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Abstract: Recently, great interest has been gained regarding fibroblast activation protein (FAP) as an
excellent target for theranostics. Several FAP inhibitor molecules such as [68Ga]Ga-labelled FAPI-02,
04, 46, and DOTA.SA.FAPi have been introduced and are highly promising molecular targets from
the imaging point of view. FAP inhibitors introduced via bifunctional DOTA and DOTAGA chelators
offer the possibility to complex Lutetium-177 due to an additional coordination site, and are suitable
for theranostic applications owing to the increased tumor accumulation and prolonged tumor reten-
tion time. However, for therapeutic applications, very little has been accomplished, mainly due to
residence times of the compounds. In an attempt to develop a promising therapeutic radiopharma-
ceutical, the present study aimed to evaluate and compare the biodistribution, pharmacokinetics, and
dosimetry of [177Lu]Lu-DOTA.SA.FAPi, and [177Lu]Lu-DOTAGA.(SA.FAPi)2 in patients with various
cancers. The FAPi agents, [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2, were
administered in two different groups of patients. Three patients (mean age—50 years) were treated
with a median cumulative activity of 2.96 GBq (IQR: 2.2–3 GBq) [177Lu]Lu-DOTA.SA.FAPi and seven
(mean age—51 years) were treated with 1.48 GBq (IQR: 0.6–1.5) of [177Lu]Lu-DOTAGA.(SA.FAPi)2.
Patients in both the groups underwent serial imaging whole-body planar and SPECT/CT scans that
were acquired between 1 h and 168 h post-injection (p.i.). The residence time and absorbed dose
estimate in the source organs and tumor were calculated using OLINDA/EXM 2.2 software. Time
versus activity graphs were plotted to determine the effective half-life (Te) in the whole body and
lesions for both the radiotracers. Physiological uptake of [177Lu]Lu-DOTA.SA.FAPi was observed
in the kidneys, colon, pancreas, liver, gall bladder, oral mucosa, lacrimal glands, and urinary blad-
der contents. Physiological biodistribution of [177Lu]Lu-DOTAGA.(SA.FAPi)2 involved liver, gall
bladder, colon, pancreas, kidneys, and urinary bladder contents, lacrimal glands, oral mucosa, and
salivary glands. In the [177Lu]Lu-DOTA.SA.FAPi group, the highest absorbed doses were noted
in the kidneys (0.618 ± 0.015 Gy/GBq), followed by the colon (right colon: 0.472 Gy/GBq and left
colon: 0.430 Gy/GBq). In the [177Lu]Lu-DOTAGA.(SA.FAPi)2 group, the colon received the high-
est absorbed dose (right colon: 1.160 Gy/GBq and left colon: 2.870 Gy/GBq), and demonstrated
a significantly higher mean absorbed dose than [177Lu]Lu-DOTA.SA.FAPi (p < 0.011). [177Lu]Lu-
DOTAGA.(SA.FAPi)2 had significantly longer median whole-body Te compared to that of [177Lu]Lu-
DOTA.SA.FAPi [46.2 h (IQR: 38.5–70.1) vs. 23.1 h (IQR: 17.8–31.5); p-0.0167]. The Te of tumor lesions
was significantly higher for [177Lu]Lu-DOTAGA.(SA.FAPi)2 compared to [177Lu]Lu-DOTA.SA.FAPi
[86.6 h (IQR: 34.3–94.6) vs. 14 h (IQR: 12.8–15.5); p-0.0004]. The median absorbed doses to the
lesions were 0.603 (IQR: 0.230–1.810) Gy/GBq and 6.70 (IQR: 3.40–49) Gy/GBq dose per cycle in
the [177Lu]Lu-DOTA.SA.FAPi, and [177Lu]Lu-DOTAGA.(SA.FAPi)2 groups, respectively. The first
clinical dosimetry study demonstrated significantly higher tumor absorbed doses with [177Lu]Lu-
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DOTAGA.(SA.FAPi)2 compared to [177Lu]Lu-DOTA.SA.FAPi. [177Lu]Lu-DOTAGA.(SA.FAPi)2 is safe
and unveiled new frontiers to treat various end-stage cancer patients with a theranostic approach.

Keywords: [68Ga]Ga-DOTA.SA.FAPi PET/CT; [177Lu]Lu-DOTA.SA.FAPi; [177Lu]Lu-DOTAGA.
(SA.FAPi)2; biodistribution; dosimetry; pharmacokinetics; absorbed dose estimates; effective half-life

1. Introduction

The tumor microenvironment (TME) plays a crucial role in tumor remodelling and
is an important contributor to tumor growth and promoting drug resistance. Within the
TME, cancer-associated fibroblasts (CAFs) have a multifaceted function and are major
contributors to TME remodelling. The high abundance of CAFs in a wide range of tumors
offers important implications to target various cancers.

The fibroblast activation protein (FAPα), a type II transmembrane serine protease, is
highly expressed in CAFs. Histopathologic studies reported the prevalence of FAP-positive
cancer-associated fibroblasts in ~90% of epithelial tumors [1]. The ubiquitous expression of
fibroblast activation protein (FAP) makes it an interesting target for imaging and therapy
of a wide spectrum of malignancies [1]. FAP promotes tumor growth, proliferation, and
angiogenesis [2]. Hence, targeting this protein with several probes, including antibodies,
immunoconjugates, and small molecular FAP inhibitors, may be an interesting approach
for tumor detection and suppression.

Although FAP imaging is in the early developmental stage, several FAP inhibitor
based small molecules (chelator–linker–FAP inhibitor conjugates) have been developed.
Mostly, heterocyclic linker units between chelator and inhibitor were introduced, such as
piperazine series [3,4] and squaramide based [5–7] FAP-inhibitor precursors. All these FAPi
precursors exhibit high selectivity and affinities for FAP in the same order of magnitude as
the lead structure UAMC1110, as described by van der Veken’s group [8,9], and have been
developed for diagnostic and therapeutic use (Figure 1).
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Haberkorn’s group reported a series of piperazine-based FAP-inhibitors labelled with
the positron emitter gallium-68, which were successfully used for imaging various can-
cers [3,4], particularly when utilizing the most prominent molecules among their structures
such as FAPI-04, FAPI-21, and FAPI-46 [4].
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Roesch’s group, in collaboration with our group, introduced a modified ligand, keep-
ing the pharmacophore intact as new FAPi PET tracers. The critical subunits constituted
the squaramide (SA) linker unit coupled with the DOTA/DATA5m bifunctional chelators
and a FAP inhibitor targeting moiety. Both agents were coupled with generator produced
gallium-68 and revealed promising imaging and theranostic benefits on in vitro, preclinical,
and clinical studies [5,6]. It is well established now that these FAP inhibitors show expres-
sion in various cancers [5–7,10]. The monomeric DOTA.SA.FAPi labelled with gallium-68
showed the most favourable properties from the imaging point of view, which includes
high tumor-to-background ratios [TBR] and demonstrates a great applicability for the
theranostic treatment approach for various cancers.

Our group [7] applied a theranostic approach of [68Ga]Ga guided [177Lu]Lu-DOTA.
SA.FAPi therapy in an advanced stage breast cancer (histology status: ER−, PR−, HER2/neu+)
patient who failed multiple lines of treatment, and demonstrated a promising improvement
in the quality of life. This radio–ligand therapy concept unveiled a new milestone in preci-
sion oncology. However, the findings were preliminary, and the detailed pharmacokinetics
and dosimetry data were underway. Visual analysis on PTx-[177Lu]Lu-DOTA.SA.SA.FAPi
whole-body scan demonstrated a high tumor affinity, but early washout of the radiotracer,
which was completely eliminated by 48 h p.i., was the major drawback of the molecule.
However, despite the short-tumor retention time, the patient experienced an improvement
in the clinical status.

To overcome this problem, Moon et al. [11] modified the structure and introduced
dimeric systems for prolonged tumor retention. Using the SA.FAPi monomer as the base,
they developed two homodimeric structures such as DOTA(SA.FAPi)2 and DOTAGA.
(SA.FAPi)2 (Figure 1).

The DOTAGA.(SA.FAPi)2 is based on the monomeric DOTA.SA.FAPi structure, but
unlike the monomer, two identical SA.FAPi units are bound to a trifunctional DOTAGA
chelator forming a homodimeric system. Additionally, for the possibility of complexing
radiometals such as lutetium-177 or actinium-225, at least seven coordinations are required;
hence, DOTAGA as a chelator was used in the case of the dimer (Figure 1).

Various derivatives were investigated in in vitro binding assays to FAP, DPPs (proline-
specific enzymes dipeptidyl peptidases), and PREP (prolyl oligopeptidase), and revealed
high affinity and protease selectivity to FAP and towards DPPs and PREP (Table 1).

Table 1. IC50 values for FAP and the related serine proteases (PREP, DPP4, DPP8, DPP9). (Adapted
from ref. [5,11]).

Compound
IC50 (µM) IC50 (nM)

DPP4 DPP8 DPP9 PREP FAP

DOTAGA.(SA.FAPi)2 0.4 ± 0.07 0.42 ± 0.04 0.16 ± 0.02 0.39 ± 0.02 0.92 ± 0.06

[natLu]Lu-
DOTAGA.(SA.FAPi)2

0.63 ± 0.07 0.41 ± 0.03 0.18 ± 0.02 0.56 ± 0.04 1.54 ± 0.15

[natGa]Ga-
DOTA.SA.FAPi >1 N/A >1 8.7 ± 0.9 1.4 ± 0.2

[natLu]Lu-
DOTA.SA.FAPi >1 N/A >1 2.5 ± 0.4 0.8 ± 0.2

FAP Fibroblast Activation Protein; DPPs Proline-specific enzymes Dipeptidyl Peptidases; PREP Prolyl Oligopeptidase.

It is of interest to know whether in vitro results of homodimers still hold true from
the clinical aspect; therefore, the aim of the present study was to compare the in vivo
biodistribution, pharmacokinetics, absorbed dose estimates, and effective half-lives of
[177Lu]Lu-DOTA.SA.FAPi monomer and [177Lu]Lu-DOTAGA.(SA.FAPi)2 dimer in can-
cer patients.
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2. Results
2.1. Patients

[177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 were administered as
a therapy after pretherapeutic confirmation of adequate FAP expression (SUVmax > 3)
of the metastases on [68Ga]Ga-DOTA.SA.FAPi-PET/CT. The mean SUVmax values and
tumor-to-background (pancreas) ratios in both groups were 8.1 ± 0.8 (6.7–9), 4 ± 0.5
(3.3–4.8), and 10.2 ± 2.1 (7.2–14.2), 4.3 ± 1.1 (2.7–6.7), respectively (Tables S1 and S2).

The demographics of patients treated with [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-
DOTAGA.(SA.FAPi)2 are mentioned in Table 2.

Table 2. Patient demographics.

Parameters [177Lu]Lu-DOTA.SA.FAPi [177Lu]Lu-
DOTAGA.(SA.FAPi)2

Number of patients 3 7

Age (years) [mean ±SD; range] 50 ± 17.2 (31–63) 51 ± 12.7 (26–63)

Gender

Male 0 4

Female 3 3

Type of cancer

Breast cancer 3 1

Thyroid cancer 0 5

Paraganglioma 0 1

The extent of disease on
[68Ga]Ga-DOTA.SA.FAPi

PET/CT scan

Primary 1 0

Lymph nodes 1 3

Skeletal metastases 3 4

Brain metastases 1 0

Liver metastases 1 1

Lung mass 0 1

Injected activity (GBq; IQR) 2.96 GBq (IQR: 2.2–3 GBq) 1.48 GBq (IQR: 0.6–1.5)

A complete concordance was observed in the FAPi expression of lesions between pre-
therapy Dx-[68Ga]Ga-DOTA.SA.FAPi PET/CT and post-therapeutic [177Lu]Lu-DOTA.SA.
FAPi/[177Lu]-DOTAGA.(SA.FAPi)2 scans (Supplementary Tables S1 and S2).

Three breast cancer patients from the [177Lu]Lu-DOTA.SA.FAPi group (mean age ± SD:
50 ± 17.2 years; range: 31–63 years) were injected with a median cumulative activity
of 2.96 GBq (IQR: 2.2–3 GBq). In the [177Lu]Lu-DOTAGA.(SA.FAPi)2 group, seven pa-
tients (mean age ± SD: 51 ± 12.7 years; range: 26–63 years) were injected with a median
dosage of 1.48 GBq (IQR: 0.6–1.5 GBq) at the first cycle of treatment. While patients
in [177Lu]Lu-DOTA.SA.FAPi group received only one treatment cycle, patients in the
[177Lu]Lu-DOTAGA.(SA.FAPi)2 dimer group received two cycles of treatment at a median
interval of two months.

2.2. Safety

[177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 doses were well toler-
ated. None of the patients experienced any early adverse events after the administration of
the agents. One patient with extensive skeletal metastases and pre-existing grade I anaemia
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experienced grade III and grade I anaemia and thrombocytopenia, respectively. No other
grade III/IV toxicities were noted. Table 3 summarises the median pre-treatment and six
months post-treatment hematological, kidney, and liver function parameters that showed
that both radiotracers were well endured.

Table 3. Comparison of hematological, renal, and liver function parameters pre- and at median of 6 months post-treatment.

[177Lu]Lu-DOTA.SA.FAPi Group [177Lu]Lu-DOTAGA.(SA.FAPi)2 Group

Parameters
Baseline

(Mean, 95%
CI of Mean)

Post-Treatment
(Mean, 95%
CI of Mean)

p Value
Baseline

(Mean, 95%
CI of Mean)

Post-Treatment
(Mean, 95%
CI of Mean)

p Value

Haemoglobin
(g/dL)

10.9
(8.9–11.7)

11
(8.7–11.6) - 10.8

(9.1–11.9)
10.07

(6.9–11) 0.1121

Platelets
(lakhs/µL)

199
(178–201)

199
(188–201) - 225

(156–295)
198

(81–239) 0.2554

Leukocytes
109/L

6500
(5600–7800)

7700
(6780–7877) - 6781.6

(4216–9348)
6947.4

(5239–8655) 0.8571

Creatinine
(mg/dL)

0.8
(0.7–0.9)

0.77
(0.7–0.9) - 0.70

(0.2–1.2)
0.50

(0.3–0.64) 0.3853

ALP 212
(168–225)

188
(160–234) - 98.3

(73.4–123)
90.5

(70.6–110) 0.3042

(-): p value cannot be estimated due to low sample size; CI: confidence interval.

2.3. Biodistribution and Pharmacokinetics of Normal Organs

2.3.1. [177Lu]Lu-DOTA.SA.FAPi

On qualitative analysis, maximum normal physiological uptake was observed in the
kidneys, followed by the colon/large intestines (ascending, transverse, and descending
colon). Other organs included the liver, pancreas, gall bladder, oral mucosa, lacrimal
gland, and urinary bladder contents. Time-activity curves were derived by either mono or
biexponential curve fitting. [177Lu]Lu-DOTA.SA.FAPi is excreted via both renal excretion
and hepatobiliary clearance. A combined wash-in and washout trend of the radiotracer in
the kidneys was observed in all patients. The wash-in of the radiotracer in the kidneys was
initiated as early as 6 h p.i. and continued up to 144 h after treatment. Pure washout of the
trend was observed for lacrimal glands, oral mucosa, liver, and pancreas (Figure 2).

Transit of radiotracer in the gut (ascending and descending colon) was first observed
at 24 h post-injection and reached its peak uptake at 48 h. At 144 h p.i., a complete washout
of the radiotracer was observed from the gut. Figure 2 shows the [177Lu]Lu-DOTA.SA.FAPi
serial whole-body scintigraphy images, obtained up to 144 h, of breast cancer patients
with extensive skeletal metastases. The image demonstrates the biodistribution of FAPi in
various organs. The graphical representation details the pattern of clearance of [177Lu]Lu-
DOTA.SA.FAPi from the organs and the whole body, which was predominantly bi-phasic
(Figure 2).
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2.3.2. [177Lu]Lu-DOTAGA.(SA.FAPi)2

Physiological biodistribution of [177Lu]Lu-DOTAGA.(SA.FAPi)2 involved liver, gall
bladder, large intestines (transverse, ascending, and descending colon), pancreas, kidneys,
urinary bladder contents, and, to a lesser extent, the lacrimal glands, oral mucosa, salivary
glands (Figure 3). Visual analysis revealed the colon as the organ with the highest FAP
uptake. The route of excretion was predominantly via biliary followed by renal excretion.
A pure washout trend was observed by the kidneys, and a combined wash-in and washout
trend of radiotracer was observed by the biliary route and fitted with bi-exponential curves.
Kidney excretion was seen as early as 1 h p.i. and continued up to 168 h (Figure 3).

Excretion of radiotracer from the hepatobiliary system/liver commenced at 4 h p.i.
and rapidly reduced by 50% at 24 h p.i. (5.2%—1 h p.i. to 2.4%—24 h p.i.); it further reached
negligible concentration at 168 h p.i. (1% IA).

The radiotracer concentration in the colon was observed at 24 h p.i. (mean %IA: 14%),
showed the maximum uptake at 48 h p.i. (%IA: 17.8%), and washed out to as low as 3%
at 168 h post-infusion. Clearance of gut activity by approximately 7.4-fold was observed
between 96 h and 168 h. However, the radiotracer concentration in the gut widely varied
among the patients depending on the tumor burden, intestinal motility, and excretion.
Patients with a high tumor burden received lower absorbed doses to the colon and kidneys
due to the “tumor-sink” effect.
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sorbed dose (right colon: 1.160 Gy/GBq and left colon: 2.870 Gy/GBq) and demonstrated 

Figure 3. (a). [18F]F-Fluorodeoxyglucose (FDG) PET/CT images of a 50-year-old woman with follicular variant of papillary
carcinoma, post radioiodine therapy (cumulative dose of 22.2 GBq) showing soft tissue density mass in left shoulder
(arrows) and multiple skeletal lesions. (b). Whole body scintigraphy conducted after additional 7.4 GBq of radioiodine
therapy, showing multiple foci of tracer accumulation suggestive of disease progression, who was started on Sorafenib
(400 mg OD). (c). [68Ga]Ga- DOTA.SA.FAPi PET/CT images (performed after 6 months of Sorafenib therapy as part
of ongoing clinical study when the patient had clinically progressive disease with thyroglobulin 300,000 ng/mL) show
normal biodistribution in the oral mucosa, salivary glands, liver, pancreas, gall bladder, colon, and kidneys. Intense
accumulation of radiotracer in the soft tissue mass (arrows) and multiple skeletal sites (right femur-arrow head). (d). Serial
[177Lu]Lu-DOTAGA.(SA.FAPi)2 whole-body scintigraphy images for dosimetry, after intravenous injection of 1.48 GBq of
radiotracer, showing radiotracer retention in the metastatic sites until 168 h delayed images. (e). Time–activity curves for
whole body, organs that were easily discernible, and metastatic sites generated from region of interest placed on whole-body
scintigraphy images. Accumulation in the normal organs peaked during 24–48 h and decreased significantly by 96 h post
injection. Left shoulder, sternum, and right femur show persistent retention until 168 h delayed images. Patient received
two cycles of [177Lu]Lu-DOTAGA.(SA.FAPi)2 therapy and showed significant clinical improvement with a decrease in
thyroglobulin levels to 27,000 ng/mL. The patient also showed significant decrease in the VASmax score, from 10 to 5, in a
follow-up at 4.5 months.

2.4. Dosimetry Estimate and Te of Normal Organs

The mean absorbed doses of [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.
(SA.FAPi)2 are mentioned in Table 4. In the [177Lu]Lu-DOTA.SA.FAPi group, the non-target
organs with the highest absorbed dose were noted in the kidneys (0.618 ± 0.015 Gy/GBq),
followed by a colon (right colon: 0.472 Gy/GBq and left colon: 0.430 Gy/GBq). On the other
hand, with [177Lu]Lu-DOTAGA.(SA.FAPi)2 a colon received the highest absorbed dose
(right colon: 1.160 Gy/GBq and left colon: 2.870 Gy/GBq) and demonstrated a significantly
higher mean absorbed dose than [177Lu]Lu-DOTA.SA.FAPi (p < 0.011). The marrow dose
was 0.000984 ± 0.000258 and 0.0173 ± 0.0182 Gy/GBq for the [177Lu]Lu-DOTA.SA.FAPi,
and [177Lu]Lu-DOTAGA.(SA.FAPi)2 groups, respectively.
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Table 4. Absorbed dose estimates of [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2.

[177Lu]Lu-DOTA.SA.FAPi [177Lu]Lu-DOTAGA.(SA.FAPi)2

Organ Mean Absorbed Doses
(Gy/GBq) Organ Mean Absorbed Doses

(Gy/GBq)

Adrenals 7.79E-03 ± 3.69E-04 Adrenals 1.27E-02 ± 4.63E-03

Brain 2.06E-05 ± 2.09E-05 Brain 1.17E-04 ± 3.93E-05

Breasts 4.39E-04 ± 2.64E-04 Breasts 6.39E-04 ± 5.30E-05

Esophagus 1.80E-03 ± 9.12E-04 Esophagus 3.07E-03 ± 6.35E-04

Eyes 2.13E-05 ± 2.04E-05 Eyes 9.96E-05 ± 4.11E-05

Gallbladder Wall 6.06E-03 ± 1.91E-04 Gallbladder Wall 7.95E-01 ± 2.58E-01

Left colon 4.30E-01 ± 9.40E-02 Left colon 2.87E+00 ± 1.74E+00

Small Intestine 2.71E-03 ± 1.74E-04 Small Intestine 9.24E-03 ± 4.92E-03

Stomach Wall 2.03E-03 ± 3.74E-04 Stomach Wall 6.62E-03 ± 1.84E-03

Right Colon 4.72E-01 ± 3.93E-02 Right Colon 1.16E+00 ± 8.58E-01

Rectum 5.08E-04 ± 5.31E-05 Rectum 2.02E-03 ± 1.04E-03

Heart Wall 1.40E-03 ± 1.09E-03 Heart Wall 2.57E-03 ± 1.39E-03

Kidneys 6.18E-01 ± 1.54E-02 Kidneys 3.74E-01 ± 2.57E-01

Liver 1.15E-01 ± 9.02E-03 Liver 2.09E-01 ± 2.38E-02

Lungs 6.10E-02 ± 1.04E-01 Lungs 2.21E-03 ± 5.66E-04

Ovaries 9.08E-04 ± 7.3E-05 Ovaries 2.23E-03 ± 2.50E-04

Pancreas 3.69E-03 ± 2.33E-04 Pancreas 6.51E-01 ± 1.37E-01

Prostate - Prostate 2.57E-03 ± 1.35E-03

Salivary glands 6.56E-05 ± 6.79E-05 Salivary glands 1.17E-01 ± 9.53E-03

Red Marrow 9.84E-04 ± 2.58E-04 Red Marrow 1.73E-02 ± 1.82E-02

Osteogenic Cells 1.18E-03 ± 2.89E-04 Osteogenic Cells 8.57E-03 ± 6.95E-03

Spleen 3.99E-03 ± 2.18E-04 Spleen 6.36E-03 ± 1.52E-03

Testes - Testes 1.71E-04 ± 9.97E-05

Thymus 1.22E-03 ± 1.49E-03 Thymus 1.00E-03 ± 3.09E-04

Thyroid 4.53E-04 ± 5.25E-04 Thyroid 3.98E-04 ± 8.53E-05

Urinary Bladder Wall 4.05E-04 ± 4.12E-05 Urinary Bladder Wall 1.28E-03 ± 4.29E-04

Uterus 7.84E-04 ± 7.47E-04 Uterus 2.18E-03 ± 2.70E-04

Total Body 1.10E-02 ± 1.72E-03 Total Body 2.33E-02 ± 6.15E-03

All values are mentioned as mean ± SD.

Contrary to [177Lu]Lu-DOTA.SA.FAPi, which showed mono-exponential whole-body
clearance, [177Lu]Lu-DOTAGA.(SA.FAPi)2 radiotracer followed a bi-exponential clearance.
[177Lu]Lu-DOTAGA.(SA.FAPi)2 had significantly longer median whole-body Te compared
to that of [177Lu]Lu-DOTA.SA.FAPi [46.2 h (IQR: 38.5–70.1) vs. 23.1 h (IQR: 17.8–31.5);
p-0.0167].

2.5. Tumor Pharmacokinetics, Effective Half-Lives, and Absorbed Dose Estimate

The values for the corresponding absorbed doses for various tumor lesions for [177Lu]Lu-
DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 are presented in Tables 5 and 6. The me-
dian masses of the lesions in the [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2
groups were similar: 32 g (IQR:16.8–43.3) and 31.7 g (5.8–111.7), p-0.8658, respectively.
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Table 5. Effective half-life (Te) and dosimetry estimate of tumor lesions with [177Lu]Lu-DOTA.SA.FAPi.

Patient S.No Cancer Type Site of Lesion Te Tumor
(h)

No of
Disintegrations or

Residence Time

Mass of
Lesion

(g)

Absorbed
Dose

(Gy/GBq)

1. Right breast
cancer

Right breast
primary tumor 17 2.44E+00 800 2.52E-01

Right shoulder
skeletal lesion 13.7 3.09E-01 46.1 5.40E-01

2. B/L breast
cancer

Right shoulder
skeletal lesion 14 4.30E-01 22 1.57E+00

Left shoulder
skeletal lesion 16 3.54E-01 15 1.89E+00

Left knee
skeletal lesion 14 0.41E-01 15 2.13E+00

3. Right breast
cancer Ileum 12.6 2.80E-01 32 6.03E-01

Pubis 12 1.02E-01 35 2.34E-01

Total number
of lesions 7

Median (IQR) 14
(12.8–15.5)

3.00E-01
(1.46E-01–4.11E-01)

32
(16.8–43.3)

6.03E-01
(2.30E-01–
1.81E+00)

Table 6. Effective half-life (Te) and dosimetry estimate of tumor lesions with [177Lu]Lu-DOTAGA.(SA.FAPi)2.

Patient S.No Cancer Type Site of Lesion Te in Tumor
(h)

Number of
Disintegrations or

Residence Time

Mass of
Lesion

(g)

Absorbed
Dose

(Gy/GBq)

1

Radioiodine
refractory
follicular

thyroid cancer

Right ileum
skeletal lesion 99 3.37E+00 65.4 4.16E+00

Femur bone
lesion 231 9.80E+00 158 7.99E+00

2 Triple negative
breast cancer

Right lung
mass 40.7 3.47E+00 50.7 5.51E+00

3

Radioiodine
refractory
papillary

thyroid cancer

Right lung
nodule 86.6 6.02E+00 1.5 3.17E+02

4

Radioiodine
refractory
papillary

thyroid cancer

Left shoulder
bone lesion 86.6 6.41E+00 189 2.64E+00

Sternum 89.5 4.47E+00 3.96 8.97E+01

Right head of
femur lesion 48.6 3.97E+00 23.2 1.37E+01

5 Paraganglioma

Skull 27.7 1.82E-01 6 2.40E+00

Anterior rib
lesion 27.9 6.48E-01 5.6 9.33E+00

Posterior rib
lesion 23.9 8.51E-01 30 2.28E+00



Pharmaceuticals 2021, 14, 1212 10 of 18

Table 6. Cont.

Patient S.No Cancer Type Site of Lesion Te in Tumor
(h)

Number of
Disintegrations or

Residence Time

Mass of
Lesion

(g)

Absorbed
Dose

(Gy/GBq)

6 Anaplastic
thyroid cancer

Right Neck
mass 90.2 1.54E+01 250 5.02E+00

7 Medullary
thyroid cancer Liver lesion 115.5 3.51E+01 33.4 8.44E+01

Total number
of lesions 12

Median
(IQR)

86.6
(34.3–94.6)

4.22E+00
(2.11E+0–8.10 E+00)

31.7
(5.8–111.7)

6.70E+00
(3.40E+00 to

4.9E+01)

All lesions that showed expression on [68Ga]Ga-DOTA.SA.FAPi PET/CT scans were
visualized on both [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 post-
therapy scans. Uptake in the tumor and metastases was detectable as early as 1 h p.i.
for both radiotracers. Interestingly, on qualitative analysis, despite the early and avid
uptake of [177Lu]Lu-DOTA.SA.FAPi in the tumor lesions, a rapid washout was observed,
with only minimal uptake in the lesion at 24 h and no uptake at 48 h post-treatment. In
contrast, there were combined wash-in and washout trends observed in the lesions of
[177Lu]Lu-DOTAGA.(SA.FAPi)2 group, where lesions demonstrated avid uptake even up to
168 h post-treatment. Similar to the clearance pattern from the whole body, a rapid mono-
exponential clearance was observed with [177Lu]Lu-DOTA.SA.FAPi radiotracer compared to
the significantly slow and bi-phasic clearance of [177Lu]Lu-DOTAGA.(SA.FAPi)2 radiotracer.

In total, all lesions received a median absorbed dose of 0.603 (IQR: 0.230–1.810)
Gy/GBq in the [177Lu]Lu-DOTA.SA.FAPi group, and patients belonging to the [177Lu]Lu-
DOTAGA.(SA.FAPi)2 group received a significantly higher absorbed dose of 6.70 (IQR:
3.40–49) Gy/GBq dose per cycle (Tables 5 and 6).

The Te of tumors in both groups reflected the uptake pattern. Unlike [177Lu]Lu-
DOTA.SA.FAPi, a remarkably higher tumor Te was observed in the patient group treated with
[177Lu]Lu-DOTAGA.(SA.FAPi)2. 177Lu]Lu-DOTAGA.(SA.FAPi)2: 86.6 h (IQR: 34.3–94.6) vs.
[177Lu]Lu-DOTA.SA.FAPi: 14 h (IQR: 12.8–15.5); p-0.0004 (Table 7).

Table 7. Comparison of Te between [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2

post-therapy scans.

Te [177Lu]Lu-DOTA.SA.FAPi [177Lu]Lu-
DOTAGA.(SA.FAPi)2

p-Value

Whole body Te N = 3 patients N = 7 patients

Median (IQR) 23.1 (17.8–31.5) 46.2 (38.5–70.1) 0.0167

Tumor Te N = 7 lesions N = 12 lesions

Median (IQR) 14 (12.8–15.5) 86.6 (34.3–94.6) 0.0004

The absorbed dose to the bone lesions of [177Lu]Lu-DOTAGA.(SA.FAPi)2 group was
about 5.6-fold higher than that in the [177Lu]Lu-DOTA.SA.FAPi group, 6.075 (2.520–11.515)
Gy/GBq with eight lesions vs. 1.086 (0.540–1.890) Gy/GBq with six lesions, p-0.0019).
Due to the difference in the type of cancer and the low sample size, the comparison was
not possible for other categories of lesions such as primary tumor, lymph nodes, and
visceral metastases.
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2.6. Response Assessment

Patients in the [177Lu]Lu-DOTA.SA.FAPi group were administered only a single
cycle of treatment, hence one hematological and clinical response was assessed. Though
patients showed initial response, which remained for up to six weeks post treatment, they
demonstrated relapse in the clinical symptoms. Two patients in this group died.

On the contrary, all patients in the [177Lu]Lu-DOTAGA.(SA.FAPi)2 group have demon-
strated a clinical response, have completed a median of three cycles of treatment, and
are alive.

3. Discussion

The expression of cancer-associated FAP in a broad spectrum of cancers offers an
optimal target for various molecular-based FAP inhibitor imaging and therapies [6,7,12].

Based on the synthesis of a potent FAP inhibitor UAMC1110 [8,9], Moon et al. [5]
introduced a squaramide linker containing bifunctional DATA5m and DOTA chelators and
a FAP targeting moiety abbreviated as DATA5m.SA.FAPi and DOTA.SA.FAPi, that were
labelled with gallium-68. Both show sufficient in vitro affinity in nanomolar IC50 values
for FAP and low affinity in µM IC50 ranges for DPPs and PREP. Selectivity to FAP and,
accordingly, towards DPPs and PREP is an important aspect for efficacy targeting FAP.

Research on [68Ga]Ga-DOTA.SA.FAPi in an HT-29 human colorectal cancer xenograft
mouse model and extended clinical studies revealed excellent in vivo and ex vivo results [5].

Subsequently, we conducted clinical studies comparing [68Ga]Ga-DOTA.SA.FAPi
with [18F]F-FDG in various cancers and demonstrated comparable results and complimen-
tary benefits to [18F]F-FDG PET/CT reporting, also demonstrating a scope for [68Ga]Ga-
DOTA.SA.FAPi guided theranostic approach for the treatment of various cancers [6].

Among the various FAP targeted molecules, Haberkorn’s group [3] evaluated FAPI-
04 as a theranostic tool. Preclinical studies in cells expressing human and murine FAP
and CD26 resulted in an increased half-life of 3.0 h for [177Lu]Lu-FAPi-04, versus 1.7 h
for [177Lu]Lu-FAPi-02 in the tumor. Further, they attempted a theranostic approach of
[68Ga]Ga-FAPI-04 guided [90Y]Y-FAPI-04 therapy in an end-stage breast cancer patient.
Though the tumor absorbed dose for [90Y]Y-FAPI-04 was not conclusive, the patient experi-
enced a reduction in pain with no significant toxicities [3].

From the reports of previous studies and our study on [177Lu]Lu-DOTA.SA.FAPi [3,7], it is
evident that the main challenge for the potential therapeutic application of the FAP tracers
was to optimize its tumor retention time. To design an ideal radiotracer for theranostic use
and deliver a maximum radiation dose to the desired target lesions, the biological half-life
of the FAPI agent should match the physical half-life of the radiometal. Small-molecule
inhibitors with a shorter-biological half-life could be labelled with shorter physical half-life
therapeutic radionuclides such as 90Y/188Re/213Bi, and similar molecules with longer
half-life could be tagged to long-lived therapeutic radionuclides such as 177Lu/225Ac, etc.

This problem received substantial interest, and an approach to improve tumor affin-
ity as well as tumor retention led to the evolution from monomers to dimeric systems,
such as DOTA based homodimeric structures DOTA.(SA.FAPi)2 and DOTAGA.(SA.FAPi)2,
by Moon et al. [11]. Unlike monomeric precursors, the bifunctional chelator at the cen-
tre is linked to two squaramide linker/target vector units. The coupling of squaramide
linker–target vector (FAP inhibitor) to dimers significantly increases tumor uptake, tumor
retention, and low background. DOTA.(SA.FAPi)2 and DOTAGA.(SA.FAPi)2 were synthe-
sized, tested for stability in vitro, and complexed with gallium-68 and lutetium-177. As
evidenced from the reports of Moon et al. [11], the homodimers display very high in vitro
affinity for FAP, similar to the monomeric structures (similar low nM IC50 values). The
use of the DOTAGA chelator for the dimeric version allows for the same coordination
sites as the DOTA monomer structure, attributing it to the better chelation with heavy
radiometals such as 177Lu, 90Y, 188Re, 225Ac, 213Bi, etc. It increases the tumor retention time
by several folds. Interestingly, the homodimeric structure had significantly increased tumor
uptake and retention, with a low background at 24 h p.i. compared to the monomer. To
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introduce the homodimers from bench to bedside, the systematic clinical trials focusing on
head-to-head comparisons of the homodimers addressing the pharmacokinetics in normal
organ and tumor lesions are warranted.

Both radiotracers were well tolerated in all patients with minimal toxicities. While the
dose-limiting organ with [177Lu]Lu-DOTA.SA.FAPi was the kidney, followed by a colon,
the highest estimated absorbed radiation dose by [177Lu]Lu-DOTAGA.(SA.FAPi)2 dimer
was observed in the colon, followed by gall bladder, pancreas, and kidneys.

To achieve a safe limit of 28 Gy [13] to the kidneys, a calculated maximum cumulative
activity of 45 GBq [177Lu]Lu-DOTA.SA.FAPi and ~10 GBq [177Lu]Lu-DOTAGA.(SA.FAPi)2
can be safely administered. A study by Bodei et al. [14] has followed patients post-PRRT in
NET patients and revealed that long-term kidney toxicities are minimal. The safe, tolerable
limit of [177Lu]Lu-DOTATATE or [90Y]Y-DOTATOC could reach up to 40 Gy in patients who
have no prior risk factors, co-morbidities, or previous history of impaired kidney function.

Based on the maximum tolerable dose limit of 38 Gy in the colon, based on the
stereotactic body radiation therapy (SBRT) data [15], patients can be injected with as
much as 84 GBq of [177Lu]Lu-DOTA.SA.FAPi and approximately 20 GBq of [177Lu]Lu-
DOTAGA.(SA.FAPi)2. Among our patient series in the [177Lu]Lu-DOTAGA.(SA.FAPi)2
group, one patient with paraganglioma suffered from constipation, with the persistence
of activity in the gut even up to 168 h p.i., and hence received a relatively higher dose
absorbed to the colon (Figure 4). The physiological uptake in the gut/intestines varied
widely across the patients and was majorly dependent on intestinal motility. Efforts to
reduce the risk to the colon and reduce the absorption might be facilitated by suggesting
that high fatty food to accelerate the washout from the gall bladder and administration
of laxatives to accelerate the washout of the radiotracer from the gut may be beneficial.
However, the effect of the above methods cannot be deduced from the current study results,
and it mandates a proper execution and investigation.

The median absorbed dose to the tumor lesions was 6.70 Gy/GBq in patients injected
with [177Lu]Lu-DOTAGA.(SA.FAPi)2, which was 5.16-fold higher than that deposited by
[177Lu]Lu-DOTA.SA.FAPi (0.603 Gy/GBq). Comparable tumor absorbed doses of 6.64
Gy/GBq were obtained by Kramer et al. in the case of [177Lu]Lu-PSMA-ALB-56 [16]. The
high absorbed doses from [177Lu]Lu-DOTAGA.(SA.FAPi)2 were in concordance with the
high survival rate of advanced stage disease in our patient cohort.

[177Lu]Lu-DOTAGA.(SA.FAPi)2 demonstrates rapid internalization, high tumor up-
take, prolonged tumor effective half-life, and delivers high radiation dose to the tumors,
even with lower dosages of lutetium. However, along with providing promisingly high
tumor doses, [177Lu]Lu-DOTAGA.(SA.FAPi)2 also attributes higher absorbed dose to the
whole body, including other organs at risk such as the gall bladder, pancreas, kidneys,
and liver.

It should be underlined that the benefit-to-risk ratio should be weighed for each
patient, taking into account factors such as tumor burden, the bowel emptying time of
each patient, and history of hepatobiliary obstruction. Additionally, dose fractionation
protocols by inducing a small dose of [177Lu]Lu-DOTAGA.(SA.FAPi)2 per treatment cycle
at longer treatment intervals may cover a decent treatment period, and at the same time
induce tumor regression and provide a window for recovery of vital and clinical toxicities.



Pharmaceuticals 2021, 14, 1212 13 of 18

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 12 of 18 
 

 

Both radiotracers were well tolerated in all patients with minimal toxicities. While 
the dose-limiting organ with [177Lu]Lu-DOTA.SA.FAPi was the kidney, followed by a co-
lon, the highest estimated absorbed radiation dose by [177Lu]Lu-DOTAGA.(SA.FAPi)2 di-
mer was observed in the colon, followed by gall bladder, pancreas, and kidneys. 

To achieve a safe limit of 28 Gy [13] to the kidneys, a calculated maximum cumulative 
activity of 45 GBq [177Lu]Lu-DOTA.SA.FAPi and ~10 GBq [177Lu]Lu-DOTAGA.(SA.FAPi)2 
can be safely administered. A study by Bodei et al. [14] has followed patients post-PRRT 
in NET patients and revealed that long-term kidney toxicities are minimal. The safe, tol-
erable limit of [177Lu]Lu-DOTATATE or [90Y]Y-DOTATOC could reach up to 40 Gy in pa-
tients who have no prior risk factors, co-morbidities, or previous history of impaired kid-
ney function. 

Based on the maximum tolerable dose limit of 38 Gy in the colon, based on the stere-
otactic body radiation therapy (SBRT) data [15], patients can be injected with as much as 
84 GBq of [177Lu]Lu-DOTA.SA.FAPi and approximately 20 GBq of [177Lu]Lu-DOT-
AGA.(SA.FAPi)2. Among our patient series in the [177Lu]Lu-DOTAGA.(SA.FAPi)2 group, 
one patient with paraganglioma suffered from constipation, with the persistence of activ-
ity in the gut even up to 168 h p.i., and hence received a relatively higher dose absorbed 
to the colon (Figure 4). The physiological uptake in the gut/intestines varied widely across 
the patients and was majorly dependent on intestinal motility. Efforts to reduce the risk 
to the colon and reduce the absorption might be facilitated by suggesting that high fatty 
food to accelerate the washout from the gall bladder and administration of laxatives to 
accelerate the washout of the radiotracer from the gut may be beneficial. However, the 
effect of the above methods cannot be deduced from the current study results, and it man-
dates a proper execution and investigation. 

 
Figure 4. (a). A 27-year old male diagnosed with paraganglioma was treated with [177Lu]Lu-DOTAGA.(SA.FAPi)2 treat-
ment, and the 1 h scan post-treatment showed (a) normal and minimal biodistribution of radiotracer in the oral mucosa, 
salivary glands, liver, pancreas, and kidneys. At 1 h p.i., intense accumulation of radiotracer was observed in the skull and 
rib lesions. The patient has a history of constipation and hence demonstrated persistent and intense uptake of [177Lu]Lu-
DOTAGA.(SA.FAPi)2 radiotracer in the gut due to reduced intestinal motility, even at 168 h (b) post-treatment, reflecting 
higher radiation absorbed dose to the colon compared to the other patients, such the patient treated in Figure 3. 

Figure 4. (a). A 27-year old male diagnosed with paraganglioma was treated with [177Lu]Lu-
DOTAGA.(SA.FAPi)2 treatment, and the 1 h scan post-treatment showed (a) normal and minimal
biodistribution of radiotracer in the oral mucosa, salivary glands, liver, pancreas, and kidneys.
At 1 h p.i., intense accumulation of radiotracer was observed in the skull and rib lesions. The
patient has a history of constipation and hence demonstrated persistent and intense uptake of
[177Lu]Lu-DOTAGA.(SA.FAPi)2 radiotracer in the gut due to reduced intestinal motility, even at
168 h (b) post-treatment, reflecting higher radiation absorbed dose to the colon compared to the other
patients, such the patient treated in Figure 3.

3.1. Limitations

The stutandardizses certain limitations. The number of patients in the study is small
and varied between the groups (three vs. seven). As FAPi based radionuclide therapy
is a new treatment, the institute ethics committee approved the [177Lu]Lu-labelled FAPi
derivatives as a salvage treatment option. Hence, only the worst prognosis patients who
have exhausted all standard line treatment options were recruited and were treated on
compassionate grounds, causing a bias in the patient recruitment. The current administered
activities to patients were arbitrary, as no data on the dosimetry estimates were available in
the literature for any therapeutic FAPi tracer.

Pertaining to the heterogeneity in the type of cancers and difference in the tumor
burdens of the patients between the two radiotracer groups, it is not ideal for conducting a
head-to-head comparison. The serial time-point of the acquisition was not uniform due to
the differences in the pharmacokinetics between the radiotracers. An inherent drawback of
planar dosimetry is the overestimation of dose due to the overlap of abdominal organs,
but efforts were made to reduce the error by applying appropriate subtraction techniques.
The effect of laxatives to promote the early washout of radiotracers and the reduction in
radiation burden to the large intestine was out of the scope of this paper.

3.2. Future Prospects

Based on the current results, we have initiated a dose-escalation study to evaluate the
maximum tolerated absorbed dose to critical organs for [177Lu]Lu-DOTAGA.(SA.FAPi)2;
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thereby, we expect to achieve the best objective response and minimal toxicities at an
optimal dosage of lutetium-177.

From the molecular perspective, we intend to reconstruct/improvise the molecule fur-
ther, improve its pharmacokinetics to promote minimum uptake in the non-target organs by
reducing the percentage of injected activity to the dose-limiting organs (hepatobiliary and
large bowels), and enhance tumor internalization and achieve greater “tumor-sink” effect.

4. Materials and Methods
4.1. Patient Recruitment

The study was duly approved by the ethics committee of the All India Institute of
Medical Sciences, New Delhi as a salvage treatment option and for patients who have
exhausted standard line treatment option on compassionate grounds. Patients were in-
cluded for [177Lu]Lu-DOTA.SA.FAPi or [177Lu]Lu-DOTAGA.(SA.FAPi)2 treatment if they
had histologically confirmed carcinoma, documented radiological/molecular or biochem-
ical disease progression on previous lines of treatment, and have exhausted all lines of
treatments, with ECOG status up to four, cancers that demonstrated high FAPi expression
on [68Ga]Ga-DOTA.SA.FAPi PET/CT scan (SUVmax > 3), and patients who signed the
informed consent form.

Patients who received prior anti-cancer therapy within the previous four weeks,
patients with Hb < 9 g/dL, leukocyte counts less than 4.0 × 109/L, platelet counts less than
75,000 per mL, inadequate liver function parameters, and serum creatinine > 1.2 mg/dL
were excluded from the study.

The study was first initiated using [177Lu]Lu-DOTA.SA.FAPi, but after the prelimi-
nary qualitative results of serial imaging, we observed low radiotracer retention at about
one to two days p.i. in the target lesions. To improve the radiotracer’s retention time,
further modifications of the radiopharmaceutical’s design led to the development of
DOTAGA.(SA.FAPi)2 homodimer.

Pertaining to the time difference in chemical modifications in the molecule, the re-
cruiting time-points in both patient groups were different. A total of three patients (mean:
50 ± 17.2 (31–63) years, three females) were recruited from May 2020 to August 2020 in
the [177Lu]Lu-DOTA.SA.FAPi group. Seven patients (mean: 51 ± 12.7 (26–63) years, four
males and three females) were recruited between November 2020 and March 2021 in the
[177Lu]Lu-DOTAGA.(SA.FAPi)2 group. Dosimetry analysis was conducted, compared,
and analyzed between patients treated with [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-
DOTAGA.(SA.FAPi)2.

4.2. [68Ga]Ga-DOTA.SA.FAPi PET/CT Imaging

Scans were obtained on a dedicated GE Discovery 710* 128 Slice PET/CT Scanner
(Wipro GE Healthcare Private Limited, 1, Maritime Square, Singapore) with a 40-mm
detector at a rotation speed of 0.35 s. Whole-body PET/CT scans were acquired 1 h after
the administration of [68Ga]Ga-DOTA.SA.FAPi (mean injected activity: 148 MBq). Patients
were positioned in a supine position, and an initial scout was acquired, followed by a
diagnostic dose CT with 300–350 mAs, 120 kVp, slice thickness 5 mm, and pitch 1 and PET
acquisition with 2 min per bed.

The images were subjected to dead-time, random, and scatter correction. The PET
image reconstruction was performed using an ordered subset expectation maximization
algorithm (OSEM) (21 subsets, 3 iterations). All images were processed and analyzed on
the GE Xeleris workstation.

4.3. [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 Radiolabelling

DOTA.SA.FAPi and DOTAGA.(SA.FAPi)2 (25 nmol) were radiolabelled with [177Lu]
LuCl3, which was obtained from BRIT, India, in sodium acetate buffer, pH 4, in 0.01 M
supra pure HCl. The radiolabelled solution was heated at 95 ◦C for 30 min, followed by pu-
rification through Sep-Pak C18 light cartridge and eluted with 50% ethanol. Radiochemical
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quality control was carried out using the instant thin-layer chromatography method with
sodium citrate buffer as the solvent, and radiolabelled products with 95% to 98% purity
were administered.

4.4. Post-Therapy [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 Whole
Body Scintigraphy

The planar acquisition of whole-body scans was performed using a dual-headed
gamma camera (GE, Discovery NM/CT 670). The camera was equipped with a high-
energy general-purpose (HEGP) parallel-hole collimator, and the energy peak was centred
at 113 keV and 208 keV with a 10% window width. Dual-energy scatter corrections were
applied at 90 KeV and 170 keV with a window width of 10%. Serial whole-body emission
scans were performed at 1 (pre-void), 6, 24, 48, and 144 hours (h) after treatment for the
[177Lu]Lu-DOTA.SA.FAPi group and at 1 (pre-void), 4–6, 24, 48, 96, and 144–168 h in
the [177Lu]Lu-DOTAGA.(SA.FAPi)2 group. Simultaneous anterior and posterior emission
scans were acquired at a speed of 15 cm/min and a matrix size of 256 × 1024. Delayed
images were acquired up to 168 h post-injection to prevent the overestimation of doses.

Similarly, SPECT/CT scans of the abdomen and the lesions were acquired in both the
radiotracer groups at serial time points, but were mainly used to demarcate the overlapping
gut and kidney activity and to calculate the volume of the tumor. SPECT/CT acquisition
parameters included a total angular range of 360 degrees, an angle view of 6 degrees,
acquired at 25 s per view, and a matrix size of 512 × 512.

4.5. Image Analysis

In the dosimetry analysis, salivary glands, kidneys, pancreas, liver, gall bladder, right
colon, left colon, tumor lesions, and whole body were included for dose calculation. The
first whole-body image post-injection before voiding was considered to include 100% of
injected activity. The region of interest (ROI) was drawn on the source organs showing
uptake of [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 on both anterior
(A) and posterior images (P). The ROI of the initial scan was cloned to the subsequent serial
time-point images of the patient.

Background counts were obtained from the thigh region. For overlapping organs such
as the right kidney which had overlapping intestinal uptake, the counts were considered
to the left kidney. The corresponding time-point post-therapy single photon emission
computed tomography (PTx-SPECT/CT) scans were also referred to prevent overlap.
Background correction of lesion counts was performed by subtracting counts in background
ROI of the similar area drawn close to the lesions.

Finally, attenuated, background, and scatter corrected percentage injected activity
(%IA) in each source organ including salivary glands (parotid and submandibular glands),
kidney, liver, gall bladder, pancreas, right and left colon, and the tumor was calculated was
calculated according to the Equations (1) and (2).

%IAuncorr =
CtROI/pixel
CtWB/pixel

× 100 (1)

where %IAuncorr: Uncorrected percentage of injected activity; CtROI/pixel: counts/pixel in a
region of interest; CtWB/pixel: counts in the whole-body image.

%IACorr =
CtROI/pixel
CtWB/pixel

× DF × 100 (2)

where %IACorr: Corrected percentage of injected activity (corrected with decay factor);
CtROI/pixel: counts/pixel in the region of interest; CtWB/pixel: counts/pixel in whole-body
image; DF: decay factor.
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4.6. Internal Dose Estimation

The percentage injected activities against time were entered in the kinetic input model
of the OLINDA/EXM v2.2 software to calculate the area under the curve that represented
the number of disintegrations per injected activity, residence time, or cumulative activity in
each source organ or time-integrated activity coefficient. The residence times were input to
the ICRP-89 female and male models to derive absorbed doses of organs and whole-body.

4.7. Tumor Dosimetry

For the tumor dosimetry, a sphere model implemented within OLINDA/EXM v2.2
was used. For each considered lesion, the volume was evaluated on pre-therapy [68Ga]Ga-
DOTA.SA.FAPi PET/CT and PTx SPECT-CT of the area of interest using the commercially
available workstation (GE Xeleris).

For the estimation of tumor absorbed dose, the dose equation based on the MIRD
formalism is expressed below [17,18] [Equation (3)].

D =
∼
A × S = A0 × τ × S (3)

Here, τ is the residence time,
∼
A is the cumulated activity, A0 is the patient’s adminis-

tered activity, and S is the mean absorbed dose per unit cumulated activity.
Finally, the residence times of source organs and tumors were entered in the adult

female or male ICRP 89 model for normal organs and the sphere model, respectively,
that derived the organ and whole-body absorbed doses in terms of or Gy/GBq. The
effective half-lives (Te) of various organs and tumors were generated using GraphPad
Prism software (v9.1).

4.8. Lood Dosimetry

Blood dosimetry was conducted in all patients belonging to the [177Lu]Lu-DOTA.SA.
FAPi and was feasible only in three patients in the [177Lu]Lu-DOTAGA.(SA.FAPi)2 group.
One milliliter of venous blood sample was taken at 0.5 (prevoid), 3.5, 24, 48, 72, 96, 120,
144, and 168 h after injection from each patient. The marrow dose was derived using the
method of Sgouros [19].

4.9. Safety

Safety was assessed by dosimetry and adverse events assessment according to the
National Cancer Institute’s Common Toxicity Criteria (NCI-CTCAE) version 5.0.

4.10. Statistical Analysis

The D’Agostino Pearson test was used to check for the normal distribution of data.
Based on the distribution, summary statistics were obtained in terms of mean, median,
standard deviation (SD), range, and interquartile range (IQR) were calculated for all contin-
uous variables based on the distribution of data. The Mann–Whitney test for independent
samples was used to compare the organ, tumor absorbed doses, and the Te between the
radiotracers. p-value < 0.05 was considered statistically significant. Statistical analysis was
performed with MedCalc statistical software version 12.

5. Conclusions

Compared to the [177Lu]Lu-DOTA.SA.FAPi monomer, [177Lu]Lu-DOTAGA.(SA.FAPi)2
homodimer demonstrated a significantly longer tumor retention; however, later uptakes
in colon and kidneys are higher than in the former, but are well tolerated. The desired
qualities, such as rapid internalization, higher affinity, longer tumor retention, and faster
clearance from the non-target organs with [177Lu]Lu-DOTAGA.(SA.FAPi)2 unveiled new
frontiers for the treatment of various end-stage cancer patients with a theranostic approach.



Pharmaceuticals 2021, 14, 1212 17 of 18

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14121212/s1, Table S1: SUVmax of tumor lesions on the baseline [68Ga]Ga-DOTA.SA.FAPi
PET/CT in the [177Lu]Lu-DOTA.SA.FAPi group, Table S2: SUVmax of tumor lesions on the baseline
[68Ga]Ga-DOTA.SA.FAPi PET/CT in the [177Lu]Lu-DOTAGA.(SA.FAPi)2 group.

Author Contributions: S.B., M.P.Y., S.K. designed the study, conducted serial dosimetry scans,
analysis, and calculated the absorbed dose estimates. E.S.M., V.S.K., F.R. designed and synthesized
the FAPi moleculetandardizedsed the radiolabelling protocol, and conducted the in vitro and pre-
clinical studies. C.B. designed the study, analysed and reported the [68Ga]Ga-DOTA.SA.FAPi PET/CT
scans, monitored all the scans, delineated the pharmacokinetics, and reviewed the results. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethics Committee of All India Institute of
medical Sciences. (The ethical approval number for the clinical use of [68Ga]Ga-DOTA.SA.FAPi, is
Ref. No IECPG-22/2020. The ethical approval number for the clinical use of of [177Lu]Lu-labelled
FAPi radiotracers Ref. No. IEC/1054/5/2020.)

Informed Consent Statement: Written informed consent was obtained from all patients to participate
in the study.

Data Availability Statement: Data is contained within the article and supplementary material.

Conflicts of Interest: All the authors included in this manuscript state no conflict of interest.

References
1. Jiang, G.-M.; Xu, W.; Du, J.; Zhang, K.-S.; Zhang, Q.-G.; Wang, X.-W.; Liu, Z.-G.; Liu, S.-Q.; Xie, W.-Y.; Liu, H.-F.; et al. The

application of the fibroblast activation protein α-targeted immunotherapy strategy. Oncotarget 2016, 7, 33472–33482. [CrossRef]
[PubMed]

2. Hamson, E.J.; Keane, F.M.; Tholen, S.; Schilling, O.; Gorrell, M.D. Understanding fibroblast activation protein (FAP): Substrates,
activities, expression and targeting for cancer therapy. Proteom.-Clin. Appl. 2014, 8, 454–463. [CrossRef] [PubMed]

3. Lindner, T.; Loktev, A.; Altmann, A.; Giesel, F.; Kratochwil, C.; Debus, J.; Jäger, D.; Mier, W.; Haberkorn, U. Development of
quinoline-based theranostic liganIthe targeting of fibroblast activation protein. J. Nucl. Med. 2018, 59, 1415–1422. [CrossRef]
[PubMed]

4. Loktev, A.; Lindner, T.; Burger, E.M.; Altmann, A.; Giesel, F.; Kratochwil, C.; Debus, J.; Marmé, F.; Jäger, D.; Mier, W.; et al.
development of fibroblast activation protein-targeted radiotracers with improved tumor retention. J. Nucl. Med. 2019, 60,
1421–1429. [CrossRef] [PubMed]

5. Moon, E.S.; Elvas, F.; Vliegen, G.; De Lombaerde, S.; Vangestel, C.; De Bruycker, S.; Bracke, A.; Eppard, E.; Greifenstein, L.; Klasen,
B.; et al. Targeting fibroblast activation protein (FAP): Next generation PET radiotracers using squaramide coupled bifunctional
DOTA and DATA5m (superscript) chelators. EJNMMI Radiopharm. Chem. 2020, 5, 19. [CrossRef] [PubMed]

6. Ballal, S.; Yadav, M.P.; Moon, E.S.; Kramer, V.S.; Roesch, F.; Kumari, S.; Tripathi, M.; ArunRaj, S.T.; Sarswat, S.; Bal, C. Biodistribu-
tion, pharmacokinetics, dosimetry of [68Ga]Ga-DOTA.SA.FAPi, and the head-to-head comparison with [18F]F-FDG PET/CT in
patients with various cancers. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 1915–1931. [CrossRef] [PubMed]

7. Ballal, S.; Yadav, M.P.; Kramer, V.; Moon, E.S.; Roesch, F.; Tripathi, M.; Mallick, S.; ArunRaj, S.T.; Bal, C. A theranostic approach of
[68Ga]Ga-DOTA.SA.FAPi PET/CT-guided [177Lu]Lu-DOTA.SA.FAPi radionuclide therapy in an end-stage breast cancer patient:
New frontier in targeted radionuclide therapy. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 942–944. [CrossRef] [PubMed]

8. Jansen, K.; De Winter, H.; Heirbaut, L.; Cheng, J.D.; Joossens, J.; Lambeir, A.-M.; De Meester, I.; Augustyns, K.; Van der Veken, P.
Selective inhibitors of fibroblast activation protein (FAP) with a xanthine scaffold. MedChemComm 2014, 5, 1700–1707. [CrossRef]

9. Jansen, K.; Heirbaut, L.; Verkerk, R.; Cheng, J.D.; Joossens, J.; Cos, P.; Maes, L.; Lambeir, A.M.; De Meester, I.; Augustyns, K.;
et al. Extended structure-activity relationship and pharmaco-kinetic investigation of (4-quinolinoyl)glycyl-2-cyanopyrrolidine
inhibitors of fibroblast activation protein (FAP). J. Med. Chem. 2014, 57, 3053–3074. [CrossRef] [PubMed]

10. Kreppel, B.; Gärtner, F.C.; Marinova, M.; Attenberger, U.; Meisenheimer, M.; Toma, M.; Kristiansen, G.; Feldmann, G.; Moon, E.S.;
Roesch, F.; et al. [68Ga]Ga-DATA5m.SA.FAPi PET/CT: Specific Tracer-uptake in Focal Nodular Hyperplasia and potential Role in
Liver Tumor Imaging. Nuklearmedizin 2020, 59, 387–389. [CrossRef] [PubMed]

11. Moon, E.S.; Ballal, S.; Yadav, M.P.; Bal, C.; Rymenant, Y.V.; Stephan, S.; Bracke, A.; der Veken, P.V.; Meester, I.D.; Roesch, F.
Fibroblast Activation Protein (FAP) targeting homodimeric FAP inhibitor radiotheranostics: A step to improve tumor uptake and
retention time. AJNMMI 2021, accepted.

12. Koustoulidou, S.; Hoorens, M.W.; Dalm, S.U.; Mahajan, S.; Debets, R.; Seimbille, Y.; de Jong, M. Cancer-Associated Fibroblasts as
Players in Cancer Development and Progression and Their Role in targeted Radionuclide Imaging and Therapy. Cancers 2021, 13,
1100. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ph14121212/s1
https://www.mdpi.com/article/10.3390/ph14121212/s1
http://doi.org/10.18632/oncotarget.8098
http://www.ncbi.nlm.nih.gov/pubmed/26985769
http://doi.org/10.1002/prca.201300095
http://www.ncbi.nlm.nih.gov/pubmed/24470260
http://doi.org/10.2967/jnumed.118.210443
http://www.ncbi.nlm.nih.gov/pubmed/29626119
http://doi.org/10.2967/jnumed.118.224469
http://www.ncbi.nlm.nih.gov/pubmed/30850501
http://doi.org/10.1186/s41181-020-00102-z
http://www.ncbi.nlm.nih.gov/pubmed/32728930
http://doi.org/10.1007/s00259-020-05132-y
http://www.ncbi.nlm.nih.gov/pubmed/33244617
http://doi.org/10.1007/s00259-020-04990-w
http://www.ncbi.nlm.nih.gov/pubmed/32783111
http://doi.org/10.1039/C4MD00167B
http://doi.org/10.1021/jm500031w
http://www.ncbi.nlm.nih.gov/pubmed/24617858
http://doi.org/10.1055/a-1164-5667
http://www.ncbi.nlm.nih.gov/pubmed/32392592
http://doi.org/10.3390/cancers13051100
http://www.ncbi.nlm.nih.gov/pubmed/33806468


Pharmaceuticals 2021, 14, 1212 18 of 18

13. Emami, B.; Lyman, J.; Brown, A. Three-Dimensional Photon Treatment Planning Report of the Collaborative Working Group
on the Evaluation of Treatment Planning for External Photon Beam RadiotherapyTolerance of normal tissue to therapeutic
irradiation. Int. J. Radiat. Oncol. Biol. Phys. 1991, 21, 109–122. [CrossRef]

14. Bodei, L.; Cremonesi, M.; Ferrari, M.; Pacifici, M.; Grana, C.M.; Bartolomei, M.; Baio, S.M.; Sansovini, M.; Paganelli, G. Long-term
evaluation of renal toxicity after peptide receptor radionuclide therapy with 90Y-DOTATOC and 177Lu-DOTATATE: The role
ofassociated risk factors. Eur. J. Nucl. Med. Mol. Imaging 2008, 35, 1847–1856. [CrossRef] [PubMed]

15. Grimm, J.; Lacouture, T.; Croce, R.; Yeo, I.; Zhu, Y.; Xue, J. Dose tolerance limits and dose volume histogram evaluation for
stereotactic body radiotherapy. J. Appl. Clin. Med. Phys. 2011, 12, 267–292. [CrossRef] [PubMed]

16. Kramer, V.; Fernández, R.; Lehnert, W.; Jiménez-Franco, L.D.; Soza-Ried, C.; Eppard, E.; Ceballos, M.; Meckel, M.; Benešová, M.;
Umbricht, C.A.; et al. Biodistribution and dosimetry of a single dose of albumin-binding ligand [177Lu]Lu-PSMA-ALB-56 in
patients with mCRPC. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 893–903. [CrossRef] [PubMed]

17. Stabin, M.G. MIRDOSE: Personal computer software for internal dose assessmentin nuclear medicine. J. Nucl. Med. 1996, 37,
538–546. [PubMed]

18. Howard, D.M.; Kearfott, K.J.; Wilderman, S.J.; Dewaraja, Y.K. Comparison of I-131 radioimmunotherapy tumor dosimetry: Unit
density sphere model versuspatientspecific Monte Carlo calculations. Cancer Biother. Radiopharm. 2011, 26, 615–621. [CrossRef]
[PubMed]

19. Sgouros, G. Bone marrow dosimetry for radioimmunotherapy: Theoretical considerations. J. Nucl. Med. 1993, 34, 689–694.
[PubMed]

http://doi.org/10.1016/0360-3016(91)90171-Y
http://doi.org/10.1007/s00259-008-0778-1
http://www.ncbi.nlm.nih.gov/pubmed/18427807
http://doi.org/10.1120/jacmp.v12i2.3368
http://www.ncbi.nlm.nih.gov/pubmed/21587185
http://doi.org/10.1007/s00259-020-05022-3
http://www.ncbi.nlm.nih.gov/pubmed/32949253
http://www.ncbi.nlm.nih.gov/pubmed/8772664
http://doi.org/10.1089/cbr.2011.0965
http://www.ncbi.nlm.nih.gov/pubmed/21939358
http://www.ncbi.nlm.nih.gov/pubmed/8455089

	Introduction 
	Results 
	Patients 
	Safety 
	Biodistribution and Pharmacokinetics of Normal Organs 
	[177Lu]Lu-DOTA.SA.FAPi 
	[177Lu]Lu-DOTAGA.(SA.FAPi)2 

	Dosimetry Estimate and Te of Normal Organs 
	Tumor Pharmacokinetics, Effective Half-Lives, and Absorbed Dose Estimate 
	Response Assessment 

	Discussion 
	Limitations 
	Future Prospects 

	Materials and Methods 
	Patient Recruitment 
	[68Ga]Ga-DOTA.SA.FAPi PET/CT Imaging 
	[177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 Radiolabelling 
	Post-Therapy [177Lu]Lu-DOTA.SA.FAPi and [177Lu]Lu-DOTAGA.(SA.FAPi)2 Whole Body Scintigraphy 
	Image Analysis 
	Internal Dose Estimation 
	Tumor Dosimetry 
	Lood Dosimetry 
	Safety 
	Statistical Analysis 

	Conclusions 
	References

