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The overexpression of fibroblast activation protein-a (FAP) in solid
cancers relative to levels in normal tissues has led to its recognition as
a target for delivering agents directly to tumors. Radiolabeled
quinoline-based FAP ligands have established clinical feasibility for
tumor imaging, but their therapeutic potential is limited due to subopti-
mal tumor retention, which has prompted the search for alternative
pharmacophores. One such pharmacophore is the boronic acid deriv-
ative N-(pyridine-4-carbonyl)-D-Ala-boroPro, a potent and selective
FAP inhibitor (FAPI). In this study, the diagnostic and therapeutic (ther-
anostic) potential of N-(pyridine-4-carbonyl)-D-Ala-boroPro–based
metal-chelating DOTA-FAPIs was evaluated. Methods: Three DOTA-
FAPIs, PNT6555, PNT6952, and PNT6522, were synthesized and
characterized with respect to potency and selectivity toward soluble
and cell membrane FAP; cellular uptake of the Lu-chelated analogs;
biodistribution and pharmacokinetics in mice xenografted with human
embryonic kidney cell–derived tumors expressing mouse FAP; the
diagnostic potential of 68Ga-chelated DOTA-FAPIs by direct organ
assay and small-animal PET; the antitumor activity of 177Lu-, 225Ac-,
or 161Tb-chelated analogs using human embryonic kidney cell–
derived tumors expressing mouse FAP; and the tumor-selective deliv-
ery of 177Lu-chelated DOTA-FAPIs via direct organ assay and SPECT.
Results: DOTA-FAPIs and their natGa and natLu chelates exhibited
potent inhibition of human and mouse sources of FAP and greatly
reduced activity toward closely related prolyl endopeptidase and
dipeptidyl peptidase 4. 68Ga-PNT6555 and 68Ga-PNT6952 showed
rapid renal clearance and continuous accumulation in tumors, resulting
in tumor-selective exposure at 60min after administration. 177Lu-
PNT6555 was distinguished from 177Lu-PNT6952 and 177Lu-PNT6522
by significantly higher tumor accumulation over 168h. In therapeutic
studies, all 3 177Lu-DOTA-FAPIs exhibited significant antitumor activity
at well-tolerated doses, with 177Lu-PNT6555 producing the greatest
tumor growth delay and animal survival. 225Ac-PNT6555 and 161Tb-
PNT6555 were similarly efficacious, producing 80% and 100% survival
at optimal doses, respectively. Conclusion: PNT6555 has potential for
clinical translation as a theranostic agent in FAP-positive cancer.
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Fibroblast activation protein-a (FAP, also called seprase) is a
member of the dipeptidyl peptidase 4 (DPP4)–like subfamily of
serine proteases (1–3). FAP is expressed as either a type II integral
membrane glycoprotein (4) or a soluble plasma protein containing
only the extracellular carboxy-terminal catalytic domain (5). Rela-
tive to normal tissues, FAP is often highly overexpressed in epi-
thelial tumors on the surface of cancer-associated fibroblasts
(CAFs) (6–8). Less frequently, FAP is overexpressed on neoplas-
tic cells themselves, in certain sarcomas, for example (8).
Although FAP is also upregulated in healing wounds and ath-

erosclerotic, arthritic, and fibrotic lesions (9–13), it is recognized
as a target for the design of anticancer drugs (14). There is particu-
lar interest in high-affinity, small-molecule catalytic-site ligands
that can be linked to a metal chelator such as DOTA for use as
theranostic agents: for example, positron-emitting 68Ga for PET or
b-emitting 177Lu, 161Tb (which emits Auger electrons and under-
goes b-decay (15)), or a-emitting 225Ac for radiotherapy (16).
Unlike FAP, the related postproline cleaving proteases DPP4 and
prolyl endopeptidase (PREP) are widely expressed in normal tis-
sues. DPP4 plays a role in glucose metabolism (17), whereas the
phenotype of PREP-deficient mice suggests that PREP functions
in the central nervous system (18). High FAP selectivity is, there-
fore, essential in FAP-targeted radioligands for application in
oncology.
A potent and selective inhibitor of FAP (UAMC1110) that is

based on the N-4-quinolinoyl-Gly-(2S)-cyanoPro scaffold, has pro-
vided a lead for the development of quinoline FAP inhibitors
(FAPIs) (19–21). These FAPIs demonstrated the feasibility of
FAP radioligands as PET imaging agents in preclinical models
and human cancer patients, but therapeutic potential appeared lim-
ited by suboptimal tumor retention (22), prompting the exploration
of alternative FAP ligands. A more recent clinical candidate, FAP-
2286, incorporates a cyclic peptide as the FAP-binding moiety,
with the aim of harnessing the entropic advantage available from
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conformationally restricted cyclic ligands, so as to achieve greater
potency and thereby greater tumor retention (23). In a mouse
model of FAP-positive cancer (FAP-expressing human embryonic
kidney [HEK] cells), 177Lu-FAP-2286 did achieve greater tumor
retention and treatment responses than 177Lu-FAPI-46, the leading
quinoline derivative (24).
A different approach can be based on the boronic acid deriva-

tive N-(pyridine-4-carbonyl)-D-Ala-boroPro (3099), first discov-
ered and characterized by Poplawski et al. (25). The nanomolar
potency of 3099 and the high selectivity for FAP over other
DPP4-like subfamily enzymes provides the rationale for its inves-
tigation as a FAP-targeting moiety. In this study, the feasibility of
amino-terminally blocked D-Ala-boroPro as a FAP-targeting ele-
ment in theranostic radioligands was investigated, with a focus on
PNT6555, PNT6952, and PNT6522 (Fig. 1)—in which the DOTA
chelator was N-terminally linked to D-alanine by either an amino-
benzoic acid residue (PNT6555), a tranexamic acid residue
(PNT6952), or a Gly-Gly-Val tripeptide (PNT6522).

MATERIALS AND METHODS

A complete version of Materials and Methods, including details of
instrumentation, radiochemistry, in vivo imaging protocols, reagents,
reaction buffers, and vendors, is provided in the supplemental materials
(supplemental materials are available at http://jnm.snmjournals.org).

In Vivo Procedures
The protocol for the tumor model involving HEK cell–derived

tumors expressing mouse FAP (HEK-mFAP) was approved by the
Dana-Farber Cancer Institute (Boston, Massachusetts) Institutional
Animal Care and Use Committee. Mouse serum was collected by car-
diac puncture using a protocol approved by the Tufts University Insti-
tutional Animal Care and Use Committee.

Synthesis of FAP Ligand Precursors
PNT6555, PNT6522, and PNT6952 were synthesized as previously

described by Bachovchin et al. (26).

Radiochemistry of 68Ga-, 177Lu-, 225Ac-, and
161Tb-Chelated Compounds

Radioligands were prepared by heating precursors with 177LuCl3,
68GaCl3,

225Ac(NO3)3, or 161TbCl3. Radiochemical identities were
confirmed by chromatography.

HEK-mFAP and HEK-Mock Cell Lines
HEK-mFAP and HEK cells transfected with empty vector (HEK-

Mock) (27) were propagated in standard culture medium with the
addition of G418 (Geneticin; Thermo Fisher Scientific) to sustain sta-
ble transgene expression.

In Vitro Fluorometric IC50 Measurements
Half-maximal inhibitory concentration (IC50) values of FAP ligands

for recombinant human FAP, DPP4, and PREP were determined. FAP
(pH 7.5), PREP (pH 7.5), and DPP4 (pH 8.0) were incubated at room
temperature for 10min with 1:10 serial dilutions of FAP ligands
(PNT6555, PNT6952, and PNT6522) in 96-well plates. 7-Amino-4-
methylcoumarin (AMC) fluorogenic substrates (carboxybenzyl (Z)-Gly-
Pro-AMC for FAP and PREP and Gly-Pro-AMC for DPP4) were added
to the reactions at a final concentration of 25 mM. After further incubation
for 15min at room temperature, enzyme activity was measured by fluo-
rimetry (Ex380 nm:Em460 nm). A modified method with N-(4-quinolinoyl)-
D-Ala-Pro (3144)–AMC as the FAP substrate was also used for IC50

assays with recombinant human and mouse FAP. The enzymes were
incubated at 37�C for 10min with 1:10 serial dilutions of FAP ligands.
3144-AMC was added at a final concentration of 25mM, and incubation
was continued for a further 30min at 37�C before fluorimetry.

For IC50 assays with serum samples, 1:10 dilutions of human serum
and Sprague–Dawley rat serum and a 1:100 dilution of mouse serum
were incubated at 37�C for 10min with 1:10 serial dilutions of FAP
ligands. 3144-AMC was added at a final concentration of 25mM (rat
serum) or 50mM (human serum and mouse serum), and incubation
was continued for a further 30min at 37�C before fluorimetry.

For IC50 assays with cell membrane FAP, HEK-mFAP cells were
harvested from bulk cultures grown to approximately 80% confluency
and plated in 96-well plates. After incubation overnight, 1:10 serial
dilutions of FAP ligands were incubated with the cells for 1 h. 3144-
AMC was added at a final concentration of 20mM, and 37�C incuba-
tion was continued for a further 30min before fluorimetry.

ICP-MS Assay for In Vitro Uptake and Internalization of
natLu-Chelated FAP Ligands

In vitro cellular uptake of natLu-FAP ligands was investigated by
inductively coupled plasma mass spectrometry (ICP-MS) analysis of
total natLu associated with HEK-mFAP or HEK-Mock cells. The inter-
nalized fraction represented the natLu remaining after an acid wash to
remove any cell membrane–bound inhibitor. HEK-mFAP or HEK-
Mock cells were seeded in 6-well plates (Costar) at 4 3 106 cells/
2mL/well in serum-free RPMI 1640 assay medium and incubated
(37�C, 5% CO2) for 18–24 h. Medium was aspirated and replaced
with 1, 5, 10, or 100 nM natLu-PNT6555 for the measurement of FAP
ligand uptake or with 10 nM natLu-PNT6555, natLu-PNT6952, or

FIGURE 1. Structures of FAP ligands. (A) N-(pyridine-4-carbonyl)-D-Ala-
boroPro (3099). (B) DOTA-AmBz-D-Ala-boroPro (AmBz: aminomethylben-
zoyl) (PNT6555). (C) DOTA-TXA-D-Ala-boroPro (TXA: transexamic acid)
(PNT6952). (D) DOTA-Gly-Gly-Val-D-Ala-boroPro (PNT6522).
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natLu-PNT6522 for the measurement of FAP ligand uptake and inter-
nalization. After incubation for 1 h at 37�C, the cells were washed
twice with 1mL of ice-cold phosphate-buffered saline (PBS). For the
measurement of total cellular FAP ligand uptake (natLutotal), the cells
were lysed by incubation at room temperature in 0.3M NaOH for
5min, after which the samples were passed through a 23-gauge needle
to shear DNA. For the measurement of cellular internalization, 1mL
of ice-cold 50mM glycine–100mM NaCl (pH 2.8) buffer was added
to the cells after the PBS wash step described before. After incubation
at 4�C for 10min, the cells were washed twice with 1mL of ice-cold
PBS and then lysed as described before to provide samples for the
measurement of internalized FAP ligand (natLuinternal). The protein con-
centrations of the total uptake and internalization samples were mea-
sured by the Bradford assay (Bio-Rad). Postlysis samples (300mL) were
microwave digested with 0.5mL of ultrapure water and 2.0mL of ultra–
high-purity nitric acid. The samples were further diluted with ultrapure
water to achieve 2.8% nitric acid. An internal standard (final concentra-
tion of indium of 5 ppb) was added to the samples, and indium at 0.1
ppt was added to 500-ppt Lu standards for the creation of a standard
curve. ICP-MS was conducted in low-resolution mode. Calibrant inten-
sities were normalized to the intensities of the internal controls, and the
intensities in blank samples were subtracted to create linear calibration
curves. The total cellular uptake of natLu after incubation of HEK-
mFAP cells with 1, 5, 10, or 100 nM natLu-PNT6555 was expressed as
the absolute amount (nanograms). The percentage internalization of
natLu was calculated as (natLuinternal/

natLutotal)3 100.

HEK-mFAP Mouse Tumor Xenograft Model
Six-week-old male Fox Chase mice with severe combined immunode-

ficiency were injected subcutaneously with HEK-mFAP cells. Tumor
growth was determined by measurement of tumor width (W) and length
(L) with calipers, and tumor volume (V) expressed in mm3 was calculated
by the formula V5 (W2 3 0.5L).

Formulation and In Vivo Administration of Radioligands
Radioligands diluted in PBS were administered to anesthetized

mice by a single injection into the lateral tail vein.

Biodistribution of 68Ga- and 177Lu-Radioligands In Vivo
HEK-mFAP tumor–bearing mice were injected intravenously with

defined doses of 68Ga-PNT6555 or 177Lu-radioligands. At designated

time points, blood and tissues were collected from 3 mice per treat-
ment and counted for radioactivity. Tissue weights were measured for
determination of the percentage injected dose per gram (%ID/g).

PET and SPECT
After intravenous injection of radioligands, 68Ga imaging by small-

animal PET/CT and 177Lu SPECT imaging were performed.

Antitumor Activity of 177Lu-, 225Ac-, and
161Tb-Radioligands In Vivo

Mice bearing HEK-mFAP tumors of the volumes specified in the
Results section were administered 177Lu-, 225Ac-, or 161Tb-radioligands,
vehicle, or precursor ligands (6 mice per group) on day 1. Health checks
were performed, and body weights and tumor dimensions were measured
weekly. Mortality or euthanasia was used interchangeably for plotting
mouse survival curves. Tumor growth curves were plotted up to the time
of the earliest incidence of a mortality/euthanasia endpoint in each of the
control and test groups.

Statistical Analysis
In vitro and in vivo data were analyzed using Prism 6 (GraphPad

Software), and results are presented as mean 6 SEM.

RESULTS

Potency and Selectivity of FAP Inhibitors for Human
Recombinant FAP
PNT6555, PNT6952, and PNT6522 when not chelated with

metals exhibited low nanomolar IC50 values for FAP that were
�200- to �1000-fold and �10,000- to �30,000-fold less, respec-
tively, than the values for PREP and DPP4 (Table 1). The intro-
duction of the metals reduced potency toward FAP by 2- to
48-fold, depending on the compound (Table 1). Metal chelation
also reduced affinity for PREP by #4-fold. No inhibition of DPP4
was detectable.

Potency of FAP Inhibitors for Biologically Relevant Forms
of FAP
The potencies of nonchelated and metal-chelated compound

were evaluated toward human and rodent serum FAP, and mouse
cell surface FAP in HEK-mFAP cells. The 3144-AMC substrate

TABLE 1
Selective Inhibition of FAP by Precursor and Nonradioactive Lu/Ga-Chelated PNT6555, PNT6952, and PNT6522 In Vitro

Recombinant human enzyme IC50 (nM)* Selectivity index†

Compound FAP PREP DPP4 PREP DPP4

PNT6555 3.96 0.3 900697 .100,000 230 .26,000
177Lu-PNT6555 166 3.0 4,1006740 .100,000 260 .6,300
68Ga-PNT6555 556 3.0 3,6006510 .100,000 65 .1,800

PNT6952 4.76 0.2 4,7006780 .100,000 1,000 .21,000
177Lu-PNT6952 136 1.2 34,000610,000 .100,000 2,500 .7,400
68Ga-PNT6952 846 5.3 .10,000 .10,000 .120 .120

PNT6522 126 0.6 9,20062,000 .100,000 760 .8,300
177Lu-PNT6522 256 2.0 10,00063,700 .100,000 390 .3,900
68Ga-PNT6522 5706 95 37,000612,000 .100,000 65 .160

*IC50 values obtained in fluorometric assays with Z-Gly-Pro-AMC (FAP and PREP) and Gly-Pro-AMC (DPP4) substrates are expressed
as mean (n 5 3) 6 SEM.

†Calculated as IC50 (PREP)/IC50 (FAP) and IC50 (DPP4)/IC50 (FAP).
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(Supplemental Fig. 1) (28) was used to specifically measure FAP
activity in the unfractionated biologic matrices, and as a bench-
mark for the inhibition of FAP in biologic samples; FAP inhibitor
potency toward soluble recombinant FAP was also evaluated with
this substrate. When not chelated to metals, the compounds exhib-
ited subnanomolar to low-nanomolar IC50 values in assays with all
sources of FAP (Table 2). Lu-chelation reduced the potency to a
smaller extent than Ga-chelation in both the Z-Gly-Pro-AMC and
3144-AMC assays, and with both soluble and cell membrane
forms of FAP (Tables 1 and 2).

Cellular Uptake and Internalization of FAP Inhibitors
The FAP dependence of the cellular uptake of natLu-PNT6555

was investigated by comparing the total uptake in HEK-mFAP
versus HEK-Mock cells. Measurement of total cell-associated natLu-
PNT6555 by ICP-MS demonstrated that uptake required the expres-
sion of FAP (Fig. 2A). ICP-MS measurements of the total cell bound
and internalized amounts of natLu in HEK-mFAP cells after 1 h incu-
bation with natLu-PNT6555, natLu-PNT6952 or natLu-PNT6522

indicated that natLu-PNT6555 exhibited the greatest degree of inter-
nalization (Fig. 2B).

Biodistribution of Radiolabeled FAP Inhibitors in
Tumor-Bearing Mice

68Ga-PNT6555 and 68Ga-PNT6952 exhibited selective uptake
into HEK-mFAP tumors (Fig. 3A). Small-animal PET indicated
that the radioligands rapidly entered the tumors, and while they
were progressively cleared from the blood and normal tissues via
the kidneys and the bladder, tumor activity increased rapidly over
the first 5min after injection, and more slowly but continuously
thereafter (Fig. 3C; Supplemental Fig. 2). Elimination from blood,
liver, and muscle resulted in radioligand levels that were distinctly
lower in normal tissues than in tumors by �25min after adminis-
tration (Fig. 3C), and high-contrast PET images of tumors were
obtained at 60min (Fig. 3C). All 3 177Lu-FAP radioligands exhib-
ited selective uptake in tumors 4 h after a single dose in HEK-
mFAP tumor–bearing mice (Fig. 4A; Supplemental Fig. 3). Intra-
tumoral levels of all 3 radioligands decreased between 4 and 48 h,
but high tumor-to-normal tissue ratios were maintained from 48 to
168 h. Analysis of the area under the curve (AUC) ((%ID/g)�h) for
the period from 4 to 168 h indicated that the accumulation of
177Lu-PNT6555 in the tumor was significantly greater than that
for 177Lu-PNT6952 or 177Lu-PNT6522 (P , 0.0001) (Table 3;
Supplemental Table 1), but the increase in 177Lu-PNT6555
between 48 and 168 h was not statistically significant. Although
the limited uptake in normal tissues exhibited some variation
between the 3 radioligands (Table 3), these differences were not
statistically significant (Supplemental Table 1). The highest levels
of uptake into normal tissues occurred in kidney, liver, bone and
skin for 177Lu-PNT6555, kidney for 177Lu-PNT6952, and kidney
and bone for 177Lu-PNT6522 (Table 3; Supplemental Fig. 3).
However, the high initial tumor uptake and kinetics of tumor reten-
tion resulted in tumor-to-normal tissue AUC ratios of 15 to 19 in
these tissues (Table 3). This is illustrated by the pharmacokinetic
profiles in tumor and kidney (Fig. 4A), and the retention of 177Lu-
PNT6555 in the tumors was apparent in SPECT images collected
from 3 to 120 h (Fig. 4B).

TABLE 2
Potency of Inhibition of Soluble Recombinant, Cell Membrane, and Serum Forms of Human and Rodent FAP by Precursor

and Nonradioactive Lu/Ga-Chelated PNT6555, PNT6952, and PNT6522 In Vitro

Recombinant soluble FAP IC50 (nM)
HEK-mFAP

IC50 (nM): mouse

Serum IC50 (nM)

Compound Human Mouse Human Mouse Rat

PNT6555 1.860.4 0.26 0.01 0.860.03 2.56 0.4 0.260.01 0.360.01
177Lu-PNT6555 6.660.5 0.46 0.01 1.260.1 106 1.7 0.260.02 0.460.1
68Ga-PNT6555 9865.4 176 0.9 4765.9 1006 9.3 1661.6 2466.4

PNT6952 0.560.1 0.36 0.003 1.260.1 1.36 0.3 0.360.03 0.360.01
177Lu-PNT6952 4.760.5 1.66 0.1 6.860.6 8.06 2.0 1.960.1 1.860.1
68Ga-PNT6952 4766.0 116 1.0 2261.3 426 5.5 1360.6 1462.0

PNT6522 1.960.4 0.56 0.1 1.760.4 1.46 0.2 0.560.04 0.560.01
177Lu-PNT6522 4.760.3 2.36 0.2 1260.5 116 2.0 2.560.1 3.360.1
68Ga-PNT6522 140630 876 18 8263.1 1906 32 8367.4 6465

IC50 values obtained in 3144-AMC fluorometric assays are expressed as mean (n 5 3) 6 SEM.

FIGURE 2. Cellular uptake and internalization of natLu-chelated FAP
ligands. (A) Total natLu uptake by HEK-mFAP and HEK-Mock cells after
1h of incubation at 37�C with increasing concentrations of natLu-PNT6555
in vitro. (B) Comparison of internalized fractions of natLu after 1 h of incuba-
tion of HEK-mFAP cells with 10nM natLu-PNT6555, natLu-PNT6952, or
natLu-PNT6522 in vitro.
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Antitumor Activity of PNT6555, PNT6952, and PNT6522
177Lu-Radioligands

177Lu-PNT6555, 177Lu-PNT6952, and 177Lu-PNT6522 were
administered to HEK-mFAP tumor–bearing mice as a single dose
of 15, 30, or 60 MBq. These doses were selected to enable efficacy
to be directly compared with 177Lu-FAPI-46 and 177Lu-FAP-2286,
previously evaluated in a HEK-FAP tumor model (24). 177Lu-
radioligands produced dose-dependent delays in tumor growth,
whereas no discernable effect was produced by unlabeled precursors
(Fig. 5A). On the last day of tumor measurement before mortality in
control groups, tumor growth was significantly inhibited at all doses
investigated (Supplemental Fig. 4A). 177Lu-PNT6555 produced the
longest tumor growth delay (Fig. 5A), with the rank order of effi-
cacy being 177Lu-PNT6555 . 177Lu-PNT6952 . 177Lu-PNT6522.
The same rank order was also reflected in animal survival (Fig. 5B).
The radioligands appeared to be well tolerated, and weight loss was
#10% and transient (Supplemental Fig. 5).

Antitumor Activity of 225Ac-PNT6555 and 161Tb-PNT6555
To HEK-mFAP tumor–bearing mice, 225Ac-PNT6555 was admin-

istered as a single dose of 5, 25, or 50 kBq, and 161Tb-PNT6555, as
a single dose of 15, 30, or 60 MBq. 225Ac-PNT6555 doses were
based on single doses of 225Ac-FAPI-46 that were safe and effective
in the PANC-1 xenograft model (29), and 161Tb-PNT6555 doses, on
safe and effective single doses of radiometal targeted to L1 cell adhe-
sion protein or folate receptor (30,31). Both 225Ac-PNT6555 and
161Tb-PNT6555 produced dose-dependent delays in tumor growth at
all dose levels (Fig. 6A), and before mortality of control animals,
tumor volumes were significantly reduced (Supplemental Fig. 4B).
Mean tumor volume in mice that received nonradiolabeled PNT6555

appeared to be increased above that in
vehicle-treated mice in the 225Ac-PNT6555
experiment. Although this effect was statisti-
cally significant, it was not pharmacologically
meaningful because it was small and not seen
in the 177Lu-PNT6555 (Fig. 5A) and
161Tb-PNT6555 experiments (Fig. 6A).
225Ac-PNT6555 and 161Tb-PNT6555
increased animal survival in a dose-dependent
manner (Fig. 6B). Both radioligands were
well tolerated, as indicated by minimal effect
on bodyweight (Supplemental Fig. 6).

DISCUSSION

The selective inhibition of FAP over the
dipeptidyl peptidases and PREP by 3099,
which was achieved by the pyridin-4-
carbonyl blocking group at the N terminus,
and D-alanine at P2, respectively (25), was
maintained in PNT6555, PNT6952, and
PNT6522. When expressed as a cell mem-
brane protein in HEK-mFAP cells, the
catalytic site of FAP was found to be
pharmacologically accessible to the D-Ala-
boroPro–based ligands and to be essential
for the cellular uptake of natLu-PNT6555 by
HEK-mFAP cells. In vivo, 68Ga-PNT6555
and 68Ga-PNT6952 were selectively re-
tained in HEK-mFAP tumors, resulting in
PET images with high tumor-to-background

contrast. The biodistribution of 177Lu-PNT6555, 177Lu-PNT6952,
and 177Lu-PNT6522 in HEK-mFAP tumor–bearing mice confirmed
the selective targeting of the HEK-mFAP tumors and revealed that
177Lu-PNT6555 exhibited the greatest tumor accumulation, consis-
tent with its greater cellular internalization compared with natLu-
PNT6952 and natLu-PNT6522 in vitro.
The premise for development of FAP-targeted radioligands is

that the tumor-to-normal tissue ratios of FAP activity in human
cancer will be sufficient to ensure pharmacologic effects on the
tumor while avoiding damage to normal cells and tissues. How-
ever, most mouse tumor models fail to mimic the tumor to normal
tissue FAP ratios found in humans, with mouse models having
both lower levels of FAP in the tumor and higher levels in the
blood than humans (28) (S.E. Poplawski, PhD, unpublished data,
2011). Nonetheless, an albumin binding FAP-radioligand, 177Lu-
FAP6-IP-DOTA, produced significant tumor responses in mice
implanted with multiple tumor cell lines that were not engineered
to overexpress FAP, and tumor targeting therefore relied on the
FAP expressed in the tumor stroma (32). However, the levels of
responsiveness to 177Lu-FAP6-IP-DOTA across the KB, HT29,
U87MG, and 4T1 tumor models investigated did not correlate
with ex vivo staining intensity of stromal FAP for reasons that are
not well understood (32). In comparison to these models, the
HEK-mFAP tumor model is artificial and potentially somewhat
problematic because the FAP-levels in the tumor are substantially
greater than found in most human cancers, and the FAP is
expressed on the neoplastic cells rather than on the stromal CAFs,
as in human epithelial cancers. Because of the latter, the FAP tar-
geting is directed at the cancer cells rather than the CAFs, as it
would be in humans, and it is unclear how this might affect the

FIGURE 3. Biodistribution, pharmacokinetics, and PET imaging for 68Ga-PNT6555 and 68Ga-
PNT6952 in mice bearing �300-mm3 HEK-mFAP tumors administered doses of 8–10 MBq. (A) Bio-
distribution of radioligands 60min after injection. Mean6 SEM%ID/g values are shown for 3 animals
per tissue. (B) Biodistribution of radioligands determined by PET imaging 60min after administration
in representative animals from groups of 3. (C) Time–activity curves for tissue uptake of radioligands
determined by PET imaging. SUVmean 6 SEM are shown for 3 animals per tissue.
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translatability of the results to humans.
Although the FAP levels are artificially
high, the HEK-mFAP model may, never-
theless, have utility because it brings the
tumor/blood ratio of FAP closer to that of
human cancer patients. Mice have greater
circulating FAP levels than humans (28),
and the tumor/blood ratio is a key determi-
nant of tumor-selective targeting. Thus, the
HEK-mFAP model could facilitate com-
parison of the FAP-targeting potential of
various agents and might yield results that
are predictive of human efficacy. A previ-
ous comparative study of the leading clini-
cal candidates, FAP-2286 and FAPI-46,
demonstrated the utility of HEK cells engi-
neered to express human FAP in selection
of clinical candidates (24), and the results
provide feasible benchmarks for the new
boronic acid derivatives. In humans, 68Ga-
FAPI-46-PET exhibited strong correlation
with FAP tissue expression determined by
immunohistochemistry (33), and 68Ga-
FAPI-46 PET/CT appeared to be equiva-
lent to 18F-FDG PET/CT for detection of
malignant lesions in head and neck cancer
(34). Moreover, first-in-human results for
177Lu-FAP-2286 in advanced metastatic
disease have demonstrated significant
tumor uptake and longer tumor retention
times compared with the earlier clinical
candidates, FAPI-02 and FAPI-04 (22,35).

FIGURE 4. Biodistribution and SPECT imaging for 177Lu-radioligands in mice bearing HEK-mFAP
tumors administered doses of 6.8–7.8 MBq. (A) 177Lu-PNT6555, 177Lu-PNT6952, and 177Lu-
PNT6522 uptake in tumors and kidneys at 4 to 168h after administration in animals bearing �171-
mm3 tumors. Mean 6 SEM %ID/g values are shown for 3 animals per tissue. Statistical analysis of
AUC values indicated significantly greater accumulation in tumors of 177Lu-PNT6555 than of 177Lu-
PNT6952 or 177Lu-PNT6522 (P , 0.0001), and in kidneys there were no significant differences
among AUC values for these radioligands. (B) Biodistribution of 177Lu-PNT6555 determined by
SPECT imaging 3, 24, 48, and 120h after administration in representative animals (from groups of 3)
bearing �355-mm3 tumors.

TABLE 3
Tissue Distribution After Intravenous Injection of 177Lu-PNT6555, 177Lu-PNT6952, and 177Lu-PNT6522

in HEK-mFAP Xenograft Model

AUC ((%ID/g)�h) Tumor-to-normal tissue ratio

Tissue 177Lu-PNT6555 177Lu-PNT6952 177Lu-PNT6522 177Lu-PNT6555 177Lu-PNT6952 177Lu-PNT6522

Blood 7.2 1.3 3.5 274.2 639.9 396.7

Heart 13.6 3.7 6.0 144.4 229.3 233.3

Lung 13.5 2.5 7.8 146.3 348.5 180.7

Liver 78.3 9.0 20.5 25.2 95.7 68.6

Spleen 46.7 12.1 24.0 42.2 71.1 58.7

Pancreas 16.0 3.1 6.1 122.9 280.2 231.1

Stomach 16.1 2.3 6.5 122.0 366.4 216.2

Small intestine 15.8 3.4 8.6 124.8 255.2 163.3

Kidney 67.1 32.6 92.9 29.3 26.3 15.2

Muscle 30.5 3.1 12.7 64.5 280.2 110.9

Bone (femur) 94.2 9.2 77.2 20.9 93.4 18.2

Skin 53.4 5.0 23.9 36.9 172.9 59.0

Brain 3.5 1.2 0.7 565.8 702.8 1,961.5

Tumor 1,969.0 857.4 1,408.4
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The biodistribution and PET imaging studies of 68Ga-PNT6555
and 68Ga-PNT6952 reported here demonstrated higher tumor speci-
ficity than 68Ga-FAP-2286 or 68Ga-FAPI-46. In addition, the tumor
growth delay produced by 177Lu-PNT6555 in the HEK-mFAP
tumor model was greater than reported for 177Lu-FAP-2286 and

177Lu-FAPI-46 when the same single doses of 30 MBq were
administered (24).
In the PANC-1 tumor model, FAP is expressed by stromal

CAFs, and 30 MBq 177Lu-FAPI-46 produced only an insignificant
trend in tumor growth inhibition (29), whereas equivalent doses of

177Lu-PNT6555, 177Lu-PNT6952, and
177Lu-PNT6522 produced much greater,
statistically significant responses in the
HEK-mFAP model. Similarly, 25 kBq
225Ac-PNT6555 produced a significant
HEK-mFAP tumor response, greatly
exceeding the effect of 225Ac-FAPI-46 in
the PANC-1 model. These results raise an
important question with respect to clinical
translation. Are the efficacy results in the
HEK-mFAP model artefactually exagger-
ated because of the unnaturally high and
homogeneous overexpression of FAP in
the HEK cells, or are the results in the
PANC-1 model artificially suppressed by a
low level of FAP expression in the tumor
stroma and a circulating FAP level
approximately 15-fold greater than in
humans (28)? Compared with the
tumor/blood FAP ratio in human cancer
patients, the ratio in the PANC-1 mouse
model might be lower, whereas the ratio
in HEK-mFAP model is higher (S.E.
Poplawski, PhD, unpublished data, 2010).
As this ratio will be a key determinant of
selective tumor targeting, it is unclear
which model might more reliably predict

177Lu-PNA

B

T-6555 177Lu-PNT-6952 177Lu-PNT-6522

177Lu-PNT-6555 177Lu-PNT-6952 177Lu-PNT-6522

FIGURE 5. Antitumor activity of 177Lu-PNT6555, 177Lu-PNT6952, and 177Lu-PNT6522 in mice bearing HEK-mFAP tumors. Animals bearing tumors
that had grown to �170–260 mm3 were administered single intravenous injection of vehicle or test agent (6 animals/treatment) on day 1. (A) Tumor
growth curves (mean 6 SEM). (B) Animal survival curves. First day of tumor measurement was day 1, except in study of 177Lu-PNT6522, for which first
day of measurement was 1 day before treatment started. Compared with survival seen with vehicle treatment, survival was significantly increased by
177Lu-PNT6555 and 177Lu-PNT6952 at all 3 doses (P# 0.001) and by 177Lu-PNT6522 at dose of 60 MBq (P# 0.01) but not at lower doses.

FIGURE 6. Antitumor activity of 225Ac-PNT6555 and 161Tb-PNT6555 in mice bearing HEK-mFAP
tumors. Animals bearing tumors that had grown to �250 mm3 (225Ac study) or �100 mm3 (161Tb
study) were administered single intravenous injection of vehicle or test agent (6 animals/treatment)
on day 1. (A) Tumor growth curves (mean6 SEM tumor volume). (B) Animal survival curves. First day
of tumor measurement was day 1. Compared with survival in precursor-treated animals, survival was
significantly increased by 225Ac-PNT6555 (50 and 25 kBq, P # 0.001; and 5 kBq, P # 0.01) and by
161Tb-PNT6555 (60, 30, and 15 MBq; P # 0.001). At 60 and 30 MBq doses of 161Tb-PNT6555, sur-
vival was 100%—curves fall on top of each other.
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human efficacy. Better mouse models that naturally express greater
levels of FAP in the tumor stroma while having less circulating
FAP are definitely needed, but comparative results in humans and
mice for clinical candidates may ultimately resolve this question.
Clinical translation of the PNT FAP ligands will require preclin-

ical evaluation of possible longer-term adverse effects. In this
regard, it is encouraging that tissues associated with known risks
of renal and hematologic toxicity (36) did not show meaningful
accumulation of 177Lu-PNT6555. Any possible sink effect of the
serum pool of FAP leading to off-target biodistribution, which
would likely be exaggerated in mice, was not observed. In human
cancer, FAP-positive CAFs provide critical support for tumor
growth and metastasis by production and remodeling of extracellu-
lar matrix, release of growth factors and cytokines that directly
stimulate tumor growth or promote angiogenesis, and suppression
of tumor immunity (37). Targeting of FAP-positive stromal CAFs
in human cancer, therefore, has potential for antitumor effects in
addition to DNA damage in neoplastic cells, as would be expected
in FAP-transfected tumor models (38). In FAP-positive human can-
cer there is the opportunity for antitumor effects by direct damage to
FAP-expressing CAFs, and bystander effects on adjacent neoplastic
cells by cross-fire irradiation and cytotoxic factors released by radia-
tion damaged cells (39). Although cross-fire may be greater in larger
tumors with b-particles, which have a range beyond a single cell
layer, a-particles can afford greater cytotoxicity by producing more
double-strand breaks in DNA and chromosomal aberrations (40). It
appears desirable to optimize the type of radionuclide emission for
the clinical stage of the cancer (40,41). If successfully translated to
the clinic, the strong preclinical efficacy of PNT6555 chelated with
177Lu, 161Tb, or 225Ac suggests that 3099-based FAP ligands might
offer the flexibility required to deliver a- or b-emitting radiometals
to the tumor bed, either concomitantly or sequentially.

CONCLUSION

The preclinical results support the advancement of PNT6555 to
the “FAPi Radioligand Open-Label, Phase 1 Study to Evaluate
Safety, Tolerability and Dosimetry of [Lu-177]-PNT6555: A Dose
Escalation Study for Treatment of Patients with Select Solid Tumors
(FRONTIER)” (ClinicalTrials.gov identifier NCT05432193).
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KEY POINTS

QUESTION: Are boronic acid–based DOTA-FAPIs effective as
PET tracers and anticancer agents when chelated with diagnostic
and therapeutic radiometals?

PERTINENT FINDINGS: Boronic acid–based DOTA-FAPIs are
potent, selective inhibitors of soluble and membrane-associated
forms of FAP. In a FAP-positive tumor model, the 68Ga-chelates
of PNT6555 and PNT6952 exhibited appropriate properties for
PET imaging, and the 177Lu-chelates of PNT6555, PNT6952, and
PNT6522 produced strong anticancer effects, with PNT6555 exhi-
biting the most potent antitumor activity when chelated with 177Lu
and similar activity when chelated with 225Ac or 161Tb, suggesting
versatility in therapeutic applications.

IMPLICATIONS FOR PATIENT CARE: PNT6555- and 3099-
based analogs provide feasible alternatives to quinoline-based
DOTA-FAPIs, and the preclinical results support their translation
to the clinic for theranostic applications in oncology.
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