideally concomitant tissue availability
will be needed to define the most promising diagnostic and thera-
peutic approach. Besides the apparent role in a malignant disease
context, other indications are likely of great potential. Increased FAP
expression has been described in cardiovascular and rheumatoid
diseases, among others, and thus studying and targeting the tissue
remodeling that occurs in atherosclerosis and arthritis via FAPI will
be an exciting route to follow.

Of key importance will be careful evaluation of the frequency,
duration, and severity of possible toxicities. Given the preclinical
findings regarding a role of FAP in normal-tissue homeostasis and
the frequently encountered fragile status of patients with advanced
tumors, the occurrence of early and late toxicities and paraneo-
plastic syndromes upon therapeutic use will need to be carefully
studied. Besides safety and efficacy considerations, regulatory and
reimbursement issues require increased attention for any theranostic
approach to come. Besides well-established and exciting new
theranostic approaches in thyroid diseases, neuroendocrine tumors,
and prostate cancers, an increasing armamentarium of novel radio-
theranostic agents is about to enter clinical evaluation—for example,
neurotensin receptor 1 in pancreatic cancer, as recently reported (/9).
Thus, harmonization of requirements from the various stakeholders
and regulatory agencies will be just as important as continued re-
search along the lines of clinical development and evaluation to bring
the best possible theranostic approaches to patients.

In summary, stroma targeting via the novel FAP-binding mole-
cules reported by Haberkorn’s group represents a highly promising
theranostic approach with enormous potential and sets the stage to
target the complex crosstalk between cancer cells, host cells, and the
surrounding extracellular matrix.
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