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Fibroblast activation protein (FAP) has received increasing attention as
an oncologic target because of its prominent expression in solid
tumors but virtual absence from healthy tissues. Most radioligand
therapies (RLTs) targeting FAP, however, suffer from inadequate
tumor retention or clearance from healthy tissues. Herein we report a
FAP-targeted RLT comprising an FAP6 ligand conjugated to DOTA
and an albumin binder (4-p-iodophenylbutyric acid, or IP) for
enhanced pharmacokinetics. We evaluated the performance of the
resulting FAP6-IP-DOTA conjugate in 4 tumor models, 3 of which
express FAP only on cancer-associated fibroblasts, that is, analo-
gously to human tumors. Methods: Single-cell RNA-sequencing data
were analyzed from 34 human breast, ovarian, colorectal, and lung
cancers to quantify FAP-overexpressing cells. FAP6-DOTA conju-
gates were synthesized with or without an albumin binder (IP) and
investigated for binding to human FAP-expressing cells. Accumulation
of "In- or ""Lu-labeled conjugates in KB, HT29, U87MG, and 4T1
murine tumors was also assessed by radioimaging or biodistribution
analyses. Radiotherapeutic potency was quantitated by measuring
tumor volumes versus time. Results: Approximately 5% of all cells in
human tumors overexpressed FAP (cancer-associated fibroblasts
comprised ~77% of this FAP-positive subpopulation, whereas ~2%
were cancer cells). FAP6 conjugates bound to FAP-expressing cells
with high affinity (dissociation constant, ~1 nM). '""Lu-FAP6-IP-DOTA
achieved an 88-fold higher tumor dose than '"’Lu-FAP6-DOTA and
improved all tumor-to-healthy-organ ratios. Single doses of '77Lu-
FAP6-IP-DOTA suppressed tumor growth by about 45% in all tested
tumor models without causing reproducible toxicities. Conclusion:
We conclude that '77Lu-FAP6-IP-DOTA constitutes a promising can-
didate for FAP-targeted RLT of solid tumors.
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A subset of cancer-associated fibroblasts (CAFs) is character-
ized by expression of a cell-surface serine protease termed fibro-
blast activation protein (FAP) that participates in remodeling of the
extracellular matrix during tumor growth and metastasis (/).
Approximately 90% of epithelial cancers upregulate FAP (2), and
FAP-targeted PET tracers have been shown to image at least 28
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different cancer types in humans (3). Because of FAP’s broad
expression on CAFs and its nearly complete absence from healthy
tissues, FAP has recently been explored as a receptor for targeted
radioligand therapy (RLT) in a diversity of solid tumors (4, 5).

Optimal FAP-targeted radiotherapy might be expected to satisfy
several criteria. First, it will contain a therapeutic radionuclide that
effectively irradiates multiple cancer cells near each CAF. Second,
the targeting ligand will possess high affinity and specificity for
FAP to minimize uptake by its homologs in healthy organs. Third,
the pharmacokinetic properties of the resulting conjugate will be
optimized to ensure prolonged tumor accumulation and rapid clear-
ance from normal tissues.

To achieve these objectives, we first derivatized a new FAP-
targeting ligand (FAP6) with DOTA via a polyethylene glycol
spacer. We then incorporated the established albumin binder
4-p-iodophenylbutyric acid (IP) (6) into our FAP-targeting radioli-
gand (Fig. 1), since such appendages have been observed to prolong
the pharmacokinetics and improve tumor uptake of RLTs (7—10).
We demonstrate here that the resulting conjugate, FAP6-IP-DOTA,
exhibits high FAP affinity, prolonged circulation, increased tumor
uptake, and minimal retention in healthy tissues. Moreover, the
final '7’Lu-labeled RLT causes no obvious toxicity to healthy tis-
sues while achieving significant anticancer efficacy in 4 different
murine tumor models.

MATERIALS AND METHODS

Reagents, vendors, syntheses, and full experimental procedures
are detailed in the supplemental materials (available at http:/jnm.
snmjournals.org).

Single-Cell RNA-Sequencing (scRNA-Seq) Analysis

We analyzed scRNA-seq data collected on fresh human tumor sam-
ples; the results of this analysis were reported elsewhere previously
(11). FAP gene expression was extracted, quantitated, and plotted on a
log(2) scale for comparison among different cell types in each cancer
tissue, according to online tutorials (/2).

Cell Culture and Transduction

4T1, KB, HT29, and U87MG cells were purchased from American
Type Culture Collection and cultured as reported previously (/3,14).
HEK-293T cells with high levels of FAP expression (HEK-hFAP)
were generated as formerly described (13).

Radiolabeling
FAP6 conjugates were diluted in ammonium acetate (0.5 M, pH 8.0).
" n[InCls] (Cardinal Health) was added to obtain a specific activity of
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mice were euthanized, and organs of interest
were harvested, weighed, and analyzed by a
y-counter.

Radiotherapy

Mice bearing 4T1, HT29, KB, or US7MG
tumors were randomly divided into control
and treatment groups to ensure equal starting
tumor volumes. Each cohort received a single
intravenous injection of either vehicle alone or
vehicle with '7’Lu-radiolabeled FAP6 conju-
gate on day 0. Tumors were measured with a
caliper in 2 perpendicular directions every
other day. The mice were euthanized on
reaching one of the predefined endpoint crite-

FIGURE 1.

Circulation of radiolabeled FAP6-IP-DOTA is prolonged because of affinity of

ria according to the regulations of the Institu-
tional Animal Care and Use Committee.

iodophenyl-butyric acid (blue circles) for serum albumin. This enables conjugate to perfuse poorly

vascularized solid tumors so that ligand (red triangles) may bind to FAP receptors on CAFs. Chelated
radionuclide (green symbols) emits radiation that induces DNA-strand breaks inside tumor cells,

thereby suppressing tumor growth.

no more than 4.0 MBg/nmol, or '”’Lu[LuCl;] (RadioMedix) was added
to obtain a specific activity of no more than 11.0 MBg/nmol. The result-
ing solutions were heated to 90°C for 1020 min, and the radiopurities
of the products were analyzed by radio-high-performance liquid chro-
matography. Radiopurity exceeded 95% in all studies.

Cell Binding Studies

Flow Cytometry. Antihuman FAP antibody conjugated to allophy-
cocyanin dye was used for staining all cell lines except 4T1 cells,
which were stained with antimouse FAP antibody and then a second-
ary allophycocyanin-conjugated antibody.

Displacement Assay. HEK-hFAP cells grown to confluency in
24-well plates were coincubated with FAP6-rhodamine and increasing
concentrations of FAP6-DOTA or FAP6-IP-DOTA. The cells were
then washed, dissolved, and analyzed by a fluorescent plate reader.

Binding Assay. Hs894 CAFs grown to confluency in 24-well plates
were incubated with increasing concentrations of !!'In-FAP6-DOTA or
n-FAP6-IP-DOTA in the absence or presence of an excess of FAP6
ligand. The cells were then washed, dissolved, and analyzed by
ay-counter.

Animal Husbandry

The mice were provided normal rodent chow and water ad libitum
and maintained on a standard 12-h light—dark cycle. All animal proce-
dures were approved by the Purdue Animal Care and Use Committee.

Tumor Models

BALB/c mice were inoculated on their shoulder with 1 X 10° 4T1
cells. Nu/nu mice were inoculated on their shoulder with 5 X 10°
HT29, KB, or US7MG cells.

SPECT/CT Scans

Tumor-bearing mice were intravenously injected with FAP6 conju-
gate radiolabeled with about 13 MBq of !'In. At indicated times, the
mice were anesthetized and then scanned using an MILabs VECTor/CT
instrument. CT scans were reconstructed using NRecon software
(Micro Photonics Inc.). The datasets were fused, filtered, and processed
using PMOD software (version 3.2).

Radioactive Biodistribution
Tumor-bearing mice (» = 3-5) were intravenously injected with
77Lu-FAP6-DOTA or !7’Lu-FAP6-IP-DOTA. At indicated times, the
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Toxicology

The mice were weighed every other day
during radiotherapy as a gross evaluation of
health. Tissue sections from organs of interest
(n = 1-8 per organ per mouse) were pre-
served and examined for lesions in a masked manner by a board-
certified veterinary pathologist.

Statistical Analysis
Data were analyzed using GraphPad Prism, version 8, unless other-
wise stated. All results are presented as mean *+ SE.

RESULTS

scRNA-Seq Analysis of FAP Gene Expression in Multiple
Human Tumor Types

To better understand how FAP might serve as a target for RLT,
we first sought to quantify cells in human tumors that upregulate
FAP expression. For this purpose, FAP gene expression data
(Fig. 2) were extracted from a curated database containing
scRNA-seq analyses of tumors from 14 breast, 5 ovarian, 7 colo-
rectal, and 8 lung cancer patients (//). Quantification of the
scRNA-seq data (Supplemental Fig. 1) revealed that about 30% of
all CAFs overexpress FAP RNA. Although about 10% of endothe-
lial cells also overexpressed FAP RNA, only about 2% of cancer
cells and less than 1% of all other cell types upregulated FAP
gene expression. Moreover, about 77% of all FAP-overexpressing
cells in the average tumor were fibroblasts, suggesting that animal
models used for evaluation of FAP-targeted RLTs should derive
their FAP-positive cell population primarily from CAFs. And
because FAP-overexpressing cells constituted no more than 10%
of all cells in the average cancer mass (mean, 5%), a radionuclide
with a large killing radius (e.g., '”’Lu) was deemed prudent for
effective FAP-targeted radiotherapy. The variability of FAP
expression among different human tumor types further suggested
that adjusted doses of radioactivity might be necessary to achieve
effective therapeutic responses in different patients.

Binding of FAP6 Conjugates to Different Cell Lines

Because FAP was not overexpressed on most human cancer
cells, we mimicked FAP expression in human tumors more accu-
rately by selecting cancer cell lines that did not directly express
FAP. As documented in Figure 3A, flow cytometry analyses of
4T1, KB, and HT29 cells using species-specific anti-FAP antibo-
dies demonstrated no FAP expression, even though the same can-
cers are shown to be FAP-positive in murine tumor models
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FIGURE 2.
breast, ovarian, colorectal, and lung cancers.

(Supplemental Fig. 2) because of infiltration of CAFs (/3-17). In
contrast, fibroblast cell lines Hs894 and WI38, as well as the glio-
blastoma cell line US7MG, displayed similarly low levels of
endogenous FAP expression. HEK293 cells that do not naturally
express FAP were transduced to express artificially high levels of
human FAP for use as a positive control.

To develop a FAP ligand that can mediate protracted retention of
FAP-targeted RLTs in solid tumors, we identified a FAP inhibitor
comprising a scaffold different from that of the quinoline-based
ligands most used to date (/7-23). The FAP6 ligand contains a
pyroglutamic-isoindoline—based moiety (13,24), which is reported
to possess higher selectivity for FAP than PREP (a ubiquitously

FAP-TARGETED RADIOLIGAND THERAPY

t-distributed stochastic-neighbor-embedding plots of scRNA-seq data from human

BALB/c mice inoculated with FAP-negative
4T1 cancer cells were intravenously injected
with either !''In-FAP6-DOTA or '''In-
FAP6-IP-DOTA for radioimaging (Supple-
mental Figs. 67 show studies to optimize
mass doses). The SPECT/CT scans demonstrated high uptake of
n-FAP6-DOTA in the liver but negligible accumulation in the
tumors at 2 and 4 h after injection (Fig. 4A), presumably because
of rapid excretion of '!In-FAP6-DOTA before its perfusion into
poorly vascularized 4T1 tumors. In contrast, radioimages of mice
injected with the same dose of !!!In-FAP6-IP-DOTA showed prom-
inent tumor uptake that persisted for at least 120 h after injection
(Fig. 4B). Additional SPECT/CT scans of HT29, KB, and U§7MG
tumors demonstrated the versatility of !''In-FAP6-IP-DOTA
tumor targeting and retention (Supplemental Figs. 7 and 8).
Competition and untargeted radioimages confirmed that in vivo
tumor uptake was FAP-mediated (Supplemental Fig. 9). Although
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accumulation in the spleen and liver yet
rapid excretion from the bloodstream and
tumors (Fig. 4A), whereas !7’Lu-FAP6-IP-
DOTA readily cleared from healthy organs
despite its protracted retention in blood and
tumors (Fig. 4B). The data thus confirm
that insertion of an iodophenyl albumin
binder facilitates FAP6 circulation in the
bloodstream, thereby avoiding premature
capture by excretory organs, enabling
increased FAP6 uptake by the CAFs and,
ultimately, saturation of the tumor. Dosim-
etry estimates (Supplemental Fig. 10),
"7Lu-FAP6-IP-DOTA SPECT/CT scans,
and '''In-FAP6-IP-DOTA biodistribution
studies were also performed (Supplemental
Fig. 11; Supplemental Table 1).

Effect of Albumin Binder on
Radiotherapeutic Potencies of
FAP6 RLTs

Encouraged by the improved tumor accu-
mulation conferred by insertion of an
albumin binder, we next compared the
radiotherapeutic potencies of the 2 FAP-
targeted RLTs. Moreover, to expand the
diversity of tumor types in which the FAP-
targeted RLTs would be compared, we used
a human cancer xenograft model (KB cells)
reported to respond to radiotherapy (7) and
in which the only cells overexpressing FAP
were again CAFs (/3,14). Mice bearing
tumors generated from FAP-negative KB
cells were injected intravenously with a sin-
gle dose of vehicle alone or with '7"Lu-
FAP6-DOTA or '"’Lu-FAP6-IP-DOTA on
day 0. Tumor sizes and body weights were
then measured every other day for 10 wk.

Consistent with the above SPECT/CT
and biodistribution results, !”’Lu-FAP6-
DOTA provided no therapeutic benefit,
suppressing tumor growth by only 3% and
conferring no prolongation of overall sur-
vival (Fig. SA). In contrast, !”’Lu-FAP6-
IP-DOTA radiotherapy suppressed tumor
growth by about 36% and improved overall
survival by an average of about 3 wk
(Fig. 5B, P = not statistically significant).
Although mice treated with '"’Lu-FAP6-
IP-DOTA experienced minor weight loss
immediately after injection, the same mice
quickly recovered and displayed no persist-
ing toxicities, as also is consistent with the
clearance of 17’Lu-FAP6-IP-DOTA from
healthy tissues.

transient retention was also observed in the kidneys, the absence
of significant accumulation in the liver suggested that FAP6-IP-
DOTA might constitute an RLT worthy of further scrutiny.

To confirm these results, we next quantitated the biodistributions
of each FAP6 conjugate in separate cohorts of 4T1 tumor—bearing
mice over time. '"’Lu-FAP6-DOTA demonstrated prolonged

762

Evaluation of "’Lu-FAP6-IP-DOTA Treatment in Multiple
Tumor Types

Satisfied that !”’Lu-FAP6-IP-DOTA constituted the better FAP-
targeted RLT, we next investigated whether !7’Lu-FAP6-IP-DOTA
might effectively treat a diversity of solid tumors, as frequently
envisioned by others (3,18). Mice bearing HT29, U87MG, or 4T1
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cohorts of 5 mice per group were injected
with 18 MBq of !77Lu-FAP6-IP-DOTA
and monitored. Growth of US§7MG tumors
was reduced by about 41% (Fig. 6B), but
4T1 tumors again continued to grow
unabated (Supplemental Fig. 12B). Finally,
4T1 tumors treated with 55 MBq of !7"Lu-
FAP6-IP-DOTA responded with an approx-
imately 43% decrease in growth (Fig. 6C).
Overall survival was significantly pro-
longed by at least 12 d at the respective
doses without inducing persistent weight
loss.
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(Supplemental Table 2). Hepatic extrame-
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but this finding is expected in mice regard-
less of the treatment received (26). Surpris-
ingly, mice treated with 55 MBq showed
fewer histopathologic changes in the heart
and liver than did untreated controls.
Although mild lesions were observed in
several kidneys, the lesions were deemed
nonspecific  (representative  photomicro-
graphs of tissue sections after both doses
are shown in Supplemental Fig. 13). One
lesion observed in the myocardium of a
mouse 21 d after treatment with a 55-MBq
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FIGURE 4. SPECT/CT and biodistribution analyses of FAP6-DOTA (A) vs. FAP6-IP-DOTA (B) in  DISCUSSION
4T1 tumors. %ID = percentage injected dose; a = tumors; b = liver; ¢ = kidneys; p.i. = after . .
injection. Most preclinical studies of FAP-targeted

tumors were injected intravenously with a single dose of either
vehicle alone or vehicle with '”’Lu-FAP6-IP-DOTA on day 0, after
which tumor sizes and body weights were measured every other
day. Growth of HT29 tumors was suppressed by about 58% by
9MBq of 7"Lu-FAP6-IP-DOTA (Fig. 6A), but surprisingly, this
dose did not affect US7MG or 4T1 tumors (Supplemental Figs.
12A and 12B). To determine whether U87MG or 4T1 tumors might
respond to a higher dose of !”’Lu-FAP6-IP-DOTA, additional

FAP-TARGETED RADIOLIGAND THERAPY

imaging and therapeutic agents to date have

used murine tumor models in which the
cancer cells themselves directly express FAP (19,20,28-34). As
shown in Figure 2, FAP is either absent or weakly expressed on
malignant cells from breast, lung, colorectal, and ovarian human
cancer patients. Although tumor models derived from cancer cells
that were transduced to overexpress FAP can be useful for proof-
of-concept studies, their high FAP expression may also obscure a
need to modify the molecular design of an RLT to increase tumor
accumulation in humans, such as by the addition of an albumin
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binder. Tumor models with physiologically relevant levels of FAP
expression should therefore be encouraged in RLT studies intended
for clinical development.

It was noteworthy that our 4 tumor models displayed different
sensitivities to !”’Lu-FAP6-IP-DOTA, according to the ranking
HT29 > U8TMG =~ KB > 4T1 tumors. Although variations in
FAP expression will directly influence initial uptake of our RLT and
may account for some of these different radiotherapy responses, no
clear correlation was observed with in vivo FAP staining intensity
(Supplemental Fig. 2). Discrepancies in intrinsic resistance mechan-
isms such as DNA damage repair pathways may help clarify the
observed radiosensitivities in vivo, but analysis of the growth of the
4 cancer cell lines in vitro after radiation exposure also did not reveal
a direct correlation (Supplemental Fig. 14). Considering that addi-
tional characteristics such as growth rates, vascularization, extracel-
lular matrix densities, drug efflux pumps, and CAF distributions can
all influence radiobiology (35), we suspect that no single variable
will account for the disparities observed in these 4 tumor models.
One limitation of this work is that preclinical radiotherapy studies
typically translate poorly into humans because of alterations of such
characteristics in murine tumor models (36). For future RLT studies
on mice to predict response rates more reliably in humans, it will be
important to identify tumor models that more accurately mimic the
radiation resistance mechanisms and general biology of human
cancers.

Motivated by previous successes in using a FAP6 near-infrared
dye conjugate to image 7 different murine tumor models (/3), we
attempted to adapt the same FAP6 ligand as a radiopharmaceuti-
cal. Although the inability of FAP6-DOTA to concentrate in
tumors generated by FAP-negative 4T1 cells may seem initially
surprising, it should be noted that Watabe (/8) and Slania (25)
also observed minimal uptake with FAPI conjugates when imag-
ing pancreatic and prostate tumor models, respectively, in which
the cancer cells did not directly express FAP. Because FAP6 exhi-
bits higher affinity for FAP than FAPI (19,20,32), is readily inter-
nalized by an endocytic mechanism (32), and did not show tumor
accumulation even when high mass doses of compound were
administered (Supplemental Fig. 6), we hypothesized that the lack
of tumor uptake of FAP6-DOTA was due to its rapid excretion
before sufficient perfusion into the tumors. Therefore, to prolong
the circulation, we inserted the iodophenyl butyryl moiety to gen-
erate FAP6-IP-DOTA, which accumulated prominently in 4T1
tumors. The net effect was an approximately 88-times increase in
tumor dose, more than a 1,500-times improvement in tumor—to—total-
body dosimetry ratio (Supplemental Fig. 10), and effective radiother-
apy of 4 tumor models.

Whether greater improvements can still be achieved with better
FAP ligands (/4,37), albumin binders (34,38), or linker modifica-
tions (20,23,32) is a question worthy of further scrutiny. The
dosimetry estimates of FAP6-IP-DOTA revealed most tumor—
to—healthy-organ ratios to be favorable (Supplemental Fig. 10),
but the 2:1 tumor-to-kidney ratio may require additional improve-
ment (39). This can be achieved by altering the albumin binder as
described by others (38,40), but one limitation of drug develop-
ment is that translating optimal pharmacokinetics in mice to
humans is complicated by differences in metabolism and excretion
(10). Another aspect of drug development is evaluating the perfor-
mance of the FAP6-IP-DOTA candidate with respect to other
FAP-targeted RLTs. FAP6-IP-DOTA demonstrates tumor re-
tention seemingly superior to that of FAPI-46, as well as clearance
from healthy organs faster than that of other FAP-targeted
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albumin-binding radioligands (79,20,30,32). However, direct com-
parisons should be limited because most other studies used differ-
ent tumor models in which the cancer cells directly overexpressed
FAP and necessitated immunocompromised mouse strains. What
structural elements result in optimal properties for FAP-targeted
RLT in humans remains an important question for research.

Finally, it should be noted that tumors characterized by lower
numbers of FAP-positive cells may still be less responsive to an
optimized FAP-targeted RLT. Thus, successful treatment of some
solid tumors may require combination with conventional therapies,
combination with an orthogonal RLT targeted to other cells in the
same tumor, or use of a FAP-targeted radioimaging companion
diagnostic to select only patients with high FAP expression for
radiotherapy (5,41). With these improvements, it remains conceiv-
able that a FAP-targeted RLT may prove useful for treatment of
many solid tumors.

CONCLUSION

To design a more clinically relevant study, 4 different tumor
models with ostensibly physiologic (i.e., lower) levels of FAP
expression were selected after analysis of scRNA-seq data from
human cancers. The FAP6-IP-DOTA molecule demonstrated high
affinity for FAP and prolonged circulation, resulting in strong accu-
mulation in all 4 tumors and significant suppression of tumor
growth when radiolabeled with !”’Lu. The data suggest that !”’Lu-
FAP6-IP-DOTA may potentially be optimized for human use.
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KEY POINTS

QUESTION: Can a FAP-targeted radioligand therapy demonstrate
sufficient safety and efficacy for preclinical development in murine
tumor models in which FAP expression is limited to CAFs?

PERTINENT FINDINGS: scRNA-seq data on 34 human breast,
lung, ovarian, and colon cancers demonstrated that about 5% of
all cells in human tumors overexpress FAP. '””Lu-FAP6-IP-DOTA
successfully treated multiple murine tumor models generated from
FAP-negative cancer cells.

IMPLICATIONS FOR PATIENT CARE: These data suggest that
177_u-FAP6-IP-DOTA constitutes a promising candidate for
development of FAP-targeted radiotherapy for solid tumors.
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