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The tumor stroma, which accounts for a large part of the tumor
mass, represents an attractive target for the delivery of diagnostic

and therapeutic compounds. Here, the focus is notably on a

subpopulation of stromal cells, known as cancer-associated fibro-

blasts, which are present in more than 90% of epithelial carcinomas,
including pancreatic, colon, and breast cancer. Cancer-associated

fibroblasts feature high expression of fibroblast activation protein

(FAP), which is not detectable in adult normal tissue but is associ-

ated with a poor prognosis in cancer patients. Methods: We de-
veloped an iodinated and a DOTA-coupled radiotracer based on a

FAP-specific enzyme inhibitor (FAPI) and evaluated them in vitro

using uptake, competition, and efflux studies as well as confocal
microscopy of a fluorescence-labeled variant. Furthermore, we

performed imaging and biodistribution studies on tumor-bearing

animals. Finally, proof of concept was realized by imaging patients

with 68Ga-labeled FAPI. Results: Both FAPIs showed high speci-
ficity, affinity, and rapid internalization into FAP-expressing cells in

vitro and in vivo. Biodistribution studies on tumor-bearing mice

and on the first cancer patients demonstrated high intratumoral

uptake of the tracer and fast body clearance, resulting in high-
contrast images and negligible exposure of healthy tissue to radi-

ation. A comparison with the commonly used radiotracer 18F-FDG

in a patient with locally advanced lung adenocarcinoma revealed

that the new FAP ligand was clearly superior. Conclusion: Radio-
labeled FAPIs allow fast imaging with very high contrast in tumors

having a high stromal content and may therefore serve as pantu-

mor agents. Coupling of these molecules to DOTA or other chela-
tors allows labeling not only with 68Ga but also with therapeutic

isotopes such as 177Lu or 90Y.

Key Words: PET; radiopharmaceuticals; FAP; activated fibroblasts;

small molecule; tumor

J Nucl Med 2018; 59:1423–1429
DOI: 10.2967/jnumed.118.210435

Tumor growth and spread are determined not only by cancer
cells but also by the nonmalignant constituents of the malignant

lesion, which are subsumed under the term stroma. The stroma

may represent over 90% of the mass in tumors with a desmoplastic

reaction, such as breast, colon, and pancreatic carcinoma. In par-

ticular, a subpopulation of fibroblasts called cancer-associated fi-

broblasts is known to be involved in tumor growth, migration, and

progression. Therefore, these cells represent an attractive target

for diagnosis and antitumor therapy.
A distinguishing feature of cancer-associated fibroblasts is expres-

sion of fibroblast activation protein (FAP), a type II membrane-bound

glycoprotein belonging to the dipeptidyl peptidase 4 family. FAP

has both dipeptidyl peptidase and endopeptidase activity (1). The

endopeptidase activity distinguishes FAP from the other members

of the dipeptidyl peptidase 4 family. The substrates identified thus

far for the endopeptidase activity are denatured type I collagen, a1-

antitrypsin, and several neuropeptides (2–4). FAP has a role in

normal developmental processes during embryogenesis and in tissue

modeling. On adult normal tissues, it is expressed only insignifi-

cantly or not at all. However, high expression occurs in wound

healing, arthritis, atherosclerotic plaques, fibrosis, and in more than

90% of epithelial carcinomas (5–7).
The presence of FAP in cancer-associated fibroblasts in many

epithelial tumors and the fact that overexpression is associated with

a worse prognosis in cancer patients led to the hypothesis that FAP

activity is involved in cancer development, cancer cell migration,

and cancer spread. Therefore, targeting of this enzyme for imaging

and endoradiotherapy can be considered a promising strategy for

detecting and treating malignant tumors. We addressed this task by

developing a small-molecule radiopharmaceutical based on a FAP-

specific inhibitor and were able to show specific uptake, rapid

internalization, and successful imaging of tumors in animal models

and tumor patients. A first comparison with the commonly used
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radiotracer 18F-FDG in a patient with locally advanced lung adeno-
carcinoma revealed that the new FAP ligand was clearly superior.

MATERIALS AND METHODS

Compound Synthesis and Radiochemistry

Two radiotracers based on a FAP-specific inhibitor (8) were synthe-

sized. A radioiodine-labeled FAP-specific enzyme inhibitor (FAPI),
FAPI-01, was obtained via an organotin stannylated precursor, which

was prepared through palladium catalyzed bromine/tin exchange. FAPI-
02, a precursor for the chelation of radiometals, was synthesized in

5 steps (Supplemental Fig. 3; supplemental materials are available at

http://jnm.snmjournals.org). Radioiodinations of the stannylated precur-
sor were performed with peracetic acid. For chelation with 177Lu and
68Ga, the pH of the reaction mixture was adjusted with sodium acetate
and heated to 95�C for 10 min. Stability in human serum was analyzed

by precipitation and radio–high-performance liquid chromatography
analysis of the supernatant. More information on the synthesis chemis-

try and analytics are provided in the supplemental material.

In Vitro Characterization of FAPI Derivatives

In vitro binding studies were performed using the human cancer cell

lines BxPC3, Capan-2, MCF-7 (Sigma Aldrich Chemie GmbH), and SK-
LMS-1 (ATCC), as well as the stably transfected human FAP cell line HT-

1080-FAP, the murine FAP-expressing human cell line HEK-muFAP, and

the CD26-expressing human cell line HEK-CD26 (obtained from Stefan
Bauer, NCT, Heidelberg, Germany). For fluorescence internalization

experiments, cells were seeded on coverslips and stained with FAPI-02-
Atto488 and 49,6-diamidino-2-phenylindole for cell nucleus staining. Im-

ages were acquired on a laser-scanning confocal microscope using a ·63
oil immersion objective. Radioligand binding studies were performed using

HT-1080-FAP cells. The radiolabeled compound was added to the cell
culture and incubated for intervals ranging from 10 min to 24 h. Compe-

tition experiments were performed by simultaneous exposure to unlabeled
(1025 to 1029 M) and radiolabeled compound for 60 min. For efflux

experiments, radioactive medium was removed after incubation for 60 min
and replaced by nonradioactive medium for intervals ranging from 1 to

24 h. For internalization experiments, surface-bound activity was re-
moved by incubating the cells with 1 M glycine-HCl buffer for 10 min.

The radioactivity was measured using a g-counter, normalized to 1 million
cells, and calculated as percentage injected dose (%ID). Detailed infor-

mation on the cell lines and assays is given in the supplemental material.

PET Imaging and Biodistribution Analysis on Mice

For in vivo experiments, BALB/c nu/nu mice (Charles River) were
subcutaneously inoculated with HT-1080-FAP or Capan-2 cells. PET

imaging was performed up to 140 min after intravenous injection of
4 nmol of 68Ga-FAPI-02 (10 MBq) per mouse using an Inveon small-

animal PET scanner (Siemens). Images were reconstructed iteratively
using 3-dimensional maximum a posteriori ordered-subset expectation

maximization and were converted to SUV images. Quantification was
done using a region-of-interest technique and expressed as mean SUV.

For organ distribution of 177Lu-FAPI-02 (;1 MBq/mouse), the ani-
mals (n 5 3 for each time point) were sacrificed after indicated time

points from 30 min to 24 h. The distributed radioactivity was mea-
sured in all dissected organs and in blood using a g-counter (Cobra

Autogamma; Packard). The values are expressed as %ID per gram of
tissue (%ID/g). Additional information on the animal experiments can

be found in the supplemental material.

Clinical PET/CT Studies

Diagnostic imaging of 3 patients with 68Ga-FAPI-02 PET/CT for
medical reasons was performed under the conditions of the updated

declaration of Helsinki (section 37, unproven interventions in clinical
practice) and in accordance with the German Pharmaceuticals Law

(section 13, 2b). The tracer was injected intravenously (20 nmol,

222–312 MBq), and images were obtained 10 min, 1 h, and 3 h later.
One of the patients was also imaged using 18F-FDG PET/CT (1 h after

receiving 358 MBq). The images were obtained on a Biograph mCT
Flow PET/CT scanner (Siemens Medical Solutions) using the following

parameters: a 5-mm slice thickness, an increment of 3–4 mm, a soft-
tissue reconstruction kernel, and CARE Dose4D (Siemens Medical So-

lutions). Immediately after the CT component had been acquired,
whole-body PET was performed in 3 dimensions (matrix, 200 · 200)

in FlowMotion (Siemens Medical Solutions) at a rate of 0.7 cm/min.
The emission data were corrected for random, scatter, and decay events.

Images were reconstructed using ordered-subset expectation maximiza-
tion with 2 iterations and 21 subsets and were Gauss-filtered to a trans-

axial resolution of 5 mm in full width at half maximum. Attenuation
was corrected using the low-dose nonenhanced CT data. SUVs were

quantitatively assessed using a region-of-interest technique. All patients
gave written informed consent. The evaluation was approved by our

institutional ethical review board (approval S-016/2018).

RESULTS

FAPI-01 Selectively Targets Human and Murine FAP

To analyze the binding properties of 125I-FAPI-01 to its target
protein, radioligand binding assays were performed on the 4 human
cancer cell lines and on the 3 cell lines transfected with human or
murine FAP or with the closely related membrane protein dipeptidyl
peptidase 4/CD26. Both murine FAP and CD26 have been shown to
have a high homology to human FAP (muFAP: 90% identity and
94% similarity on an amino acid level; CD26: 52% identity and
71% similarity, with high structural resemblance) (9).
As seen in Figure 1A, 125I-FAPI-01 showed no significant bind-

ing to the FAP-negative cancer cell lines but targeted human and
murine FAP-expressing cells with high affinity (half-maximal in-
hibitory concentration for human FAP, 39.4 nM). Additionally, no
substantial binding to CD26-expressing cells was observed (0.05%
6 0.01%), proving that 125I-FAPI-01 selectively targets FAP. This
characteristic is of particular importance because CD26 is highly
expressed in a variety of normal tissues, including kidneys, liver,
and small intestine. To avoid a high background signal due to un-
specific CD26 binding, high selectivity of the ligand to FAP is of
great advantage, resulting in optimal image quality.

FAPI-01 Rapidly Internalizes in FAP-Expressing Cells but

Shows Time-Dependent Efflux and Robust Deiodination

Cell-based internalization assays demonstrated rapid uptake of
125I-FAPI-01 into the cells (Fig. 1B). After 10 min of incubation,
95% of the total bound fraction was located intracellularly (total,
19.70% 6 0.28%). Over 4 h, only a marginal decrease in activity
was observed (total, 17.00%6 0.40%, of which 94%was internalized).
Iodine-labeled compounds often show a time-dependent enzy-

matic deiodination. This was also observed for 125I-FAPI-01, result-
ing in low intracellular radioactivity of this compound after longer
incubation times (3.25% 6 0.29% after 24 h; Supplemental Fig. 5).
Deiodination can be minimized by reduction of deiodinase activity
after lowering of the temperature to 4�C, resulting in an increased
radioactivity of 26.66% 6 1.59% after 24 h (Supplemental Fig. 5).

FAPI-02 Shows Enhanced Binding and Uptake to Human

FAP as Compared with FAPI-01

To avoid rapid loss of 125I-FAPI-01 activity due to enzymatic
deiodination, a nonhalogen derivative, FAPI-02, was designed,
in which the FAP-binding moiety is chemically linked to the
chelator DOTA. In addition to the resulting enhanced stability,
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this modification offers the possibility of easily incorporating
either diagnostic or therapeutic radionuclides, allowing FAPI-
02 to be used as a theranostic compound. Like its iodized analog,
177Lu-FAPI-02 specifically binds to human and murine FAP-
expressing cells (half-maximal inhibitory concentration for human

FAP, 21 nM) without addressing CD26 (0.13
6 0.01 %ID; Fig. 1A). 177Lu-FAPI-02 inter-
nalizes rapidly into FAP-expressing cells
(20.15 6 1.74 %ID after 60 min, of which
96% is internalized; Fig. 1B), showing more
stable and higher uptake rates over time.
Unlike the high binding of 125I-FAPI-01 af-
ter 10 min of incubation, only 5% of the
125I-FAPI-01 activity remained after 24 h.
In contrast, 34% of the initial radioactivity
of 177Lu-FAPI-02 was detected after 24 h
of incubation. Efflux experiments demon-
strated that 177Lu-FAPI-02 was eliminated
significantly more slowly than 125I-FAPI-
01, showing retention of 12% of the origi-
nally accumulated radioactivity after 24 h
(125I-FAPI-01, 1.1 %ID after 24 h; Fig. 1D).

Robust internalization of FAPI-02 into
human and murine FAP-expressing cells
was confirmed by fluorescence laser-scan-
ning microscopy. To this end, HT-1080-
FAP and HEK-muFAP cells were stained
with a fluorescently labeled FAPI-02 de-
rivative (FAPI-02-Atto488) for 1–2 h. As
shown in Figure 2, the compound was com-
pletely internalized and accumulated inside
FAP-expressing cells, whereas no uptake
was detectable in FAP-negative HEK-
CD26 cells.

FAPI-02 Accumulates in Human FAP-Expressing and

FAP-Negative Xenografts by Recruitment and Activation of

Mouse Fibroblasts

Tumor accumulation of 68Ga-FAPI-02 was assessed by small-
animal PET imaging of mice bearing xenografts from both human

FAP-expressing and human FAP-negative

tumor cells. In both cases, the radiotracer

was taken up rapidly by tumor and the up-

take was maintained for at least 140 min

(Figs. 3A and 3B). At the same time,
68Ga-FAPI-02 showed negligibly low un-

specific binding and was quickly eliminated

from the blood, predominantly via the kidneys

and bladder, resulting in low background

activity and beneficial tumor-to-organ ra-

tios. Simultaneous administration of unla-

beled FAPI-02 as competitor resulted in a

complete absence of radioactivity in the tu-

mor, demonstrating the specificity of the

radiotracer to its target protein (Fig. 4). In-

terestingly, high tumor uptake of 68Ga-

FAPI-02 was observed in mice bearing

FAP-expressing (HT-1080-FAP) as well as

FAP-negative (Capan-2) cancer cell lines

because of recruitment and activation of mouse

fibroblasts. The pharmacokinetic character-

istics of the radiotracer, calculated from PET

data using a 2-tissue-compartment model

according to a previously published method

(10), are given in Supplemental Table 1.

FIGURE 1. (A) Binding of radiolabeled FAPI-01 and FAPI-02 to the 4 human cancer cell lines and

to the HT-1080-FAP, HEK-muFAP, and HEK-CD26 cell lines after 60 min of incubation. (B) Inter-

nalization of radiolabeled FAPI-01 and FAPI-02 into HT-1080-FAP cells after incubation for 10 min to

24 h. Internalized fraction is gray or black, and extracellularly bound fraction is white. (C) Compet-

itive binding of radiolabeled FAPI-01 and FAPI-02 to HT-1080-FAP cells after adding increasing

concentrations of unlabeled FAPI-01 and Lu-FAPI-02. (D) Efflux kinetics of FAPI-01 and FAPI-02

after 1 h of incubation of HT-1080-FAP cells with radiolabeled compounds, followed by incubation

with compound-free medium for 1–24 h. All data are %ID normalized to 1 million (mio) cells.

FIGURE 2. Internalization of FAPI-02 into HT-1080-FAP cells, HEK-muFAP cells, and HEK-

CD26 cells after incubation for 2 h. Blue indicates 4′,6-diamidino-2-phenylindole, and green

indicates FAPI-02-Atto488.
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These observations were confirmed using 177Lu-FAPI-02 in a
biodistribution study, proving rapid tumor accumulation in both
human FAP-expressing and human FAP-negative tumors and very
low activity in all other organs (Fig. 5; quantified uptake values are
given in Supplemental Table 2), resulting in beneficial tumor-to-
organ ratios (Supplemental Fig. 6).

FAPI-02 Rapidly Accumulates in Breast and Pancreatic

Cancer Metastases in Humans

Diagnostic PET/CT scans were performed 10 min, 1 h, and 3 h
after intravenous administration of 68Ga-FAPI-02 in a patient with
metastasized breast cancer, a patient with metastasized lung cancer,
and a patient with metastasized pancreatic cancer. In all 3 patients, a
robust accumulation of the tracer was observed in the primary tumor
and in lymph node and bone metastases, with a maximum SUV of
13.3. In contrast, tracer uptake in normal tissue was very low (Fig. 6;
Supplemental Table 3). The radioactivity cleared rapidly from the
bloodstream and was excreted predominantly via the kidneys, resulting
in high-contrast images. Comparative imaging in the patient with lo-
cally advanced lung adenocarcinoma revealed an obvious advantage of
68Ga-FAPI-02 over the commonly used PET tracer 18F-FDG. As
shown in Figure 7, 68Ga-FAPI-02 had higher uptake in metastatic
lesions and lower background activity, leading to higher contrast and
better visibility of the lesions. In contrast to 18F-FDG, which accumu-
lates strongly in cells with high glucose consumption, such as the brain,
68Ga-FAPI-02 selectively targets tissues in which FAP is expressed.

DISCUSSION

Reliable diagnosis of primary tumors, metastatic lesions, and
affected lymph nodes is of the upmost importance in planning
effective therapy, including disease staging and treatment choice.

For this purpose, imaging techniques represent indispensable tools
for the assessment of many cancer types. Because of its high
diagnostic accuracy and the possibility of evaluating both anatomic
and physiologic details, combined PET/CT is the method of choice
for modern tumor diagnostics (11). However, in contrast to anatomic
imaging techniques such as MRI or CT alone, PET/CT requires the
use of radiotracers with a high affinity to targeted structures whose
expression is higher in tumors than in normal tissues. An ideal tracer
should specifically bind to its target protein to ensure reliable differ-
entiation between cancerous and healthy tissue as well as a low
background signal, resulting in high-contrast images. Affinity and
specificity become even more important if the radiotracer represents
a theranostic compound—that is, offers the possibility of being
loaded with both diagnostic and therapeutic nuclides, thus facilitat-
ing and improving targeted and personalized treatment. Regarding
potential applications of the tracer for therapeutic purposes, high
target specificity ensures reduced side effects, a consideration that is
especially important for the protection of radiation-sensitive tissue
such as bone marrow, reproductive organs, and digestive organs.
With that in mind, we aimed to develop a theranostic tracer

targeting cancer-associated fibroblasts, which form a major
component of the tumor stroma. They are known to play a critical
role in tumor growth, migration, and progression and are geneti-
cally more stable than cancer cells, therefore being less susceptible
to the development of therapy resistance. In contrast to normal
fibroblasts, cancer-associated fibroblasts express particular proteins
that can be used as tumor-specific markers. Among these is the
membrane protein FAP, which is broadly expressed in the microen-
vironment of, and thus enables targeting of, a variety of tumors.
Such tumor types include pancreas, breast, and lung cancer, which
account for a large part of the entirety of solid tumors.

FIGURE 3. 68Ga-FAPI-02 PET in mice bearing FAP-negative (Capan-2) (A) and human FAP-expressing (HT-1080-FAP) (B) xenografts. Images were

obtained at the indicated times after injection and show rapid uptake in tumor (arrows), no accumulation in noncancerous tissue, and rapid elimination

via kidneys and bladder. Quantification of PET images shows solid clearance from cardiovascular system and constant uptake into tumor.
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By focused chemical modification of a small-molecule enzyme
inhibitor with high affinity to its target protein (8), we developed the
radiotracers FAPI-01 and FAPI-02. Both compounds demonstrated
specific binding to human and murine FAP, showing rapid and

almost complete internalization without
addressing the closely related protein
dipeptidyl peptidase 4/CD26. Because io-
dinated molecules undergo an enzymatic
deiodination with efflux of free iodine,
longer incubation times result in a lower
intracellular radioactivity. On this account,
FAPI-02 was designed to have the FAP-
binding moiety chemically linked to the
chelator DOTA, resulting in a theranostic
compound with favorable pharmacokinetic
and biochemical properties. 177Lu-FAPI-02
is eliminated significantly more slowly than
125I-FAPI-01, with retention of 12% of the
originally accumulated radioactivity after
24 h (125I-FAPI-01, 1.1%). FAPI-02 rapidly
internalizes into FAP-expressing cells
and shows high tumor uptake rates in both
tumor-bearing mice and patients with me-
tastasized epithelial carcinomas. In contrast,
there is no accumulation in normal tissue,
and clearance from the blood system is
rapid, resulting in high-contrast images.
The robust internalzation into both human
and murine FAP-expressing cells was con-
firmed by confocal microscopy using fluo-
rescence-labeled FAPI-02. In contrast to the
first-generation FAP-antibody F19, which
has high affinity to its target protein with-
out being internalized, FAPI-02 shows
complete intracellular uptake after 1 h of
incubation. The mechanism of internaliza-

tion after FAP binding has been studied by Fischer et al. using FAP
antibody fragments and DyLight 549 antimouse antibody (Thermo
Fisher Scientific) in SK-Mel-187 cells. Incubation at 37�C led to in-
ternalization of the FAP–antibody complexes (12). As with our small

FIGURE 5. (A) Ex vivo biodistribution of 177Lu-FAPI-02 after administration to mice bearing HT-1080-FAP tumors. Tumor uptake is highest after 2 h

(4.7 %ID/g). (B) Pharmacokinetic profile of 177Lu-FAPI-02 up to 24 h after administration.

FIGURE 4. (A) Blocking of 68Ga-FAPI-02 tumor accumulation by coadministration of 30 nmol of

unlabeled FAPI-02 in mice bearing HT-1080-FAP tumors. (B) Time–activity curves for 68Ga-FAPI-

02 in selected organs after administration with and without unlabeled FAPI-02 as competitor.
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molecule, the internalization process was fast, with almost complete
internalization. Colocalization of the antibody fragments with a marker
for early endosomes was observed after 20 min, and colocalization
with a marker for late endosomes and lysosomes was observed after
40 min. Antigen-binding fragment–mediated FAP internalization was
suppressed by an inhibitor for dynamin-dependent endocytosis, indi-
cating that endocytosis occurs by a dynamin-dependent mechanism.
FAPI-02 is quickly eliminated from the organism by renal

clearance without being retained in the renal parenchyma. In
contrast to 18F-FDG, which accumulates strongly in cells with
high glucose consumption, including inflammatory tissue and
the brain, 68Ga-FAPI-02 is selectively taken up in tissues where its
target protein is expressed. The fact that there is no or very low
68Ga-FAPI-02 uptake in all normal organs, especially the brain
and the liver, opens new perspectives for the detection of malig-
nant lesions in these regions based on images with a very high
contrast. Additionally, FAP has also been shown to be expressed by
rheumatoid myofibroblastlike synoviocytes in patients with rheuma-
toid arthritis and osteoarthritis (6), atherosclerosis (1), and fibrosis
(13,14), as well as in ischemic heart tissue after myocardial infarction
(15,16). These observations suggest a broader application of FAPI-02
as an imaging tracer for indications in nononcologic diseases.
FAP imaging has already been realized using antibodies and an

inhibitor molecule (17–20). For detection of atherosclerotic plaques,
the boronic acid–based FAP inhibitor MIP-1232 has been used
(20,21). Radioiodinated MIP-1232 showed high accumulation in
FAP-expressing SK-Mel-187 xenografts in vitro. However, binding

to endarterectomized tissue was similar in
plaques and normal arteries, indicating that
atherosclerosis imaging using this compound
may be difficult (20). Imaging of rheumatoid
arthritis has been performed in animal mod-
els using the antibody 28H1 labeled with
111In, 89Zr, or 99mTc, with the inflamed joints
showing high uptake that correlated with the
arthritis score (18,19).
The anti-FAP antibody sibrotuzumab

has been labeled with 131I and used for
therapy in patients with metastasized FAP-
expressing carcinomas (22,23). The anti-
body showed a slow elimination from
liver, spleen, and other normal organs that
was consistent with blood pool clearance.
High uptake was seen in metastatic lesions
larger than 1.5 cm in all patients, fre-
quently 2 d after administration (22). Im-
aging results were improved using the
SPECT technique, detecting lesions down
to 1 cm in diameter (23). The optimal time
for imaging was 3–5 d after injection of the
radiolabeled antibody. However, these im-
aging studies were performed with 131I-la-
beled antibodies using planar imaging or
SPECT for tumor detection. The use of a
b-emitting isotope with a high-energy
g-emission requires the use of high-energy
collimators and thick crystal detectors,
which highly limit image resolution. Along
with the slow clearance of antibodies
resulting in an enhanced background sig-
nal, this limitation inevitably leads to dif-

ficulty in detecting small lesions. This restriction can be overcome
using small molecules such as MIP-1232 or the FAPI molecules
developed by our laboratory and using PET instead of SPECT. In
this respect, the limiting factor for the detection of tumor lesions is
the degree of FAP expression within the tumor. This degree largely
depends on the number of activated fibroblasts, that is, the per-
centage of stromal content, or the number of FAP molecules per
fibroblast, which may be determined by the microenvironment. Be-
cause tumor growth exceeding 1–2 mm essentially requires the
formation of a supporting stroma (15), visualization of small lesions
in the range of 3–5 mm should be possible using FAPI-PET/CT.
As with any other targeted approach, FAPI-02 achieves optimal

results only in tissues with a sufficiently high FAP expression,
which is known to be rather heterogeneous in different cancer types
and patients. Besides breast, colon, and pancreatic cancer, which are
excellent candidates for FAPI imaging, further analyses have to
explore whether tumor entities such as lung cancer, head and neck
cancer, ovarian cancer, and hepatomas represent favorable targets.
Also, the fact that FAP expression was demonstrated in wound

healing and fibrotic tissue should be kept in mind when interpreting
radiologic findings, to properly evaluate which patients are likely to
benefit from a potential FAPI-02 therapy. Given the ability to use
either diagnostic or therapeutic nuclides, FAPI-02 allows simple
stratification of the appropriate patient cohort. Either way, it is already
clear that FAPI-02 represents an ideal lead candidate for the
development of a targeted radiopharmaceutical. Because of its high
target affinity, rapid tumor internalization, and fast body clearance,

FIGURE 6. PET/CT maximum-intensity projections of patient with metastasized pancreatic

cancer (A) and patient with breast cancer (C). (B) Maximum uptake of 68Ga-FAPI-02 at 10 min,

1 h, and 3 h after administration to breast cancer patient. Me 5 metastases.

1428 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 59 • No. 9 • September 2018



it is already ideally suited for tumor imaging. For therapeutic
applications, future work has to concentrate on prolongation of the
tumor retention time. This may be done by modification of the
binding moiety or the linker or by use of different chelators (24).

CONCLUSION

Radiolabeled FAPIs allow fast imaging with very high contrast
in tumors having a high stromal content and may therefore serve
as pantumor agents. Coupling of these molecules to DOTA or
other chelators allows labeling not only with 68Ga but also with
therapeutic isotopes such as 177Lu or 90Y.
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Krämer, Stephanie Biedenstein, Kirsten Kunze, Irina Kupin, Karin
Leotta, and Ursula Schierbaum for excellent technical assistance.

REFERENCES

1. Hamson EJ, Keane FM, Tholen S, Schilling O, Gorrell MD. Understanding

fibroblast activation protein (FAP): substrates, activities, expression and targeting

for cancer therapy. Proteomics Clin Appl. 2014;8:454–463.

2. Park JE, Lenter MC, Zimmermann RN, Garin-Chesa P, Old LJ, Rettig WJ.

Fibroblast activation protein, a dual specificity serine protease expressed in reactive

human tumor stromal fibroblasts. J Biol Chem. 1999;274:36505–36512.

3. Lee KN, Jackson KW, Christiansen VJ, Lee CS, Chun JG, McKee PA. Anti-

plasmin-cleaving enzyme is a soluble form of fibroblast activation protein.

Blood. 2006;107:1397–1404.

4. Keane FM, Nadvi NA, Yao TW, Gorrell MD, Neuropeptide Y. B-type natriuretic

peptide, substance P and peptide YY are novel substrates of fibroblast activation

protein-alpha. FEBS J. 2011;278:1316–1332.

5. Rettig WJ, Garin-Chesa P, Beresford HR, Oettgen HF, Melamed MR, Old LJ.

Cell-surface glycoproteins of human sarcomas: differential expression in normal and

malignant tissues and cultured cells. Proc Natl Acad Sci USA. 1988;85:3110–3114.

6. Bauer S, Jendro MC, Wadle A, et al. Fibroblast activation protein is expressed by

rheumatoid myofibroblast-like synoviocytes. Arthritis Res Ther. 2006;8:R171.

7. Garin-Chesa P, Old LJ, Rettig WJ. Cell surface glycoprotein of reactive stromal

fibroblasts as a potential antibody target in human epithelial cancers. Proc Natl

Acad Sci USA. 1990;87:7235–7239.

8. Jansen K, Heirbaut L, Cheng JD, et al. Selective inhibitors of fibroblast activation

protein (FAP) with a (4-quinolinoyl)-glycyl-2-cyanopyrrolidine scaffold. ACS

Med Chem Lett. 2013;4:491–496.

9. Kelly T. Fibroblast activation protein-alpha and dipeptidyl peptidase IV (CD26):

cell-surface proteases that activate cell signaling and are potential targets for

cancer therapy. Drug Resist Updat. 2005;8:51–58.

10. Burger C, Buck A. Requirements and implementation of a flexible kinetic mod-

eling tool. J Nucl Med. 1997;38:1818–1823.

11. Kapoor V, McCook BM, Torok FS. An introduction to PET-CT imaging. Radio-

graphics. 2004;24:523–543.

12. Fischer E, Chaitanya K, Wuest T, et al. Radioimmunotherapy of fibroblast acti-

vation protein positive tumors by rapidly internalizing antibodies. Clin Cancer

Res. 2012;18:6208–6218.

13. Egger C, Cannet C, Gerard C, et al. Effects of the fibroblast activation protein inhibitor,

PT100, in a murine model of pulmonary fibrosis. Eur J Pharmacol. 2017;809:64–72.

14. Uitte de Willige S, Malfliet JJ, Janssen HL, Leebeek FW, Rijken DC. Increased

N-terminal cleavage of alpha-2-antiplasmin in patients with liver cirrhosis.

J Thromb Haemost. 2013;11:2029–2036.

15. Tillmanns J, Hoffmann D, Habbaba Y, et al. Fibroblast activation protein alpha

expression identifies activated fibroblasts after myocardial infarction. J Mol Cell

Cardiol. 2015;87:194–203.

16. Nagaraju CK, Dries E, Popovic N, et al. Global fibroblast activation throughout the

left ventricle but localized fibrosis after myocardial infarction. Sci Rep. 2017;7:10801.

17. Tanswell P, Garin-Chesa P, Rettig WJ, et al. Population pharmacokinetics of

antifibroblast activation protein monoclonal antibody F19 in cancer patients.

Br J Clin Pharmacol. 2001;51:177–180.

18. van der Geest T, Laverman P, Gerrits D, et al. Liposomal treatment of experi-

mental arthritis can be monitored noninvasively with a radiolabeled anti-fibro-

blast activation protein antibody. J Nucl Med. 2017;58:151–155.

19. Laverman P, van der Geest T, Terry SY, et al. Immuno-PET and immuno-SPECT

of rheumatoid arthritis with radiolabeled anti-fibroblast activation protein antibody

correlates with severity of arthritis. J Nucl Med. 2015;56:778–783.

20. Meletta R, Muller Herde A, Chiotellis A, et al. Evaluation of the radiolabeled

boronic acid-based FAP inhibitor MIP-1232 for atherosclerotic plaque imaging.

Molecules. 2015;20:2081–2099.

21. Zimmermann CBJ, Joyal J, Marquis J, Wang J, inventors. Molecular Insight

Pharmaceuticals, Inc., assignee. Selective seprase inhibitors. U.S. patent 2010/

0098633 A1. Application filed September 24, 2010.

22. Scott AM, Wiseman G, Welt S, et al. A phase I dose-escalation study of sibro-

tuzumab in patients with advanced or metastatic fibroblast activation protein-

positive cancer. Clin Cancer Res. 2003;9:1639–1647.

23. Welt S, Divgi CR, Scott AM, et al. Antibody targeting in metastatic colon

cancer: a phase I study of monoclonal antibody F19 against a cell-surface protein

of reactive tumor stromal fibroblasts. J Clin Oncol. 1994;12:1193–1203.

24. Lindner T, Loktev A, Altmann A, et al. Development of quinoline based thera-

nostic ligands for the targeting of fibroblast activation protein. J Nucl Med. April

6, 2018 [Epub ahead of print].

FIGURE 7. PET/CT maximum-intensity projections (top) and transaxial

views (bottom) 1 h after administration of 18F-FDG (A) and 68Ga-FAPI-02

(B) to patient with locally advanced lung adenocarcinoma. 68Ga-FAPI-02

is seen to selectively accumulate in FAP-expressing tissue and to be

significantly higher than 18F-FDG in malignant lesions. Unlike 18F-FDG,
68Ga-FAPI-02 shows no uptake in brain, spleen, or liver.
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