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Abstract

Background: Fibroblast activation protein-a (FAPa) is selectively overexpressed in tumor-associated fibro-
blasts in more than 90% of epithelial tumors, and may be a good target for anticancer treatment, for example,
using an anti-FAPa recombinant antibody (rAb) labeled with radionuclides. In the present report, the radio-
labeling and preclinical evaluation of novel anti-FAPa rAbs were investigated.
Materials and Methods: Two novel anti-FAPa VHHs (AMS002-1 and AMS002-2) with high binding affinity to
FAPa were selected from an antibody phage library. The anti-FAPa VHHs were then fused with the Fc
fragment of human IgG4 to create two VHH-Fc rAbs. The VHH-Fc rAbs were radiolabeled with 89Zr and
177Lu. The radiolabeled products were evaluated by radioligand-binding assays using FAPa-expressing cells.
The biodistribution and tumor-targeting properties were investigated by small-animal PET/CT. AMS002-1-Fc,
which showed promising tumor-targeting properties in 89Zr-microPET imaging, was radiolabeled with 177Lu for
efficacy study on HT1080 tumor-bearing mice and monitored with SPECT/CT imaging.
Results: The two VHH-Fc rAbs with good affinity with KD values in low nanomolar range were identified. Both
PET/CT imaging with 89Zr-AMS002-1-Fc rAb and SPECT/CT imaging with 177Lu-AMS002-1-Fc rAb dem-
onstrated highest tumor uptakes at 72 h p.i. and long tumor retention in the preclinical models. Furthermore,
ex vivo biodistribution analysis revealed high tumor uptake of 89Zr-AMS002-1-Fc at 48 h p.i. with the value of
6.91% – 2.08% ID/g. Finally, radioimmunotherapy with 177Lu-AMS002-1-Fc rAb delayed the tumor growth
without significant weight loss in mice with HT1080 xenografts. The tumor size of untreated control group was
2.59 times larger compared with the treatment group with 177Lu-AMS002-1-Fc at day 29.
Conclusion: 89Zr/177Lu-AMS002-1-Fc represent a pair of promising radiopharmaceuticals for theranostics on
FAPa-expressing tumors.
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Introduction

The tumor microenvironment (TME) is the complex en-
vironment in which various noncancerous stromal cell

populations coexist, coevolve, and interact with tumor cells,
possessing a profound impact on the progression of solid
tumors. Cancer-associated fibroblasts (CAFs) are an essential
component of the TME and play a key role in tumorigenesis,
neoplastic progression, angiogenesis, invasion, and metas-
tasis of a tumor. Fibroblast activation protein-a (FAPa) is an
important surface marker of CAFs.

FAPa, which is a cell surface-bound type II transmem-
brane glycoprotein, belongs to the member of the serine
protease family and is expressed in the microenvironment of
more than 90% of epithelial tumors, including pancreas,
colon, breast, and carcinomas.1 FAPa expression in healthy
tissue is relatively low.2 FAPa is expressed on CAFs within
the tumor stroma, which is a major part of a tumor’s com-
position.3 While in most tumor types FAPa was predomi-
nantly localized to the stroma, FAP expression was also
observed in tumor cells, especially in tumors of mesen-
chymal origin, for example, sarcoma and mesothelioma.4,5

FAPa has become a potential antitumor target due to the
characteristic of overexpression in CAFs rather than normal
tissues and the close relation to tumorigenesis, invasion,
metastasis, and immunosuppression. Meta-analysis indicates
that patients with FAPa overexpression have a higher risk of
tumor invasion, lymph node metastasis, and worse progno-
sis.6 Thus, FAPa has emerged as the next pan-cancer target
for diagnostic and therapeutic development.

At present, a variety of methods for targeting FAPa have
been developed using antibodies,7–10 peptide prodrugs,5,11

or small molecules.12–14 First-generation FAP inhibitors
(FAPIs) have shown good affinity but plagued by a lack of
selectivity with respect to related enzymes. Second-
generation quinoline-based FAPIs are coupled to a 2-
cyanopyrrolidine moiety and have been demonstrated
nanomolar affinity and high specificity for FAP with inter-
fering dipeptidyl peptidases.15,16 When radiolabeled, 68Ga-
FAPI-04/FAPI-46 showed excellent imaging properties that
applied for a variety of clinical cancer indications.

However, FAPIs are still limited by their relatively short
tumor retention time. FAP-2286 peptide increased the cir-
culating life and exhibited excellence in clinical trial, but the
effective half-life of 177Lu-FAP-2286 in the whole body
(35 h) was still a concern for reporters.5

Furthermore, modified FAP-specific antibodies have re-
cently gained interest. A first-generation anti-FAPa antibody
F19 (sibrotuzumab) displayed excellent tumor stroma-
targeting properties but failed to show measurable thera-
peutic activity in phase I/II clinical trials.17,18 Moreover,
two new anti-FAPa antibodies ESC11 and ESC14, which
are labeled with 177Lu, have shown excellent targeting in
melanoma xenografts.4,19 However, the large molecular size
of the intact antibodies prevents the deep tumor penetration
and leads to slow systemic clearance, eventually leading to
low-contrast images.20,21

Single-domain antibodies (sdAbs, VHHs, or Nanobodies) are
featured by their small size, and show high specificity and af-
finity to many different types of antigens and a lower off-target
accumulation.22 Furthermore, nanobodies have the inherent
favorable features of penetrating dense tissues like tumors.23

Numerous nanobodies have already been demonstrated useful
for basic and advanced research in therapy and diagnostics of
cancer.24 However, targeting of FAPa with radiolabeled na-
nobodies is rarely investigated. Therefore, we hypothesized that
radioimmunoimaging and radioimmunotherapy with anti-
FAPa nanobodies might be an attractive noninvasive diagnostic
and therapeutic tool in FAPa-positive tumor(s).

In the present study, two VHHs were selected by surface
plasmon resonance technology (SPR) and fused with a hu-
man IgG4 Fc to form two anti-FAPa recombinant antibodies
(rAbs). The two rAbs were labeled with 89Zr/177Lu for
PET/CT and SPECT/CT imaging studies, respectively. The
efficacy study of 177Lu-AMS002-1-Fc was conducted on
FAPa-expressing tumor xenografts and showed effective
radiotherapy result.

Materials and Methods

Preparation and characterization of anti-FAPa rAb

Alpacas were immunized subcutaneously for six times at
an interval of 14–21 d with total amount of 2 mg recombi-
nant human FAPa protein obtained from Sino Biological,
Inc. (Beijing, China). After titration of the antiserum, 70 mL
of blood was collected, and the peripheral blood mononu-
clear cells were isolated. Total RNA was extracted, and
VHH genes (*500 bp) were cloned into the phagemid and
transformed into Escherichia coli TG1 cells. The amplified
and purified phage were enriched and screened on antigen-
coated immunotubes by solid-phase screening method for
three rounds to obtain optimized FAPa VHHs AMS002-1
and AMS002-2 with high specificity and affinity. The
binding capacity to FAPa was verified by ELISA assay. All
animal studies were performed in accordance with the
protocols provided in the Guide for the Care and Use of
Medical Laboratory Animals (Ministry of Health, China).

FAPa-Fc fusion proteins were obtained from gene syn-
thesis, which are referred to as AMS002-1-Fc and AMS002-
2-Fc. This Fc was chosen from amino acid fragment from
E219 to K449 of Human IgG4, with two amino acid muta-
tions at S229P/R409K for Fc dimerization stability. The
fusion protein was expressed in HEK293 cells and purified
by Protein A affinity chromatography column. Sodium do-
decyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and SEC high-performance liquid chromatography
(HPLC) were performed for quality control.

The Biosensor instrument (Biacore T200; GE Healthcare)
was used to measure the equilibrium dissociation constant (KD)
using SPR by human IgG (Fc) capture method. Sensorgrams
were shown in Figure 1, Supplementary Figures S3 and S4.

Chelator conjugation and radiolabeling

For 89Zr radiolabeling, p-NCS-Bz-DFO was used. In
brief, 8–10 mg of VHH-Fc rAbs was incubated with 10
equivalents of p-NCS-Bz-DFO in Na2CO3 buffer (pH 9.0) at
37�C for 1 h, and then purified on a PD-10-size exclusion
chromatography column using sodium acetate buffer
(pH 7.0) as mobile phase. The p-NCS-Bz-DFO-conjugated
VHH-Fc rAbs were subsequently radiolabeled with 89Zr
using the previously reported method.25 Around 370 MBq of
89Zr-oxalate solution in 1.0 M oxalic acid (*500 lL) was
neutralized with Na2CO3 solution at pH 7.0 and then mixed
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with 5 mg of DFO-rAb and 1.0 mL of sodium acetate buffer,
followed by incubation for 60 min at room temperature. The
reaction mixture was purified by PD-10 columns using 0.9%
saline as mobile phase to obtain 89Zr-labeled VHH-Fc rAb.

For 177Lu labeling, p-NCS-Bn-DOTA was used. VHH-Fc
rAbs were conjugated with p-NCS-Bn-DOTA with a reactant
molar ratio of 1:10 incubated in Na2CO3 buffer (pH 9.0) at
37�C for 1 h. The conjugate was purified on a PD-10 column
using sodium acetate buffer (pH 5.5) as mobile phase. The
p-NCS-Bn-DOTA-conjugated VHH-Fc rAbs were subse-
quently radiolabeled with 177Lu using the previously reported
method.26–28 177LuCl3 (370 MBq) was diluted in 300 lL of
sodium acetate buffer and then added to 5 mg of DOTA-rAb.
The reaction mixture was incubated for 60 min at 37�C with
constant shaking. 177Lu-labeled VHH-Fc rAb was then pu-
rified by PD-10 column using 0.9% saline as mobile phase.

The chelator-to-antibody ratio (DAR) was determined by
liquid chromatography–mass spectrometry (LC-MS).

Radiochemical purity

The final product was assessed by instant thin-layer
chromatography (iTLC), as well as a HPLC system (1260
Infinity; Agilent Technologies) fitted with a B-FC-3300
detector and a TSK Gel G2000SWXL column for radi-
olabeling efficiency and radiochemical purity. As the mobile
phases, 0.5 M of citric acid solution was used for iTLC and
mixture of 0.1 M PBS and 0.2 M NaCl in 10% acetonitrile
solution was used at a flow rate of 0.8 mL/min for HPLC.

Cell lines and animal models

The two cell lines with different expression levels of
FAPa were selected, human fibrosarcoma HT1080 cell line
and human non-small cell lung cancer A549 cell line, re-
spectively. HT1080 cell line was purchased from Hunan
Fenghui Biotechnology Co., Ltd (Changsha, China). A549
cell line was purchased from Nanjing Cobioer Biosciences
Co., Ltd (Nanjing, China). BALB/c mice bearing HT1080 or
A549 xenografts were obtained from Jiangsu Keygen Bio-
tech Corp. Ltd (Nanjing, China). All animal studies were
performed in accordance with the protocols provided in the
Guide for the Care and Use of Medical Laboratory Animals
(Ministry of Health, China). An equal number of males and
females were used for each cohort.

Micro-PET/CT imaging

Micro-PET/CT experiments were conducted using mice
bearing HT1080 xenografts and A549 xenografts. The mice
were administered intravenously with *3.7 MBq (100 lg)
of AMS002-1-Fc or AMS002-2-Fc labeled with 89Zr (n = 3–4
per group) through the tail vein. A whole-body scan was
performed on mice at 24, 48, 72, and 216 h after injection.
At each time point, the acquisition time was 10–30 min at
350–650 keV of photopeak window using a preclinical
in vivo imaging equipment (SNPC-103; Pingseng Health-
care, Inc.). At each time point, the mice were positioned in
the scanner after anesthetizing with isoflurane. CT scans
were conducted before or after PET scans.

The images were reconstructed and decay corrected using
the PMOD Biomedical Image Quantification System
(PMOD) software. The region of interests (ROI) was manu-

ally drawn around tumor and within muscle tissue (as back-
ground). For quantification of radiotracer accumulation in the
tumors (%ID/g), the target/background ratios were calculated.
Noncompartmental model was adopted to calculate pharma-
cokinetic parameters of VHH-Fc rAbs in various tissues using
drug and statistics software version 3.2.8.

Ex vivo biodistribution

The mice were injected with 3.7 MBq (100 lg) of 89Zr-
AMS002-1-Fc or 89Zr-AMS002-2-Fc and euthanized at the
48 and 216 h p.i. time point, respectively. Blood was with-
drawn from the heart for approximately 0.2–0.5 mL, and the
selected organs/tissue were collected, including heart, liver,
spleen, lungs, kidneys, pancreas, stomach, small intestine,
large intestine, muscle, brain, tibia, arthrosis, and tumor.
The collected organs/tissues were weighed and counted
using an automated gamma counter (GC-1200; Anhui Ustc
Zonkia Scientific Instruments CO., LTD).

Cell uptake, internalization, and efflux studies

For cell uptake studies, HT1080 cells and A549 cells
were seeded in poly (L-lysine)-coated 24-well cell culture
plates, respectively, at a density of 2 · 105 cells per well and
incubated with 37 kBq (1 lCi)/well of 89Zr-AMS002-1-Fc at
37�C for 4, 24, and 72 h. After incubation, the cells were
washed twice with 0.5 mL cold PBS to collect supernatants
and lysed with 0.5 mL digestion (1 M) to collect cell pre-
cipitation. Internalization assay was preformed similarly to
the procedure described above. After 4, 24, and 72 h incu-
bation of HT1080 cells and A549 cells with 89Zr-AMS002-
1-Fc at 37�C, the cells were washed twice with cold PBS
and then incubated with 0.5 mL of glycine–HCl in PBS
(50 mM, pH 2.8) for 2 min at room temperature.

Thereafter, the cells were washed twice with 0.5 mL cold
PBS to collect supernatants and lysed with 0.5 mL digestion
(1 M) to collect cell precipitation. For efflux experiment, the
cells were then washed twice with cold PBS, and incubated
with complete medium at 37�C for 24 h. At each time point,
the cells were washed twice with 0.5 mL cold PBS to collect
supernatants and lysed with 0.5 mL digestion (1 M) to col-
lect cell precipitation. The supernatants and cell lysates were
collected and measured in a gamma counter. Each data point
is an average of four wells.

Immunohistochemistry

The xenografted tumor FAPa expression levels were
confirmed by using immunohistochemistry. BALB/c mice
bearing HT1080 or A549 xenografts were euthanized.
Tumor tissues were collected and fixed with 4% parafor-
maldehyde. After dehydration, the tissue was embedded in
paraffin, snap frozen, and sliced into 5 lm sections. The
slices were rinsed with PBS three times after dewaxing and
rehydrating, and then blocked with 5% BSA in the dark at
room temperature for 1 h. The slices with 1:50 FITC-labeled
anti-FAPa antibodies were incubated in the dark at 4�C
overnight for FAPa staining. Next, the slices were stained
with Hoechst for 15 min. Finally, fluorescence images were
acquired with 630 · magnification at 1024 · 1024 pixel res-
olution using the laser confocal microscope (LSM 710; Carl
Zeiss).
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FIG. 1. Characterization and specificity of anti-FAPa VHHs and VHH-Fc rAbs. (A) SDS-PAGE analysis of purified
VHHs, as compared with a ladder ranging from 200 to 10 kDa. (B) SDS-PAGE analysis of purified VHH-Fc rAbs under
reducing or nonreducing conditions, as compared with a ladder ranging from 235 to 10 kDa. (C, D) Affinity of AMS002-1,
AMS002-2, AMS002-1-Fc, and AMS002-2-Fc was determined by SPR. SPR, surface plasmon resonance; SDS-PAGE,
sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
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Pharmacokinetic studies in rats

Around 3.7 MBq (100 lg) of 89Zr-AMS002-1-Fc was in-
jected intravenously into 3 female and 3 male SD rats
(n = 6). At different predetermined intervals, 0.1–0.2 mL of
jugular bulb blood was drawn at 5 min, 2, 8, 12, 24, 48, 72,
96, 120, 168, 216, and 336 h. Radioactivity for collected
blood samples was counted for 30 s by using the gamma
counter (GC-1200; Anhui Ustc Zonkia Scientific Instru-
ments CO., LTD).

Micro-SPECT/CT imaging

Micro-SPECT/CT experiments were performed using a
dedicated small-animal SPECT/CT camera (NanoScan;
Mediso Medical Imaging Systems). The SPECT/CT scans
were acquired at 24, 72, 120, and 240 h p.i. with time de-
viation controlled within –5%. At each time point, the mice
were positioned in the scanner after anesthetizing with iso-
flurane and scanned for 10–30 min. CT scans were conducted
before or after SPECT scans. The images were reconstructed
and decay corrected using the PMOD software. The ROI was
manually drawn around tumor and within muscle tissue.

Radiotherapy studies

For a proof-of-concept study, only AMS002-1-Fc was
used. Therapy study was conducted using human fibrosar-
coma HT1080 tumor-bearing mice, which were injected
with saline (the control group, n = 8), 177LuCl3 (the control
group, 14.8 MBq, n = 8), or 177Lu-AMS002-1-Fc (14.8 MBq,
about 140 lg, n = 12). Tumor size and animal body weight
were measured every day from the date of injection (day 0)
until completion of the study (day 29). Endpoint criteria
were defined as a tumor volume exceeding 4000 mm3 or
critical scoring of an animal’s wellbeing. With limited
amount of rAb produced, the saline and 177LuCl3 were used
as the controls.

Statistical analysis

Quantitative data are expressed as mean – standard devi-
ation (SD). Mean between different groups were compared
using Student’s t-test, and p < 0.05 indicates statistical sig-
nificance (*p < 0.05, **p < 0.01, and ***p < 0.001).

Results

Characterization and specificity of anti-FAPa rAbs

SDS-PAGE gel of purified VHHs and VHH-Fc rAbs
showed a characteristic band under reducing conditions
(Fig. 1A, B). The molecular weight of VHH was 17 kDa and
VHH-Fc rAb was close to the theoretical value of 38 kDa.
The electrophoretic purity was more than 95%. The VHH-Fc
rAb existed as a dimeric form so that the molecular weight of
AMS002-1-Fc and AMS002-2-Fc was 76 kDa. The amino
acid sequence was also detected (Supplementary Table S1).

The binding affinity to recombinant huFAP was determined
by SPR measurement using chips coated with a low density of
huFAP (Fig. 1C, D). The results showed KD values of
0.654 nM for VHHs AMS002-1 and 0.393 nM for AMS002-2,
respectively (Table 1). KD values of 0.547 and 0.307 nM were
calculated for VHH-Fc rAbs AMS002-1-Fc and AMS002-2-
Fc, respectively (Table 1). Conjugation and chelation had little
effect on antibody affinity (Supplementary Fig. S3).

The average DAR value of DFO-AMS002-1-Fc was 1.7
(DAR0: 8.6%, DAR1: 29.9%, DAR2: 42.3%, DAR3:
17.0%, DAR4: 2.2%). The average DAR value of DOTA-
AMS002-1-Fc was 1.6 (DAR0: 4.3%, DAR1: 44.2%,
DAR2: 41.2%, DAR3: 7.3%, DAR4: 2.9%) as demonstrated
in Supplementary Figure S6.

High radiochemical yields were observed, with 63% for
89Zr-AMS002-1-Fc, 65% for 89Zr-AMS002-2-Fc, and 68%
for 177Lu-AMS002-1-Fc, respectively. The radiochemical
purity of the final products was greater than 95% (Supple-
mentary Fig. S1). The specific activity of 89Zr-AMS002-1-
Fc and 89Zr-AMS002-2-Fc was 37 MBq/mg, and that of
177Lu-AMS002-1-Fc was 106 MBq/mg. The in vitro stabi-
lity was shown in Supplementary Figure S2.

Micro-PET/CT imaging, in vivo biodistribution
and ex vivo biodistribution

The whole-body PET/CT images of mice bearing FAPa-
positive xenografts from 24 to 216 h after injection of ra-
diotracer are shown in Figure 2. The results showed that the
radiotracer had a lower distribution in the brain and muscle
and showed a progressive reduction through the observed
period. Spleen is an immune organ capable of partial im-
mune uptake of antibodies. Liver and kidneys are organs

Table 1. Affinity Kinetics Determined by Surface Plasmon Resonance

Method Ligand Analyte ka (1/Ms) kd (1/s) KD (nM)

Human IgG (Fc) Capture FAP-Fc AMS002-1 1.82 · 106 1.19 · 10-3 0.654
Human IgG (Fc) Capture FAP-Fc AMS002-2 1.99 · 106 7.83 · 10-4 0.393
Human IgG (Fc) Capture AMS002-1-Fc FAP-His 3.55 · 105 1.94 · 10-4 0.547
Human IgG (Fc) Capture AMS002-2-Fc FAP-His 4.62 · 105 1.42 · 10-4 0.307
Human IgG (Fc) Capture DFO-AMS002-1-Fc Human FAP 2.90 · 105 1.61 · 10-4 0.556
Human IgG (Fc) Capture DOTA-AMS002-1-Fc Human FAP 2.75 · 105 5.78 · 10-5 0.211
Human IgG (Fc) Capture 91Zr-DFO-AMS002-1-Fc Human FAP 2.77 · 105 1.45 · 10-4 0.524
Human IgG (Fc) Capture 175Lu-DOTA-AMS002-1-Fc Human FAP 2.93 · 105 1.26 · 10-4 0.428
Human IgG (Fc) Capture AMS002-1-Fc Cynomolgus FAP 2.66 · 105 1.20 · 10-4 0.450
Human IgG (Fc) Capture AMS002-2-Fc Cynomolgus FAP 3.71 · 105 5.48 · 10-5 0.148
Human IgG (Fc) Capture AMS002-1-Fc Mouse FAP No binding
Human IgG (Fc) Capture AMS002-2-Fc Mouse FAP No binding

Equilibrium dissociation constant (KD), association constant (ka), and dissociation constant (kd) of the different VHHs and VHH-Fc rAbs
binding to FAP by human IgG (Fc) capture method.
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related to metabolism with high uptake value. The liver
uptake of 89Zr-AMS002-1-Fc was about 15% ID/g and that
of 89Zr-AMS002-2-Fc increased from 21.19% – 0.70% ID/g
(24 h p.i.) to 25.19% – 1.49% ID/g (216 h p.i.). The renal
uptake of 89Zr-AMS002-1-Fc decreased from 7.12% – 1.66%

ID/g (24 h p.i.) to 4.37% – 1.08% ID/g (216 h p.i.), and that
of 89Zr-AMS002-2-Fc decreased from 4.79% – 0.85% ID/g
(24 h p.i.) to 3.33% – 0.63% ID/g (216 h p.i.).

The tumor uptake of 89Zr-AMS002-1-Fc peaked at 72 h
p.i. with 7.37% – 0.54% ID/g and also had a good retention

FIG. 2. Analysis of 89Zr-AMS002-1-Fc-
and 89Zr-AMS002-2-Fc-treated HT1080 tu-
mor xenografts (A) Whole-body micro-PET/
CT imaging of BALB/c nude mice bearing
HT1080 xenografts (white arrows) after in-
jection of 3.7 MBq (100 lg) of 89Zr-
AMS002-1-Fc and 89Zr-AMS002-2-Fc.
(B) Quantitative analysis of ROIs of BALB/c
nude mice bearing HT1080 xenografts after
injection of 3.7 MBq (100 lg) of 89Zr-
AMS002-1-Fc and 89Zr-AMS002-2-Fc. Each
data point represents mean – SD (n = 3–4).
**p < 0.01 and ***p < 0.001. ROI, region of
interests.
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at 216 h p.i. (5.69% – 1.71% ID/g). In marked contrast, the
uptake value of 89Zr-AMS002-2-Fc in tumor lesion was
between 2% and 3% ID/g with no significant change during
the study period. Although uptake value was high in the
heart, it decreased rapidly after injection (Fig. 2B).

The in vivo biodistribution of 89Zr-AMS002-1-Fc was
further studied over time in mice bearing A549 xenografts
(Fig. 3). Compared with FAPa-expressing HT1080 cells,
89Zr-AMS002-1-Fc had much less accumulation in A549 tu-
mor than that in HT1080 cells at all the time points, indicating
its selective targeting specificity in different types of tumors.
This is consistent with the results of in vitro cell uptake (Fig. 4)
and ex vivo immunofluorescence (Supplementary Fig. S5).

The ex vivo biodistribution of 89Zr-AMS002-1-Fc and
89Zr-AMS002-2-Fc in BALB/c nude mice bearing HT1080
xenografts at 48 and 216 h postinjection is shown in
Table 2. The radioactivity of 89Zr-AMS002-1-Fc in tumor
was more than 6% ID/g over time. However, tumor uptake
of 89Zr-AMS002-2-Fc decreased from 5.24% – 0.77% ID/g
(48 h p.i.) to 1.69% – 0.23% ID/g (216 h p.i.).

The high uptake of liver and kidneys may be due to the
physicochemical properties of nanobodies, which are me-

tabolized and/or eliminated by the liver and kidneys. He-
patic metabolism is increased with high liver uptake at a late
time point. The renal metabolism is gradually cleared with a
lower renal uptake at a late time point. However, spleen is
an immune organ capable of partial immune uptake of an-
tibodies with high uptake value all the time. There was
extreme low uptake of the radiotracer found in muscle and
brain tissues.

The tumor-to-muscle and tumor-to-blood ratios of
89Zr-AMS002-1-Fc were much higher compared with 89Zr-
AMS002-2-Fc at 48 and 216 h p.i. 89Zr-AMS002-1-Fc dis-
played the highest tumor-to-muscle ratio of 13.18 – 6.63 and a
tumor-to-blood ratio of 3.57 – 1.10 at 216 h p.i. In contrast, the
tumor-to-muscle ratio and tumor-to-blood ratio of 89Zr-
AMS002-2-Fc at 216 h p.i. were 2.51 – 0.61 and 0.89 – 0.18,
respectively.

Cell uptake, internalization, and efflux studies

89Zr-AMS002-1-Fc showed much higher cell uptakes in
the HT1080 cells than in the A549 cells at 4, 24, and 72 h of
incubation. 89Zr-AMS002-1-Fc internalized in the HT1080
cells faster than in the A549 cells. Within the first 4 h of
incubation, the efflux rate in the HT1080 cells was similar to
that in the A549 cells. The efflux rate in the HT1080 cells
became faster at 24 h and later time points (Fig. 4).

Histological analysis of AMS002-1-Fc
on the FAPa-expressing tumors

To further examine the expression of FAPa in human
tumor tissues, the immunohistochemical staining of
AMS002-1-Fc on tissue slices from HT1080 and A549 xe-
nografts were evaluated. Representative immunohisto-
chemistry staining revealed that FAPa fluorescence signals
bound to HT1080 and A549 in various degrees (Fig. 5).

Pharmacokinetics studies

89Zr-AMS002-1-Fc displayed blood clearance over the
14-d time course, with 4.87% – 1.24% ID/g at 5 min and
0.80% – 0.23% ID/g at 120 h postinjection. The blood half-
life of 89Zr-AMS002-1-Fc is 128 h (Fig. 6).

FIG. 3. Whole-body micro-PET/CT imaging of 89Zr-
AMS002-1-Fc (3.7 MBq, 100 lg) on BALB/c nude mice
bearing HT1080 and A549 xenografts (white arrows). MIPs
of representative mice were shown at three different time
points after injection (n = 3 per group). MIP, maximum in-
tensity projection.

FIG. 4. Cell uptake, internalization, and efflux studies of 89Zr-AMS002-1-Fc in HT1080 and A549 tumor cells. Data are
presented as mean – SD. ***p < 0.001.
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Micro-SPECT/CT imaging in mice bearing
HT1080 xenografts

Figure 7 gives micro-SPECT/CT images and semiquanti-
tative analysis of ROIs of tumor-bearing mice administered
with 14.8 MBq (140 lg) of 177Lu-AMS002-1-Fc. The results
showed that the tumor uptake peaked 5.96% – 0.64% ID/g at
72 h p.i. and maintained 2.85% – 1.17% ID/g at 240 h p.i.
(Fig. 7B). The liver uptake decreased over time from
7.65% – 0.89% ID/g (24 h p.i.) to 5.55% – 1.89% ID/g (240 h
p.i.). The kidney uptake was slightly higher than the tumor
uptake at all the time points. The tibia uptake was low with
0.67% – 0.87% ID/g at 24 h p.i. and declined over time. The
muscle uptake was nearly none through the observed period.

Therapeutic efficacy of 177Lu-AMS002-1-Fc-treated
HT1080 tumor xenografts

Figure 8 demonstrates tumor growth curves of 177Lu-
AMS002-1-Fc as well as negative controls, saline, and
177LuCl3, in mice bearing HT1080 xenografts. The thera-
peutic efficacy of a single dose of the 177Lu-AMS002-1-Fc
in vivo was investigated. There were no significant dis-
crepancies in the volumes of HT1080 tumors for all groups
before therapy. After therapy, the average tumor volume of
177Lu-AMS002-1-Fc group was always smaller than
1500 mm3 (1093.16 – 382.49 mm3 at day 29), whereas that
of the untreated control group was increasing gradually and
eventually reaching up to 2829.02 – 1165.54 mm3 at day 29

Table 2. Ex Vivo Biodistribution of
89

Zr-AMS002-1-Fc and
89

Zr-AMS002-2-Fc in BALB/c Nude Mice Bearing

HT1080 Xenografts

Organs and tissues

89Zr-AMS002-1-Fc 89Zr-AMS002-2-Fc

48 h 216 h 48 h 216 h

Heart 2.70 – 0.75 1.74 – 0.26 4.25 – 0.75 1.96 – 0.49
Liver 14.69 – 3.45 18.63 – 1.43 7.08 – 0.41 20.48 – 3.63
Spleen 9.37 – 2.74 26.86 – 4.85 19.34 – 5.53 15.38 – 1.93
Lungs 6.07 – 1.17 4.51 – 0.22 6.81 – 0.84 2.57 – 0.39
Kidneys 11.69 – 1.92 8.61 – 3.73 9.24 – 2.57 3.87 – 0.91
Pancreas 2.42 – 0.74 1.91 – 0.81 2.49 – 0.58 1.30 – 0.80
Stomach 1.73 – 0.50 1.27 – 0.05 1.77 – 0.31 0.71 – 0.23
Small intestine 1.64 – 0.19 0.83 – 0.17 1.57 – 0.31 0.44 – 0.04
Large intestine 1.66 – 0.40 0.93 – 0.12 1.39 – 0.45 0.46 – 0.08
Muscle 0.90 – 0.18 0.50 – 0.08 1.57 – 0.42 0.71 – 0.25
Brain 0.38 – 0.06 0.28 – 0.07 0.43 – 0.12 0.18 – 0.04
Tibia 5.01 – 2.13 6.97 – 2.80 5.56 – 2.53 3.52 – 1.86
Arthrosis 4.95 – 1.33 7.00 – 2.84 3.37 – 0.55 3.05 – 0.50
Tumor 6.91 – 2.08 6.20 – 2.01 5.24 – 0.77 1.69 – 0.23
Tumor/Blood 2.87 – 1.73 3.57 – 1.10 1.24 – 0.07 0.89 – 0.18
Tumor/Muscle 7.73 – 1.69 13.18 – 6.63 3.43 – 0.48 2.51 – 0.61

Each data point represents mean – SD (n = 3–4).

FIG. 5. Representative
confocal microscopy images
of tumor in the mice bearing
HT1080 and A549 xenografts
incubated with AMS002-1-Fc
at 630 · magnification.
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(Fig. 8A). The tumor size of untreated control group was
2.59 times larger compared with the treatment group with
177Lu-AMS002-1-Fc at day 29.

Meanwhile, the negative control group 177LuCl3 showed
the same growth curve with the saline group until day 13,
then animals started to die due to organ toxicity caused by
177LuCl3. 177Lu-AMS002-1-Fc exhibited the most promi-
nent tumor growth delay in contrast to saline group and
177LuCl3 group. Neither rapid body weight loss (Fig. 8B)
nor other adverse effects, including diarrhea and loss of fur
were observed in any group, except the negative control

group 177LuCl3 until day 13, indicating the safety of 177Lu-
AMS002-1-Fc treatment. The sharp decline of the body
weight curve in the 177LuCl3 group from day 13–15 is be-
cause of the death of some mice and all mice died on day 16.

Discussion

Nuclear medicine imaging has been proven invaluable in
accelerating theranostics of cancer and precision medicine.
Among biological molecules, the nanobody is the smallest
biological unit known to bind the target antigen with

FIG. 6. Pharmacokinetics
study of 89Zr-AMS002-1-Fc.
Blood kinetics of 89Zr-
AMS002-1-Fc after a single
intravenous administration.
Each data point represents
mean – SD (n = 3).

FIG. 7. Micro-SPECT/CT
of 177Lu-AMS002-1-Fc-
treated HT1080 tumor xeno-
grafts. (A) Whole-body
micro-SPECT/CT imaging
and (B) semiquantitative
analysis of ROIs of BALB/c
nude mice bearing HT1080
xenografts (white arrows)
after injection of 14.8 MBq
(140 lg) of 177Lu-AMS002-
1-Fc. Each data point repre-
sents mean – SD (n = 4).
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beneficial characteristics of traditional antibodies and small-
molecule drugs, including peptides.29 Nanobodies hold great
potential to be employed as diagnostic and therapeutic
agents, and radiolabeled nanobodies have become a sig-
nificant topic related to cancer theranostics.30,31 However,
the lack of an Fc portion has made nanobodies less attractive
as imaging/therapeutic regents due to their pharmacokinetic
property of a short biological half-life.32,33

In this study, two anti-FAPa rAbs were constructed by
screening VHHs with high affinity, then fusing IgG4 Fc to
prolong the serum half-life and maintain tissue penetration.
To the best of our knowledge, this is the first kind of study
conducted on FAPa-targeted theranostic radiopharmaceuti-
cals constructed based on nanobody technology.

First, the in vitro study showed that the affinity of
AMS002-1-Fc with KD value of 0.547 nM was slightly
lower compared with AMS002-2-Fc with KD value of
0.307 nM. Interestingly, according to the in vivo screening
study conducted by PET/CT imaging, 89Zr-AMS002-1-Fc
exhibits strong tumor uptake and tumor retention ability as
well as better biodistribution than 89Zr-AMS002-2-Fc.

In addition, the ex vivo biodistribution data are basically
consistent with the in vivo ROI analysis, except a slight
difference between the uptake values of heart and spleen
probably due to the drawing ROI of heterogeneous nature of
two organs on PET imaging display. The ex vivo biodis-
tribution data demonstrated that 89Zr-AMS002-1-Fc had a
high tumor-to-muscle ratio (13.18 – 6.63 at 216 h p.i.).
Consequently, AMS002-1-Fc was screened out to conduct
the efficacy and safety studies. The results showed that
177Lu-AMS002-1-Fc exhibited excellent radiotherapeutic
results.

To construct an effective antibody-based nuclear imaging
agent, a fundamental principle is to match the physical half-
life of the radioisotope with the pharmacokinetic half-life of
the targeting vector.34,35 According to literature, small-
molecule FAPI-04/FAPI-47 have short biological half-life,
which is good for diagnostic use, but limit their radiation
therapy applications.36 Recent study has found that 177Lu-
FAP-2286, as a peptide-targeted radionuclide therapy agent,
shows a little longer retention compared with small mole-

cules.37 On the other hand, biological molecule 131I-F19
shows slow blood clearance with no internalization that
limits their function for efficient diagnosis or therapy of
cancer.

The pharmacokinetics study showed that 89Zr-AMS002-
1-Fc could be maintained in blood with a half-life of 128 h.
Therefore, the biological half-life of the targeted molecule
AMS002-1-Fc matches the radionuclide half-life of 89Zr (t1/

2 = 78.6 h) for diagnostic imaging purpose and of 177Lu (t1/

2 = 159.6 h), which is particularly suitable for radiotherapy.
This systemic study demonstrated that 89Zr-AMS002-1-

Fc could selectively bind to FAPa-positive cells in vitro and
accumulate at FAPa-expressing HT1080 tumor in vivo. In
the SPECT/CT imaging study, the tumor retention of 177Lu-
AMS002-1-Fc was sustainable for a long period of time
with tumor uptake 5.96% – 0.64% ID/g at 72 h p.i. and
5.83% – 0.61% ID/g at 120 h p.i. The above tumor uptake
value correlated well with the corresponding radiation
therapeutic efficacy study. After 1 week of treatment, the
result of radiotherapy efficacy of the 177Lu-AMS002-1-Fc
group showed statistically significant difference from neg-
ative control groups (177LuCl3 and saline, Fig. 7A), which
indicates that 177Lu-AMS002-1-Fc holds potential for ra-
diotherapy of FAPa-expression tumor in patients.

However, due to a limited amount of primary nanobody,
the major limitation of the therapeutic study is the absence
of the unlabeled AMS002-1-Fc as a control, which does not
exclude the therapeutic effect of nanobody itself. Since it is
a newly constructed antibody, which has not been expressed
with a large amount in the early screening experiment, it is
too expensive to express enough nonrelevant nanobodies to
conduct a systematic efficacy test. In addition, further
studies in larger animals (rats or pet dogs with cancer such
as osteosarcoma) would be considered for future studies.

Finally, the experimental results have demonstrated a
unique theranostic strategy and a novel radiolabeled rAb
against FAPa-expressing tumors. In this study, the radi-
olabeled nanobody conjugates can specifically deliver ra-
dionuclides to tumor tissue with high sensitivity, resulting in
high resolution for diagnostic imaging and enough accu-
mulated dosimetry for cancer radiotherapy. A further study

FIG. 8. Analysis of 177Lu-AMS002-1-Fc-treated HT1080 tumor xenografts. (A) Tumor growth curves and (B) body
weight in mice bearing FAPa-positive HT1080 xenografts: Tumor-bearing mice were treated intravenously with 14.8 MBq
(140 lg) 177Lu-AMS002-1-Fc, saline, or 14.8 MBq 177LuCl3. Each data point represents mean – SD (n = 8–12).
***p < 0.001.
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may focus on modification of Fc fragment of AMS002-1-Fc
in anticipation of generating new nanobody construct(s)
with improved metabolism properties for improved tumor
targeting as well.

Conclusion

Altogether, the authors have successfully developed a
novel anti-FAPa rAb AMS002-1-Fc with unique tumor-
targeting properties in vivo. 89Zr/177Lu-AMS002-1-Fc
showed good binding affinity, favorable pharmacokinetics,
relatively high tumor accumulation, and long tumor reten-
tion. These properties warrant further investigation of
89Zr/177Lu-AMS002-1-Fc for moving the improved con-
struct to clinical studies.
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