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Abstract

Colorectal cancer (CRC) remains a leading cause of cancer mortality, highlighting the need for precise
molecular imaging tools targeting biomarkers like glycoprotein A33 (GPA33), which is highly ex-
pressed in over 95% of CRC but currently lacks an ideal non-invasive probe for rapid clinical transla-
tion. This study developed a GPA33-targeted nanobody tracer, [*®Ga]Ga-NOTA-WWH347, for PET
imaging of CRC by engineering and radiolabeling a specific nanobody WWH347 with Ga-68. Western
blot confirmed higher GPA33 expression in LS174T cells versus HT29 controls. In vitro cell uptake
assays demonstrated specific tracer accumulation in LS174T cells (10.27 * 0.45% at 2 h) versus nega-
tive HT29 cells (1.13 = 0.14%) or LS174T blocking groups (0.96 + 0.55%). The novel tracer [*®Ga]Ga-
NOTA-WWH347 enabled superior PET visualization of CRC tumors in subcutaneous, liver metastasis,
and systemic metastasis models, clearly outperforming both ['®F]F-FDG and the non-specific probe
[®®Ga]Ga-NOTA-5D5. Subsequent biodistribution studies revealed significantly higher tracer uptake in
subcutaneous LS174T tumors (10.45 + 0.78 %ID/g) compared to HT29 (3.29 + 0.61 %ID/g). In addi-
tion, animal models with liver metastases showed tracer uptake at 11.69 * 2.69 %ID/g, while 9.71 #
1.01 %ID/g in systemic metastatic lesions, enabling non-invasive visualization of GPA33 expression
profiles on the whole-body level. These findings establish [°8Ga]Ga-NOTA-WWH347 as a precision di-
agnostic tool that could optimize GPA33-targeted therapies by mapping expression patterns in CRC pri-
mary tumors and metastatic lesions through rapid, specific PET imaging.
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(Siegel et al. 2023). While surgical resection remains
definitive for localized disease, its efficacy depends on
precise preoperative delineation of tumor margins and
nodal involvement to preserve physiological function
(Abedizadeh et al. 2024; Heriot et al. 1999). The
disease's early diagnostic challenge persists, with 35%
of cases demonstrating lymph node or distant
metastases at presentation, substantially limiting
surgical utility (Eng et al. 2022; Ulintz et al. 2018).
Despite therapeutic advancements, CRC maintains a
five-year survival rate below 60%, underscoring the
critical need for non-invasive biomarkers enabling
early detection and metastatic surveillance to optimize
therapeutic outcomes (Abakushina et al. 2019; Ganesh
etal. . 2019).

Protein glycoprotein A33 (GPA33), encoded by the
GPA33 gene belonging to the immunoglobulin super-
family, is abundantly expressed in more than 95% of
human primary and metastatic colorectal cancers, with
restricted expression in normal tissues (colon and
intestinal epithelium) (Garinchesa et al. 1996; Heath et
al. 1997). Moreover, elevated GPA33 expression in
tumor tissues has been demonstrated to be inversely
correlated with patient prognosis (Lopes et al. 2020).
Therefore, GPA33 has emerged as a promising antigen
for targeted therapy in colorectal cancer, and has been
extensively studied in preclinical and clinical studies
(Bendell et al. 2014; Carrasquillo et al. 2011; Chong et
al. 2005; Infante et al. 2013; Welt et al. 1996, 2003).
Due to the spatial heterogeneity of GPA33, non-
invasive, systemic assessment of GPA33 expression in
vivo is critical to stratify therapeutic cohorts, longitu-
dinally monitor treatment efficacy, and prognosticate
clinical outcomes.

Conventional imaging such as ultrasonography,
magnetic resonance imaging (MRI), and computed
tomography (CT) imaging are widely used for cancer
diagnosis, but they lack biomarker specificity (Fenster
and Downey 2000; Flohr and Schmidt 2023; Schwab et
al. 2008). Molecular imaging allows visualization,
characterization, and quantification of biological pro-
cesses in intact living organisms at the cellular and
subcellular levels (James and Gambhir 2012). PET/CT
imaging has become the clinical basis for cancer
diagnosis and clinical staging of several malignant
tumors (Tan et al. 2020). 2-['®F]fluoro-2-deoxy-D-
glucose (['8F]F-FDG), the most commonly PET agent, is
a glucose analog that can show glucose metabolism in
patients and differentiate benign and malignant lesions
(Ametamey et al. 2008; Weissleder 2006). In addition,
glucose metabolism can also be increased due to
infection or inflammation, allowing for some false
positives for [®F]F-FDG (Wang et al. 2014). Therefore,
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the development of diagnostic modalities with higher
specificity and sensitivity is urgently needed.
Target-based molecular imaging with immune-
positron emission tomography (immunoPET) is an
innovative and attractive modality (Wei et al. 2020). It
combines the high specificity and selectivity of anti-
bodies (or their derivatives) with the imaging sensitiv-
ity of PET and allows for non-invasive monitoring of
biomarker dynamics (Menzies and Lastoria 2022). A
variety of immunoPET tracers have been extensively
explored in preclinical studies, some of which are in the
translational phase (Wei et al. 2020). Several mono-
clonal antibodies (mAbs) targeting GPA33 have been
developed and applied in preclinical CRC models for
imaging and radioimmunotherapy (Chandler et al.
2022; Cheal et al. 2016; Vaughn et al. 2024). Despite
their clinical promise, antibody-based PET imaging
requires long-lived radionuclides (e.g., 8°Zr) to match
IgG’s extended half-life (7-21 days), yet limited radio-
pharmacy infrastructure restricts clinical accessibility
(Grilo and Mantalaris 2019). Same-day immunoPET
imaging using short half-life radionuclide-labelled
antibody fragments of lower molecular weight can
overcome this disadvantage. Nanobodies (~15 kDa)
stand out due to their short biological half-life (several
hours), high stability, remarkable tissue penetration,
low immunogenicity and multifunctional engineering
potential (Wei et al. 2022). In this study, we aim to
engineer a novel nanobody-derived GPA33-targeting
immunoPET imaging tracer and evaluate its diagnostic
effectiveness across various preclinical tumor models.

RESULTS

Synthesis, radiolabeling and targeting ability of
WWH347

The purity of nanobody WWH347 was >95%, assessed
by the sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig.1A) and high-
performance liquid chromatography (HPLC) (Fig. 1D).
After labelling WWH347 with 68Ga, the results obtained
from HPLC indicate that the radiochemical purity (RCP)
of the probe is >95%. In addition, the UV chro-
matograms and radioactive chromatography exhibited
consistency both prior to and following the labelling
process, suggesting that the chemical stability of the
compounds was maintained throughout the radio-
labeling procedure (Figs. 1D and 1E). The RCP of the
probe was >75% after 4 h incubation at 37°C in 50%
FBS, which suggests that the labelled nanobody
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exhibited good stability in serum (Fig. 1F and supple-
mentary Fig. S1). Semi-quantitative analysis based on
Western Blot (WB) results indicated that GPA33
expression was significantly higher in LS174T than
HT29 cells (Figs. 1B and 1C). The cell uptake assay
indicated that the uptake of radioactive probe [®8Ga]Ga-
NOTA-WWH347 by LS174T cells reached 2.60 * 0.34%
at 15 min, with a gradual increase over time, and the
uptake rate reached 10.27 + 0.45% at 2 h of incubation
(Fig. 1G). Notably, the uptake rate in LS174T cells was
significantly diminished following the application of
excess cold nanobody precursor, resulting in cell

uptake of only 0.96 + 0.55% after 2 h of incubation. The
uptake rate of control HT29 cells was similar to that of
the blocked group. The demonstrated cellular-level
affinity and specificity of WWH347 for GPA33 warrant
further in vivo studies.

ImmunoPET imaging in subcutaneous tumor
models

The GPA33-targeting ability of [°®Ga]Ga-NOTA-
WWH347 was initially assessed in subcutaneous
LS174T CRC cell-derived xenograft (CDX) models
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Fig. 1 Synthesis, radiolabeling and targeting ability of WWH347. A The SDS-PAGE analysis of WWH347. B,C The WB results of GPA33
expression in LS174T and HT29 cells. D,E The HPLC analysis of WWH347 and [®®Ga]Ga-NOTA-WWH347. F Stability analysis of [*®Ga]Ga-
NOTA-WWH347 in 50% FBS at 37°C. G Cell uptake assays of [*8Ga]Ga-NOTA-WWH347 in LS174T, HT29 and LS174T Blocking groups.
M: marker, R: reduction, N-R: non-reduction. Data are presented as the mean * SD of three independent experiments (n = 3 per group).

*#*%P < 0.0001 compared with the control group
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(Fig. 2A). The immunoPET/CT imaging revealed that
the tumor was distinctly visualized 2 h post-injection of
[68Ga]Ga-NOTA-WWH347. Quantitative analysis of the
ROI indicated that [°®Ga]Ga-NOTA-WWH347 exhibited
the highest accumulation in the kidneys, with a value of
267.50 + 14.63 %ID/g, followed by the tumor, which
demonstrated an uptake value of 15.35 + 1.61 %ID/g
(Fig. 2B). In addition, the quantitative data clearly
demonstrate that [®8Ga]Ga-NOTA-WWH347 exhibits
rapid and high tumor uptake, achieving significant
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accumulation by 15-30 min (supplementary Fig. S2).
Importantly, the tracer shows excellent retention with-
in the tumor at the 2-h time point, with only minimal
washout observed. Parallel imaging was performed in
the HT29 CDX models with low GPA33 expression (Fig.
2C). The tumor uptake of [®®Ga]Ga-NOTA-WWH347
was significantly lower, with ROI analysis indicating a
tumor uptake value of 3.88 + 0.83 %ID/g (Fig. 2D). In
contrast, the non-specific nanobody ([*®Ga]Ga-NOTA-
A50-2_5D5) failed to detect subcutaneous LS174T
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Fig. 2 ImmunoPET/CT imaging with [®8Ga]Ga-NOTA-WWH347 in subcutaneous CRC models. Representative images of [¢3Ga]Ga-NOTA-
WWH347 (A, C) and [*®Ga]Ga-NOTA-A50-2_5D5 (E) in subcutaneous cell-derived xenograft (CDX) mouse models with high (LS174T)
and low (HT29) expression of GPA33. The subcutaneous tumors (red circles), the kidneys (red arrows) and bladders (yellow arrows)
were displayed on the coronal images and MIP images. The ROI quantification results in LS174T tumor model (B) and HT29 tumor
model (D) 2 h after [*®Ga]Ga-NOTA-WWH347 injection (F). ROI results of [®®Ga]Ga-NOTA-A50-2_5D5 in LS174T tumor model. Data
were quantified as %ID/g. Quantitative analysis data were shown as mean = SD (n = 4)
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tumors (Fig. 2E), with extremely low tumor uptake of
only 1.42 + 0.41 %ID/g (Fig. 2F). Biodistribution data
2 h post-injection showed similar organ uptake trends
as the ROI results (Fig. 3A). The results demonstrated
the subcutaneous LS174T tumors had significantly
higher uptake of [®®Ga]Ga-NOTA-WWH347 (10.45 +

0.78 %ID/g) compared to the HT29 group (3.29 =
0.61 %ID/g). In contrast, the uptake of [*®Ga]Ga-NOTA-
A50-2_5D5 was only 0.86 =+ 0.10 %ID/g in LS174T
tumors. The excellent targeting ability and specificity
demonstrated by WWH347 in subcutaneous models
encourage us to compare its diagnostic value with the
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Fig. 3 Ex vivo biodistribution and histopathological staining results. A Results of biodistribution in LS174T and HT29 models after 2 h
of [°8Ga]Ga-NOTA-WWH347 and [*®Ga]Ga-NOTA-A50-2_5D5 injection. B,C The GPA33 IHC staining of fixed subcutaneous LS174T and
HT29 tumors. Data are presented as the mean * SD of four independent experiments (n = 4). ****P < 0.0001 compared with the control

group
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most commonly used probe, ['F]F-FDG (supplementary
Fig. S3A). The tumor uptake of ['8F]F-FDG was 5.80 +
1.41 %ID/g (supplementary Fig. S3B). The tumor
uptake of [®®Ga]Ga-NOTA-WWH347 was significantly
superior to that of [8F]F-FDG, and it had a better
tumor-to-muscle ratio (30.51 * 8.89 vs 1.03 + 0.52)
(supplementary Fig. S3C). In conclusion, immunoPET
imaging of [®®Ga]Ga-NOTA-WWH347 can be an effec-
tive diagnostic in preclinical models with high GPA33
expression. The IHC results revealed significantly
higher GPA33 expression in LS174T versus HT29
tumors (Figs.3B and 3C), correlating closely with
immuno-PET imaging findings.

ImmunoPET imaging in liver metastasis tumor
models

To further validate the diagnostic ability of [®8Ga]Ga-
NOTA-WWH347 on colorectal metastasis models, we
conducted the immunoPET in LS174T liver metastasis
tumor models. [*®Ga]Ga-NOTA-WWH347 demonstrated
a clear delineation of liver metastases at 2 h post-
injection (Fig.4A). To exclude the interference of
high renal uptake, the mice were euthanized, and
immunoPET imaging of the principal ex vivo organs was
conducted (Fig.4B). The results of the immunoPET
imaging corresponded to the anatomical illustrations,
confirming that [°8Ga]Ga-NOTA-WWH347 could accu-
rately identify metastatic tumors in the liver. The ROI
analysis showed that [®8Ga]Ga-NOTA-WWH347 has the
highest uptake in the kidney at 220.15 * 22.41 %ID/g,
followed by the tumor at 21.25 + 4.21 %ID/g (Fig.
4C). Subsequent biodistribution analysis data showed
the same organ uptake trend as the ROI results, still
having the highest renal accumulation of 275.39 *
37.18 %ID/g and tumor uptake of 11.69 + 2.69 %ID/g
(Fig. 4D). The immunohistochemical analysis confirmed
that GPA33 was expressed extensively on the mem-
brane of tumor cells associated with liver metastases.
The findings from the immunohistochemical assess-
ments exhibited a strong correlation with the immuno-
PET results of [®®Ga]Ga-NOTA-WWH347.

ImmunoPET imaging in systemic metastasis tumor
models

Furthermore, we further validated the diagnostic
ability of [°8Ga]Ga-NOTA-WWH347 for CRC microme-
tastases in systemic metastasis LS174T tumor models.
[68Ga]Ga-NOTA-WWH347 could clearly show small
metastatic tumors throughout the body at 2 h after
injection (Fig.5A). The mice were euthanized and
dissected (Fig.5B). The locations of the metastatic
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tumors identified in the dissection images corre-
sponded with the results of immunoPET, demon-
strating that [°8Ga]Ga-NOTA-WWH347 has the ability
to accurately and completely identify CRC micrometas-
tases. The ROI analysis showed that [®®Ga]Ga-NOTA-
WWH347 had the highest enrichment in the kidney
at 204.82 + 24.58 %ID/g, followed by tumor at 8.63 +
1.08 %ID/g (Fig. 5C). Subsequent biodistribution anal-
ysis data showed the same organ uptake trend as the
ROI results, still having the highest renal cumulative
value of 27091 = 39.47 %ID/g and tumor uptake of
9.71 + 1.01 %ID/g (Fig. 5D). [®®Ga]Ga-NOTA-WWH347
clearly showed metastatic tumors throughout the
body, encouraging us to compare its diagnostic value
with the most commonly used probe, ['®F]F-FDG
(supplementary Fig. S3D). The ROI results of ['8F]F-
FDG showed tumor uptake of 13.13 = 2.36 %ID/g
(supplementary Fig. S3E). Although the tumor uptake
of [°8Ga]Ga-NOTA-WWH347 was slightly lower than
that of ['8F]F-FDG, [®®Ga]Ga-NOTA-WWH347 had a
better tumor-to-muscle ratio (27.50 + 15.09 vs 2.81 *
0.56) (supplementary Fig. S3F), as well as a clearer
identification of metastasis tumors on immunoPET
images compared to the PET images of ['®F]F-FDG.
The IHC results of metastatic lesions showed high
expression of GPA33, which was also consistent with
immunoPET imaging findings (Fig. 5E).

WWH347 is biocompatible for potential clinical
applications

Finally, we evaluated the biocompatibility of WWH347
for potential clinical studies in the future. After 2 h
intravenous injection, the H&E staining of major organs
(including the heart, lung, liver, spleen and kidney)
showed no obvious organ toxicity (supplementary
Fig. S4). This suggests that WWH347 has a good
prospect of clinical application due to its promising
biosafety.

DISCUSSION

GPA33 is a cell surface differentiation antigen belong-
ing to the immunoglobulin superfamily, abundantly
expressed in more than 95% of human primary and
metastatic CRC. Its expression is restricted in normal
tissues (colon and intestinal epithelium) and not shed
or secreted into the bloodstream, residing permanently
in the tumor cell membranes (Ackerman et al. 2008).
There are several studies demonstrating the feasibility
of GPA33 for radioimmune-diagnostic and therapeutic
purposes using radiolabeled antibodies (e.g., mouse
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Fig. 4 ImmunoPET/CT imaging with [®8Ga]Ga-NOTA-WWH347 in liver metastasis L5174 T tumor models. A Representative image of
[68Ga]Ga-NOTA-WWH347 (n = 4 per group) in liver metastasis LS174T tumor models. The metastatic LS174T tumor (red circles) was
displayed on the coronal image and MIP image. B Representative anatomic diagram of liver metastasis tumor models and anatomical
immunoPET/CT images of major organs. Yellow arrow: tumor. C ROI results in liver metastasis LS174T tumor models after 2 h of
[68Ga]Ga-NOTA-WWH347 injection. D Biodistribution results in liver metastasis LS174T models after 2 h of [®Ga]Ga-NOTA-WWH347
injection. E IHC staining of liver metastasis of LS174T tumor. Data were quantified as %ID/g. Quantitative analysis data were shown as
mean * SD. H: heart; Lu: lung; Li: liver; K: kidney; St: stomach; SI: small intestine; LI: large intestine; Tu: tumor

monoclonal antibodies A33 and humanized antibodies
huA33 (King et al. 1995). GPA33-targeted nuclear
imaging tools can be used for diagnosing and treating
GPA33-positive tumors, screening patients for GPA33-
targeted therapies and monitoring therapeutic out-
comes. Vaughn et al. imaged and treated a preclinical

© The Author(s) 2025

model of CRC using a '”’Lu-labelled monoclonal anti-
body (Vaughn et al. 2024). Cheal et al. demonstrated
that 86Y and ”’Lu-labelled bispecific antibodies showed
favorable therapeutic results (Cheal et al. 2016). How-
ever, the long circulation time of large-sized antibodies,
which requires the use of long half-life radionuclides
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Fig. 5 ImmunoPET/CT imaging with [°8Ga]Ga-NOTA-WWH347 in systemic metastasis LS174T tumor models. A Representative image
of [°8Ga]Ga-NOTA-WWH347 (n = 6 per group) in systemic metastasis LS174T tumor models. The metastatic LS174T tumor (red
arrows), the kidneys (green arrows) and bladders (yellow arrows) were displayed on the coronal image and MIP image. B Representa-
tive anatomic diagram of systemic metastasis tumor models. Yellow circle: tumor. C ROI quantification in systemic metastasis LS174T
tumor models after 2 h of [*8Ga]Ga-NOTA-WWH347 injection. D Biodistribution results in systemic metastasis L5174T models after 2 h
of [8Ga]Ga-NOTA-WWH347 injection. E IHC staining of systemic metastasis of LS174T tumor. Data were quantified as %ID/g. Quantita-

tive analysis data were shown as mean + SD

for immunoimaging, limits their use in clinical practice
(Chames et al. 2009). Nanobodies, on the other hand, as
the smallest type of antibody derivative, have the same
antigen recognition structure as monoclonal antibodies
with low immunogenicity. Compared to these antibody-
based approaches, our nanobody tracer offers distinct
advantages in pharmacokinetics and imaging efficiency.
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When benchmarked against other CRC imaging probes,
[®8Ga]Ga-NOTA-WWH347 demonstrates superior target
specificity compared to metabolic tracers like ['8F]F-
FDG, and faster tumor penetration than antibody-based
agents. In addition, their diameter of less than 4 nm
allows them to penetrate deeper into tumor tissues
while retaining their antigen recognition ability
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(Ackaert et al. 2021). More importantly, rapid clearing
of nanobodies from the circulation allows the short
half-life radionuclide-labelled probes to be used for
same-day imaging for diagnostic purposes (Krasniqi et
al. 2018).

In this study, we synthesized an innovative GPA33-
targeted immunoPET nanobody tracer, which can be
used not only as a colorectal tumor visualizer for
diagnosis, staging, and prognosis, but also for screening
patients who may benefit from GPA33-targeted ther-
apy. Consistent with clinical priorities for metastasis
detection, the tracer achieved tumor-to-muscle ratios
>27 in metastatic lesions — significantly surpassing
[*8F]F-FDG's performance (2.81 + 0.56) in the same
models. This high contrast is critical for detecting small
peritoneal implants and occult abdominal metastases.
However, prominent kidney accumulation was ob-
served — a common challenge with low-molecular-
weight tracers like nanobodies that may obscure
abdominal metastases and raise nephrotoxicity con-
cerns. To address renal retention, several effective
strategies have been proposed. Zhou et al. reduced
kidney retention in radiolabeled sdAbs by incorpo-
rating renal brush border enzyme-cleavable linkers
(e.g., GK-type) into prosthetic groups. These linkers,
attached via click chemistry, enable enzymatic cleavage
in proximal tubules, facilitating urinary excretion of
radiolabeled fragments and significantly lowering renal
uptake while preserving tumor targeting (Zhou et al.
2018, 2021). Wang et al. reduced kidney retention of
the CD38-targeted probe [®®Ga]Ga-NOTA-Nb1053 by
implementing pharmaceutical premedication with
either sodium maleate or fructose prior to probe
administration, which significantly decreased kidney
uptake and improved the diagnostic value of the probe
(Wang et al. 2021). Xenaki et al. reduced kidney
retention of the HER2-targeted nanobody 11A4 by
genetically fusing it to an albumin-binding domain
(ABD), which extended serum half-life and redirected
clearance pathways, resulting in reduced renal
accumulation while maintaining homogenous tumor
distribution (Xenaki et al. 2021).

This study has several limitations that require
further research. This study acknowledges several
limitations. Primarily, the sensitivity of the tracer for
detecting early-stage CRC requires validation in
dedicated clinical studies. Secondly, the clinical safety
and efficacy profile must be further established in
larger, more diverse patient cohorts. A significant
challenge for clinical translation is the observed renal
retention of the tracer, which necessitates optimization
to reduce renal exposure. Critically, it is important to
note that there are currently no clinically approved

© The Author(s) 2025

diagnostic or therapeutic agents targeting GPA33,
highlighting the unmet medical need and the potential
significance of this approach. To address this gap and
advance the field, our research group is committed to
advancing the clinical development of WWH347, our
GPA33-targeting nanobody tracer. Future research
directions will focus on: conducting clinical trials to
rigorously correlate PET imaging findings with GPA33
expression levels in early-stage CRC tissues; exploring
the theranostic potential of pairing this tracer platform
with the therapeutic radionuclide 7’Lu for targeted
radiotherapy; and engineering next-generation variants
of the tracer with significantly reduced renal uptake
through protein engineering strategies to enhance its
clinical translation potential.

In summary, we successfully synthesized the GPA33-
targeted nanobody tracer [°8Ga]Ga-NOTA-WWH347,
demonstrating its potential as a precision immunoPET
tool for colorectal cancer. The probe exhibits high
specificity, rapid tumor penetration, and generates
exceptional tumor-to-background contrast — crucial
for detecting metastases — while enabling same-day
imaging. However, prominent renal retention remains a
translational challenge requiring optimization. Despite
this limitation and the current absence of clinically
approved GPA33-targeted agents, this tracer represents
a significant step towards noninvasive visualization of
GPA33 expression dynamics. This capability is essential
for advancing GPA33-targeted therapeutics, facilitat-
ing patient stratification, treatment monitoring, and
ultimately, personalized management of colorectal
cancer.

MATERIALS AND METHODS
Cell culture and animal models

CRC cell lines (LS174T, HT29) were obtained from
Procell Life Science & Technology (Wuhan, China).
LS174T cells were cultured in DMEM medium (Gibco;
Grand Island, NY), and HT29 cells were cultured in
McCoy's 5A medium (Gibco; Grand Island, NY). Both
cell lines were supplemented with 10% fetal bovine
serum (FBS; Gibco Grand Island, NY) and 1%
penicillin/streptomycin (Procell; Wuhan) and cultured
at 37°C with 5% CO,.

All animal experiments followed the Institutional
Animal Care and Use Committee of Huazhong Uni-
versity of Science and Technology-approved protocol.
Female BALB/c nude mice (4-6 weeks old) were
provided by Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). For subcutaneous
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tumor models, 5 x 10° tumor cells were resuspended in
sterile phosphate-buffered saline (PBS, Gibco) and then
implanted into the right axilla of each mouse. The
subcutaneous tumor models were used for immunoPET
imaging when the cells were implanted for about two
weeks, and the average diameter reached 0.6-1.0 cm.
For liver metastasis LS174T tumor models, 5 x 10°
LS174T cells were resuspended in 100 pL sterile PBS
(Gibco) and then mice were continuously anesthetized
with a small animal gas anesthesia system (2%
isoflurane), the skin was incised at the projection area
of the spleen body surface, the spleen was exposed, and
the needle was inserted with a syringe under the dorsal
membrane of the spleen from the proximity to the
lower pole of the spleen and 100 pL of the LS174T cells
were injected slowly, and the syringe was withdrawn
after a period of time to ligate the blood vessels
connecting to the spleen and resect the spleen, and the
abdomen was closed layer by layer. The liver
metastasis LS174T tumor models were used for
immunoPET imaging when the cells were implanted for
about four weeks. For system metastasis LS174T tumor
models, 5 x 10° LS174T cells were resuspended in
sterile PBS (Gibco) and injected into mice via the tail
vein. The system metastasis LS174T tumor models
were used for immunoPET imaging when the cells were
implanted for about three weeks.

Western blot

LS174T and HT29 cells were cultured in Petri dishes,
and total protein was extracted when the cells grew to
75%~80%. The protein concentration was determined
by bicinchoninic acid assay (BCA) kit (Biosharp, china),
and Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out. After
electrophoresis, the membrane was transferred to and
closed PVDF membrane. Recombinant Anti-GPA33
antibody (ab108938, Abcam; Wuhan, China) was
chosen as the primary antibody. The Anti-GPA33
antibody was diluted at 1:1,000, and then incubated
with the PVDF membrane at 4°C overnight. Then it was
incubated with HRP-conjugated goat anti-rabbit IgG
secondary antibody (Jackson ImmunoResearch Labo-
ratories Inc., USA) at room temperature on the shaker
for 2 h and developed. The gray value of the bands was
determined by Image | software.

Production and radiolabeling of nanobodies
A novel anti-human GPA33 nanobody (i.e, WWH347)
and a non-specific nanobody (i.e., A50-2_5D5) were

generated through a series of steps of immunization of
alpacas with recombinant human GPA33 protein,
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library construction, phage display, high-throughput
sequencing, and recombinant expression in Chinese
hamster ovary (CHO) cells. SDS-PAGE and high-
performance liquid chromatography (HPLC) were used
to detect the protein expression and purity. The purity
was evaluated by densitometric analysis after the
Coomassie blue staining of SDS-PAGE gels under
reducing and non-reducing conditions.

The nanobodies were conjugated with the bi-
functional chelator 2-S-(4-Isothiocyanatobenzyl)-1,4,7-
triazacyclonon ane-1,4,7-triaceticacid (p-SCN-Bn-NOTA;
Macrocyclics) for subsequent °®Ga-labelling. Briefly,
1 mg of nanobodies in PBS solvent was adjusted to pH
9.0-10.0 by adding 0.1 mol/L Na,CO; buffer. P-SCN-Bn-
NOTA (dissolved in DMSO, 20 equivalents) was added
to the solution and reacted overnight at room temper-
ature away from light for 2 h, followed by purification
using equilibrated PD-10 desalting columns (Cytia,
USA) to remove excess p-SCN-Bn-NOTA and concentra-
tion using 10 kDa ultrafiltration tubes (Millipore). The
conjugated nanobodies were stored at -20°C for sub-
sequent radiolabeling applications. 4 mCi ®8Ga eluted
with 0.1 mol/L hydrogen chloride (pH = 1) from a
germanium-gallium generator was used for radiolabel-
ing, and the pH was adjusted to 4.0-4.5 with 0.5 mol/L
sodium acetate (pH = 5). Subsequently, previously
conjugated NOTA-nanoantibodies were added. The
solution was continuously shaken at 37°C (400 r/min)
for 15 min. The final radioactive product was purified
with a sterile PBS mobile phase using an equilibrated
PD-10 column. The radiochemical purity of the final
product was evaluated by HPLC. Instant thin-layer
chromatography (iTLC, Agilent Technologies Inc.) was
used to detect the stability of the probe serum after co-
incubation with 50% FBS at 37°C for gradient time
(including 5 min, 15 min, 30 min, 45 min, 1 h, 1.5 h, 2 h,
3 h,and 4 h).

Cell uptake

LS174T and HT29 cells were seeded in 24-well plates,
incubated for 24 h and then added with 0.074 MBq
of [%8Ga]Ga-NOTA-WWH347 per well, respectively.
The cells were incubated at 37°C for 15, 30, 60, and
120 min. For in vitro blocking experiments, cells were
co-incubated with 10 pg of nanobody precursor. After
incubation, these cells were washed, collected and
measured with the gamma counter (WIZARD 2480,
PekinElmer).

ImmunoPET imaging

3.7 MBq of [°Ga]Ga-NOTA-WWH347 and [°®Ga]Ga-
NOTA-A50-2_5D5 were administered to the mice
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bearing subcutaneous LS174T CRC cell-derived xeno-
graft (CDX). 3.7 MBq of [®®Ga]Ga-NOTA-WWH347 were
also administered to the liver metastasis LS174T tumor
models and system metastasis LS174T tumor models.
The mice were anaesthetized and placed in the prone
position in the scanning bed 2 h after injection. All
images were acquired by the Trans-PET IMAGING
SYSTEM (Trans-PET Discoverist 180, Suzhou Ruipain-
ing Technology Co., ltd, Jiangsu, China). Maximum
intensity projection (MIP) and transaxial images were
shown using the Inveon Research Workplace (Siemens
Preclinical Solutions). For quantitative analysis, regions
of interest (ROIs) of main organs and tumors were
delineated on selected transaxial images, and the
radioactive counts were presented in terms of per-
centage dose rate per gram of tissue (%ID/g).

Ex vivo biodistribution and histopathological study

The ex vivo biodistribution studies were performed at
2 h post-injection to quantify the uptake of radiolabel-
ing probes in organs/tissues. The mice were eutha-
nized, and multiple organs/tissues (including the blood,
brain, heart, lung, liver, spleen, kidney, stomach, small
intestine, large intestine, muscle, bone, and tumor)
were collected and wet-weighed. The radioactivity of
organs/tissues was quantified by the gamma counter
(WIZARD 2480, PekinElmer). The biodistribution
data were represented as %ID/g after attenuation
correction.

Isolated tumor tissue was fixed with parafor-
maldehyde tissue fixative after radioactive counting.
Immunohistochemical (IHC) staining was performed
using GPA33 (ab108938, Abcam) according to standard
protocols.

[8F]F-FDG PET imaging

Each mouse was injected with 3.7 MBq of ['®F]F-FDG
into the lateral tail vein and maintained under
isoflurane anesthesia for 2 h, with body temperature
maintained with a heating pad, prior to PET imaging.
For quantitative analysis, the ROI was plotted as %ID/g.

Biosafety assessment of WWH347

To assess the biosafety of WWH347 and saline as a
control, the healthy BALB/c mice were randomly
divided into two groups. Specifically, WWH347 and an
equal volume of saline were injected via the tail vein.
The mice were euthanized after 2 h. The major
retention and metabolizing organs (heart, lung, liver,
spleen and kidney) were dissociated, sectioned and

© The Author(s) 2025

stained with hematoxylin-eosin (H&E) solution. Images
were taken under the microscope.

Statistical analysis

Statistical analysis and charting were performed by the
GraphPad Prism software (version 9.5, USA). All data
were shown as mean # SD. Statistical analysis was
performed using the unpaired Student’s t-test. Dif-
ferences were considered statistically significant when
P-values were <0.05.
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