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Abstract

Purpose Here, we aim to identify a CEACAMS-targeted nanobody and demonstrate its application in positron emission
tomography (PET) imaging and near-infrared (NIR) fluorescence imaging in colorectal cancer (CRC).

Methods Immunohistochemistry was applied to verify CEACAMS expression in CRC and metastatic lymph nodes (mLNss).
CEACAMS5-targeted nanobodies were obtained by immunization of human CEACAMS protein in a dromedary, followed
by several rounds of phage screenings. Immunofluorescence staining and flow cytometry was carried out to determine the
binding affinity of the nanobodies. The nanobodies were radiolabeled by coupling 'F-SFB for PET imaging of CRC sub-
cutaneous xenografts and lymph node metastasis (LNM). IRDye800CW (IR800) were conjugated to form NIR probes for
NIR imaging in CRC subcutaneous models.

Results CEACAMS was overexpressed in either human CRC tissues or mLNs. A CEACAMS targeted nanobody, Nb41 was
successfully generated, with excellent in vitro binding properties. Incorporation of albumin binding domain (ABD) did not
affect the affinity of Nb41. In vivo imaging showed that both '®F-FB-Nb41 and '*F-FB-Nb41-ABD showed obvious accu-
mulation in the tumor. Due to the longer retention in the blood, '®F-FB-Nb41-ABD enrichment in tumors was significantly
delayed but higher compared to '*F-FB-Nb41. Both '®F-FB-Nb41 and '®F-FB-Nb41-ABD showed prominent LNM enrich-
ment. Similarly, the IR800-conjugated nanobodies Nb41-IR800 and Nb41-ABD-IR800 exhibited superior imaging effects
in subcutaneous models, while Nb41-ABD-IR800 exhibited higher fluorescence intensity in the tumor accompanied with a
remarkedly delay compared to Nb41-IR800.

Conclusion Collectively, we presented the identification and in vivo validation of a CEACAMS5-targeted nanobody and a
fused nanobody with an ABD, which enabled to the non-invasive visualization of malignancy of CRC using PET imaging
and NIR imaging in subcutaneous models as well as LNM models.
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Introduction

Colorectal cancer (CRC), one of the most common malig-
nancies ranked third in cancer incidence and second in
cancer mortality, accounted for approximately 10% of
worldwide diagnosed cancers each year [1]. Surgical exci-
sion is considered to be the standard therapeutic modality
for patients with localized lesions. Accurate preopera-
tive assessment of tumor borders and local lymph node
metastasis (LNM) is essential for precise surgical resec-
tion and maximum maintenance of normal physiological
function. Nevertheless, 35% of patients already developed
LNM or distant metastasis at the time of initial diagnosis,
with surgical intervention may be potentially counterpro-
ductive [2]. Accurate initial staging and identification of
metastatic lesions of CRC using a rapid and non-invasive
approach would be indispensable for mapping out tailored
treatment regimens.

As a clinically validated method for tumor detection,
positron emission tomography (PET) has a transforma-
tional impact on presurgical staging and longitudinal mon-
itoring of CRC patients. '*F-fluorodeoxyglucose (FDG)
has been widely applied in the evaluation of malignancies
based on the ability of detecting increased glycolysis in
tumor lesions [3]. However, increased '*F-FDG uptake is
also presented in benign lesions, inflammation or granu-
lomas, as well as in normal physiological sites of tracer
biodistribution, which may be incorrectly attributed to the
etiology of cancer [4]. Molecular probe-based PET imag-
ing is expected to overcome this challenge. Near-infrared
fluorescence (NIR) imaging, owing to its potential to
delineate tumor margins in real-time and enhance con-
trast for identification of the lesion during surgery, has
been demonstrated to be a promising approach for image-
guided resection of tumor and LNM [5]. The complemen-
tary nature of the two imaging modalities contributes to a
better CRC management, that is, PET imaging allows non-
invasive characterization of the disease extent to determine
whether a patient is suitable for surgery, while intraopera-
tive NIR imaging helps surgeons demarcate tumor margins
thus facilitating more complete tumor resection.

Carcinoembryonic antigen cell adhesion molecule 5
(CEACAMYS), also known as CEA, is a highly glycosylated
macromolecule belonging to the carcinoembryonic antigen
(CEA) family [6]. First recognized as a colorectal tumor-
associated antigen decades ago, CEACAMS has long been
considered as an appealing CRC target since it is highly
expressed almost exclusively in CRC at high antigenic
density and shows limited expression in normal tissues [7].
Thus, the ability of non-invasive imaging of CEACAMS5
expression would facilitate precise depiction and accurate
diagnosis of CRC.
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So far, monoclonal antibodies (mAbs) have been consid-
ered to be the best paradigm for the development of high-
affinity molecular probes. Nevertheless, the larger molecular
weight seems to be the Achilles' heel of mAbs since it often
fails to penetrate solid tumor [8]. Intact antibodies often take
several days to reach peak enrichment in tumors [9, 10],
which are not suitable for use as imaging agents. The advent
of phage display has made it possible to customize an anti-
gen-binding domain that is much smaller than an intact mAb
[11, 12]. Nanobody, the smallest intact antigen-binding frag-
ment naturally derived from Camelidae family, provides an
attractive alternative attributed to the small molecular weight
[13]. The smaller size imparts increased permeability, which
also leads, however, to their rapid blood clearance and often
limited deposition in the tumor. An optional approach is to
attach an albumin-binding domain (ABD) to the nanobody,
which retains antigen-binding ability while serum clearance
is greatly reduced by its constant binding to albumin in vivo
[14]. This unique feature has enabled applications of nanobod-
ies in facilitating studies of PET imaging and NIR imaging.

In this study, as the preliminary step towards the clinic,
we aim to identify a CEACAMS5-targeted nanobody and
present its application in PET imaging and NIR imaging of
CRC. A CEACAMS targeted nanobody and its ABD fused
nanobody, were successfully generated, with excellent in
vitro binding properties. The immunoconjugates enabled for
the non-invasive visualization of malignancy of CRC using
PET and NIR imaging in subcutaneous models. These new
targeted probes may be of great value for staging guidance
and surgical intervention in CRC patients.

Materials and methods

Generation, expression and purification
of nanobodies

Nanobodies against CEACAMS were generated accord-
ing to previous methods [15]. Briefly, the anti-CEACAMS
nanobodies were selected by several rounds of phage selec-
tion, biopannings and enzyme-linked immunosorbent assay
(ELISA) screenings. The selected plasmids were trans-
formed into BL21(DE3) competent cells. Cells were cul-
tured at 37 °C till an ODgyy ,,, reached 0.6 and then induced
by adding IPTG at 16 °C. The periplasmic extract obtained
after repeated ultrasonic decomposition was centrifugated
and loaded on a Ni-NTA Superflow Sepharose column (GE,
USA) and further purified by size-exclusion chromatography
(SEC). The purity of the proteins was evaluated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and Coomassie blue staining.
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Enzyme-linked immunosorbent assay

A total of 200 ng of human recombinant CEACAMS pro-
tein were coated in a 96-well plate overnight at 4 °C and
uncoated protein was washed. After blocking, different con-
centrations of nanobody were added at an initial concentra-
tion of 500 nM. The plate was incubated at 37 °C overnight
followed by washing 3 times to remove unconjugated pro-
teins. About 100 pL of horseradish peroxidase (HRP)-con-
jugated anti-His antibody (ab1187, Abcam) and the chromo-
genic substrate were successively added for incubation. At
the predetermined time points, reactions were stopped and
an optical density of 450 nm was measured by a microplate
reader.

Cells and animal models

All cell lines used in the experiment were obtained from
the American Type Culture Collection (ATCC, USA).
Normal intestinal epithelial cell line FHC was cultured in
DMEM:F12 medium and human colorectal adenocarci-
noma cell lines (HT-29, LS174-T) were cultured in RPMI-
1640 medium. The medium was supplemented with 10%
fetal bovine serum, 100 IU/mL penicillin and 100 pg/mL
streptomycin.

The animal experiments were reviewed and approved by
the animal welfare and ethics committees of the Fifth Affili-
ated Hospital of Sun Yat-sen University. All mice were pur-
chased from the Animal Experiment Center of Guangdong
Province (Guangzhou, China). To create a subcutaneous
tumor, 5x 10° cells suspended in 50 pL phosphate buffered
saline (PBS) were mixed with 50% Matrigel (Corning, USA)
and subcutaneously injected into the lateral thigh of BALB/c
nude mice. Orthotopic model was established by orthotopic
injection of 2 x 10° LS174-T-luc cells in 25 pL mixture of
PBS and Matrigel into the colon wall of the mice. To simu-
late LNM in CRC, 2 x 10° LS174-T-luc cells were injected
into the hock region of the mice. Inflammatory lymph node
formation was induced by intramuscular injection of 10 pL
of turpentine into the thighs of the mice. The successful con-
struction of the orthotopic and LNM model were monitored
using an in vivo imaging system (IVIS) apparatus (Perki-
nElmer, USA) after intraperitoneal injection of D-luciferin
(PerkinElmer, USA) at a concentration of 150 mg/kg per
body weight.

Western blot

Cells were lysed and the protein supernatant was col-
lected by centrifuging at 12,000 g for 0.5 h. The concen-
tration was quantified by a BCA Protein Quantitation Kit
(Thermo Fisher Scientific, USA). About 30 pg of protein
was loaded for SDS-PAGE, followed by transferring onto

a polyvinylidene fluoride membrane. The membrane was
blocked with 5% skim milk and then incubated with pri-
mary anti-CEACAMS antibody (ab91213, Abcam) and anti-
GAPDH antibody (#2118, CST) at 4 ‘C overnight. Then,
the membrane was incubated with an HRP-conjugated sec-
ondary antibody (#7074, CST) and the protein band was
eventually visualized with an enhanced chemiluminescence
system.

Immunofluorescence staining

For immunocytochemistry, approximately 1x 10> cells
were seeded on a coverslip. After blocking with 1% bovine
serum albumin (BSA), the cells were incubated with 1-2 pg/
mL of nanobody and anti-CEACAMS antibody (ab91213,
Abcam) for 1 h at room temperature (RT). The slices were
then visualized using Alexa Fluor 647-conjugated antibody
(ab150115, Abcam) coupled with Dylight 488-conjugated
anti-His tag antibody (1:1000, ab117512, Abcam) at RT for
0.5 h. Subsequently, the cells were incubated with DAPI
and fluorescence was captured by confocal microscope
(Zeiss880, Carl Zeiss, Germany).

For tissue immunofluorescence, dissected tumors were
fixed with paraformaldehyde and embedded with O.C.T.
Compound (Sakura Finetek, USA). The tissue was frozen
in liquid nitrogen and cut into 5-mm sections. Subsequent
procedures were similar to immunocytochemistry.

Flow cytometry

The cells were harvested with Accutase (Sigma, USA) and
suspended with cold PBS. After being blocked by 3% BSA,
the cells were incubated with nanobody or anti-CEACAMS
antibody for 1 h at RT. After washing 5 times with cold PBS,
the cells were then incubated with FITC-labeled anti-His
tag secondary antibody (ab1206, Abcam) in the dark for
30 min at RT. Thereafter, the cells were washed again and
the fluorescence intensity was analyzed using a Beckman
CytoFLEX flow cytometer (Beckman, USA) and FlowJo
software (BD, USA).

Immunohistochemistry

Approval for the use of human samples was obtained from
the Ethics Review Committee of the Fifth Affiliated Hos-
pital of Sun Yat-sen University with waiver of informed
consents (K170-1). Paraffin blocks were cut into 3-pm sec-
tions and deparaffinized in dimethylbenzene and dehydrated
by serial immersion in gradient concentrations of alcohol.
Antigen retrieval was performed under high pressure for
10 min. After blocking, the slices were incubated with anti-
CEACAMS antibody (1:200, ab91213, Abcam) overnight
at 4 °C. The next day, the samples were incubated with an
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HRP-conjugated secondary antibody (MaxVision, China) at
RT for 30 min. Chromogenic reaction was performed using
the DAB Kit (MaxVision, China) and counterstained with
hematoxylin. The IHC images were captured by a slide Scan-
ner System (3DHISTECH, Hungary) and H-score was quan-
tified by 3DHISTECH QuantCenter software (3DHISTECH,
Hungary).

Radiolabeling

Detailed radiolabeling method was elaborated in the pre-
vious literature [16, 17]. Briefly, ethyl-(4-trimethylam-
monium) benzoate trifluoromethanesulfonate was synthe-
sized for subsequent synthesis of N-succinimidyl 4-['8F]
fluorobenzoate ('*F-SFB). For the conjugation reaction,
nanobody (200—500 pg) in 300 pL of borate buffer (0.1 M,
pH 7.4—9.0) was added into the reaction vial with dried ®F-
SFB (1.0—7.5 GBq). After incubation for 25 min at RT, the
reaction mixture was purified using a PD-10 column (GE,
USA) for further assessment by thin-layer chromatography
(TLC). For the animal studies, the products were blown to
dryness by nitrogen stream and redissolved with saline.

PET/CT imaging

MicroPET imaging was performed on a microPET scanner
(Siemens, Germany). After tail vein injection of approxi-
mately 7.4 MBq (200 pCi) of 'SF-FB-Nb41 or '®F-FB-
Nb41-ABD, tumor-bearing mice were anesthetized and
scanned under administration of 2% isoflurane (Sigma,
USA) and static images at 0.5, 1, 2 and 4 h post-injection
were acquired. For LNM models, mice were anesthetized
and scanned 2 h post-injection. The images were processed
using Carimas software. Regions of interest (ROI) were
drawn and the uptake value was obtained. The radioactive
uptake was quantified as percent injected dose per gram
(%ID/g) assuming tissue density as 1 g/cm’. The subcuta-
neous tumor-bearing mice were sacrificed after imaging.
Tumor and main organs were weighed and the radioactivity
was measured by a y-counter (PerkinElmer, USA) to calcu-
late their mean organ distribution. The uptake in the tissues
was decay-corrected and expressed as %ID/g.

NIR fluorescence imaging

Nanobodies (in 500 uL. PBS) were mixed with 1 mg/mL
IRDye800CW NHS Ester (LI-COR, USA) at a molar ratio of
1:2 in the dark for 2 h. The excess dye was removed using a
PD-10 column (GE, USA). The concentrations of the synthe-
sized probe and synthesis efficiencies were measured using a
NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher
Scientific, USA) at absorbance of 280 and 780 nm.
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The tumor-bearing mice were intravenously injected with
50 pg of the synthesized probe. The images at different time
points were captured using an IVIS Lumina III imaging sys-
tem (PerkinElmer, USA) with an excitation and emission
wavelength of 760 nm and 845 nm. The IVIS image process-
ing software was used to measure the mean fluorescence
intensity (MFI). After imaging, the mice were executed and
the tumor as well as the main organs were harvested for ex
vivo fluorescence imaging with the same parameters.

Statistical analysis

Statistical analyses were performed using Prism 7.0 (Graph-
pad, USA) and SPSS 19.0 (IBM, USA). Continuous vari-
ables were presented as mean + standard deviation (Sd).
The difference between groups were tested for significance
using the two-sided Student’s ¢ test or one-way analysis of
variance (ANOVA). P-values less than 0.05 were consid-
ered to be statistically significant (*P <0.05, **P <0.01,
kP <0.001).

Results

IHC analysis in human CRC samples and metastatic
lymph nodes (mLNs)

CEACAMS expression profile based on TCGA/GTEx data-
sets indicated that CEACAMS expression in CRC was the
highest among all types of cancer (Figure S1A), while
CEACAMS expression was significantly higher in either
colon adenocarcinoma or rectum adenocarcinoma than in
normal tissues at the transcriptional level (Figure S1B).
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
and the International Cancer Proteogenome Consortium
(ICPC) datasets also showed that CEACAMS protein expres-
sion was significantly higher in CRC than normal tissues
(Figure S1C). IHC was applied to verify the expression of
CEACAMS from human CRC patients (n=115). Among
them, 41 patients showed LNM. Representative images
of human primary CRC and corresponding mLNs stained
with anti-CEACAMS antibody showed that CEACAMS
was overexpressed in CRC specimens and their corre-
sponding mLNs (Fig. 1A, B), with positive rates of 95.7%
(110/115) and 97.6% (40/41). Quantitative analysis showed
that CEACAMS expression in tumor tissues was signifi-
cantly higher than adjacent tissues (H-score, 171.7 +53.35
vs. 26.54 +15.22, P <0.0001, Fig. 1C). Linear correlation
analysis showed that CEACAMS expression in mLNs was
significantly associated with CEACAMS expression in the
primary tumor, with a Pearson correlation coefficient of 0.68
(P<0.0001, Fig. 1D). As illustrated in Table S1, CEACAMS
expression was not correlated with clinicopathologic
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Fig.1 CEACAMS expression A
in human CRC samples and

mLNs. A, B Representative

CEACAMS staining images of

tumor tissues and mLNs from

CRC patients (-: negative, +:

weak positive, + +: medium

positive, + + +: strong positive.
Scale bars: above, 2000 pm;
below, 20 pm). C Quantitative
analysis of the immunohisto-
chemical results of tumor tis-
sues and mLNs. D Correlation
analysis of respective H-score

of tumor tissues and mLNs (r,
correlation coefficient)
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parameters, such as age, gender, tumor location, lymph
nodes metastasis, AJCC stage and different differentiation
(P> 0.05). These results suggested that CEACAMS may
serve as an appealing marker for imaging of CRC.

Expression and purification of CEACAMS5 targeted
nanobodies

Figure 2A illustrated the schematic overview of nanobody
screening, identification and expression. Significantly
higher antibody level in the serum of the dromedary was
observed after antigen immunization (Fig. 2B). After sev-
eral rounds of screening, the positive clones with relatively
high OD values were selected to be sequenced, and we
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finally picked the clone with duplicated sequence No.41
as the final target, abbreviated as Nb41 (Figure S2A). The
resulting nanobodies after each purification step were visu-
alized on a Coomassie blue-stained gel, indicating that the
nanobody was mainly expressed in periplasm (Fig. 2C).
A unique band with an approximate molecular weight of
16 kDa, as expected for the size of a nanobody, can be seen
after purifying (Fig. 2C). The SEC curve revealed a unique
symmetric peak (Figure S2B), reflecting high purity of
the nanobody. Figure 2D showed the sequence diagram
of the complementarity determining regions (CDRs) and
corresponding structure of Nb41. Derived from dromedary
antibodies, nanobodies are only one-tenth of the size of an
intact antibody (Fig. 2E).
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«Fig. 2 Identification, expression and purification of CEACAMS tar-
geted nanobodies. A Schematic overview of nanobody generation. B
Serum antibody changes in the dromedary with or without antigen
immunization. C Coomassie blue staining of E. coli lysate, flow-
through solution and nanobodies after purification. Unit: kDa. D A
sequence diagram of the complementarity determining region (CDR)
and corresponding structure of Nb41l. E Comparison of nanobody
and an intact antibody. F Sequence diagrams of Nb41 and Nb41-
ABD. G Coomassie blue staining of Nb41 and Nb41-ABD. Unit:
kDa. H Comparison of the binding affinity of Nb41 and Nb41-ABD
by ELISA

As shown in Fig. 2F, a naturally derived ABD found in
protein G was added into the C-terminal amino acid of Nb41
to create Nb41-ABD [18], with an approximate molecular
weight of 22 kDa (Fig. 2G). The dissociation constant (Kd)
of Nb41-ABD determined by ELISA varied little from Nb41
(0.21 nM vs. 0.14 nM, Fig. 2H). The cytotoxicity of the gen-
erated nanobodies were tested by cell counting kit-8 (CCK8)
assay. As exhibited in Figure S2C, no obvious cytotoxicity
was observed in LS174-T cells with the increase of concen-
trations of the nanobody after incubation for 48 h.

Binding of CEACAM5 targeted nanobodies to CRC
cells in vitro

As demonstrated by Western blot, high expression of
CEACAMS was observed in LS174-T, while it was almost
not expressed in HCT-116 and normal colorectal epithelial
FHC cells (Fig. 3A). Flow cytometry and confocal micros-
copy were conducted to determine the target-specificity of
nanobodies to CRC cells. Confocal imaging showed that
Nb41 colocalized with CEACAMS in the cytomembrane
of LS174-T rather than FHC and HCT-116 cells (Fig. 3B).
Consistent with immunofluorescence, flow cytometry analy-
sis showed significant peak shift in both Nb41 and Nb41-
ABD treated LS174-T cells, compared to FHC and HCT-116
cells (Fig. 3C). Quantitative analysis showed that Nb41 and
Nb41-ABD were on par with each other in terms of their
ability to bind to cells (Fig. 3D). These findings elucidated
that CEACAMS is the primary target of Nb41 and Nb41-
ABD, suggesting that the CEACAMS targeted nanobodies
may serve as ideal targeted molecules for molecular imaging
of CRC.

PET imaging of CRC subcutaneous xenografts

Detailed synthesis routes of the labeling precursor '*F-SFB
were elaborated in Figure S3A. After labeling, the TLC
scanning results showed that the peak of '®F-SFB was sig-
nificantly reduced compared with that before labeling, indi-
cating that the complex was successfully generated, with a
radiochemical purity more than 98% (Figure S3B). The labe-
ling yields of '*F-FB-Nb41-ABD and '8F-FB-Nb41 were

calculated to be 64.2+4.7% and 69.2 +2.0% (not attenua-
tion corrected). The specific activities of 'SF-FB-Nb41-ABD
and '’F-FB-Nb41 were calculated to be 15.14 +0.34 and
14.64 +0.44 GBqg/pmol, respectively. The binding specific-
ity was confirmed by blocking assay, suggesting that the
binding of '8F-FB-Nb41 and '8F-FB-Nb41-ABD to the cells
was mediated by the nanobodies (Figure S3C). The in vitro
stability of '®F-FB-Nb41 in serum and saline was demon-
strated with a radiochemical purity still greater than 96%
after incubation for 2 h (Figure S3D, E).

In LS174-T-bearing subcutaneous mice, both 18p_FB-
Nb41 and '®F-FB-Nb41-ABD showed gradual accumula-
tion in the tumor and relatively low uptake in peripheral
organs and tissues over time, with tumor uptakes quantified
as 3.97+0.25 and 6.53 £ 0.99%ID/g at 4 h post-injection
(Fig. 4A). Due to the longer retention time in the blood
pool, ¥ F-FB-Nb41-ABD enrichment in tumors was signifi-
cantly delayed compared with '8F-FB-Nb41 (Fig. 4B). In
addition to the kidneys, '®F-FB-Nb41 appears to be more
prevalent in the liver, spleen and lungs while '*F-FB-Nb41-
ABD was more likely to be prevalent in the liver, spleen
and heart (Figure S4A, B). These results were corroborated
by biodistribution analysis (Fig. 4C, Table S2, Table S3).
Tumors were harvested for IHC and immunofluorescence
staining 24 h after imaging until the radioactivity decayed
to a negligible dose. CEACAMS was observed to be highly
expressed in tumor according to IHC staining (Fig. 4D).
Confocal imaging revealed that the nanobodies colocal-
ized with CEACAMS in the cytomembrane of the tumor
cells, suggesting the enrichment of nanobodies in the tumor
(Fig. 4E). Similarly, the radioactively labeled nanobody
18F_FB-Nb41 showed an enrichment in the orthotopic tumor
(Figure S4C). The successful construction of the orthotopic
tumor was determined by bioluminescence imaging and
gross anatomy (Figure S4C). These results indicated that
CEACAMS5-targeted nanobodies exhibited superior imaging
effects and could be used for PET imaging in CRC.

PET imaging of LNM with '®F labeled nanobody

Considering the high expression of CEACAMS in mLNs
of CRC, we further validated the imaging efficacy of
CEACAMS5-targeted nanobody probes in LNM models.
As representative PET images shown in Fig. 5A, both
8F_FB-Nb41 and '®F-FB-Nb41-ABD showed prominent
mLNs enrichment in LNM models. In contrast to '®F-FB-
Nb41, '8F-FB-Nb41-ABD showed relatively higher mLNs
enrichment (5.13 +0.51 vs. 3.97 +0.30%ID/g, Fig. 5B). As
depicted by gross anatomy and magnetic resonance imag-
ing (MRI), the LNM models were successfully constructed
(Fig. 5C). To further substantiate the existence of the LNM,
mice were sacrificed and the lymph nodes were harvested
24 h after imaging. H&E staining confirmed the successful
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Fig.3 Binding of CEACAMS targeted nanobodies to colorectal cells.
A CEACAMS expression in different cell lines. B Confocal fluores-
cence imaging of the cellular binding of Nb41 to different cell lines.

construction of LNM, while IHC staining revealed high
expression of CEACAMS in LNM (Fig. 5D). Intriguingly,
'SF-FB-Nb41 and '®F-FB-Nb41-ABD did not show an iota
of enrichment in inflammatory lymph nodes, where '*F-FDG
showed significant enrichment (Figure S4D). The success-
ful induction of inflammatory lymph nodes was verified by
gross anatomy and MRI. This suggested that the '®F-labeled
nanobody provided a unique advantage in identifying tumor
LNM and inflammatory lymph nodes with '®F-FDG, a
widely used radioactive agent in clinical practice.

NIR imaging of CRC subcutaneous xenografts

Nanobodies were coupled to IRDye800CW (IR800) to form
NIR conjugates (Nb41-IR800 or Nb41-ABD-IR800) (Fig-
ure SSA). The peaks at 280 nm and 780 nm of absorption spec-
trum represented the nanobody and IR800, respectively, indi-
cating the successful synthesis of the NIR probe (Figure S5B).
As the NIR images in LS174-T xenograft tumor models
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Scale bar, 10 pm. C, D Flow cytometry and quantitative analysis of
the cell binding of Nb41 and Nb41-ABD. AMFI, relative mean fluo-
rescence intensity

summarized in Fig. 6A, Nb41-IR800 and Nb41-ABD-IR800
accumulated in the tumor over time. Compared to Nb41-
1R800, Nb41-ABD-IR800 exhibited higher fluorescence inten-
sity in the tumor, with a remarkedly delayed time to reach the
peak (4 h vs 2 h post-injection). Despite the fact that the overall
fluorescence intensity of the two probes in vivo decreased over
time, Nb41-ABD-IR800, as it slowly cleared from the blood,
maintained excellent tumor-to-background ratios (TBR) com-
pared to Nb41-IR800 (Fig. 6B, C). Significant fluorescence
signal reduction at tumor sites after simultaneous injection
of tenfold dye-free labeled nanobodies was observed in both
Nb41-IR800 or Nb41-ABD-IR800 group, indicating superior
tumor targeting specificity of the two probes (Fig. 6D). These
were also validated by ex vivo fluorescence imaging of the
main organs and the tumors (Figure S5C-F). Ex vivo fluores-
cence imaging of the main organs and the tumors was per-
formed to further investigate the biodistribution of the probes.
A stronger fluorescent signal can be seen in tumors with either
injection of Nb41-IR800 or Nb41-ABD-IR800 (Fig. 6E, F).
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Fig.4 PET imaging of CRC
subcutaneous xenografts using
13F Jabeled nanobody. A Rep-
resentative PET images of the
multi-time-points PET imaging
post-injection of '*F-FB-

Nb41 or "*F-FB-Nb41-ABD,
respectively (n=3). B Radiation
uptakes of the tumors over time.
C The radioactive biodistribu-
tion of "*F-FB-Nb41 or '*F-FB-
Nb41-ABD in the tumors and
major organs (n=3). D Repre-
sentative CEACAMS staining
images of tumor tissues resected
from LS174-T tumor-bearing
mice. Scale bar: left, 2000 pm;
right, 20 pm. E Confocal fluo-
rescence imaging of the tumor
tissues resected from LS174-T
tumor-bearing mice. Scale bar,
10 pm

T T T
05 1.0 2.0

Time (h)

Compared with Nb41-IR800, which is mainly metabolized by
the kidney, Nb41-ABD-IR800 also showed a high fluorescence
signal in the liver at 4 h after injection (Fig. 6E, F). All these
results implied that CEACAMS5-targeted nanobodies exhibited
superior imaging effects and could be used for NIR imaging in
CRC subcutaneous models.

Discussion

Here in our study, as a preclinical proof-of-concept, we
identified a CEACAMS targeted nanobody, with excellent
in vitro binding properties. Incorporation of ABD did not

Anti-CEACAMS

Anti-His

affect the affinity of Nb41. The CEACAMS5-targeted nano-
bodies exhibited prominent tumor and LNM enrichment
in CRC subcutaneous xenografts models and LNM mod-
els. Similarly, the IR800-conjugated nanobodies exhibited
superior imaging effects in subcutaneous models. To sum
up, we presented the identification and in vivo validation
of a CEACAMS5-targeted nanobody and a fused nanobody
with an ABD, which enabled the non-invasive visualiza-
tion of malignancy of CRC using PET imaging and NIR
imaging. This will later facilitate the full management of
CRC patients. Namely, CEACAMS5-targeted PET imaging
can noninvasively characterize the extent of the disease to
determine whether the patient is a candidate for surgery,
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Fig.5 PET imaging of LNM
with '3F labeled nanobody
probes. A Representative PET
images in LNM models post-
injection of '®F-FB-Nb41 or
18F.FB-Nb41-ABD (n=3). B
Quantification of the LNM in
PET imaging. C Gross anatomy
and MRI of LNM after PET
imaging. D Representative

IHC and H&E staining images
of LNM resected from mice.
Scale bar: above, 40 pm; below,
20 pm

while intraoperative NIR imaging could visualize otherwise
invisible tumor margins.

Intact antibodies, with an in vivo circulation time more
than several weeks, often display superior imaging due to
prominent tumor enrichment [9, 10]. Nevertheless, this
property of full-length immunoglobulins typically militates
against radiographic imaging as it may result in non-tar-
geted radioactive damage when labeled with long half-life
nuclides. Due to the slow kinetics of mAbs in humans, a
larger time window should be considered for imaging after
24 to 96 h after intravenous injection of the contrast agent
[19]. Nanobodies, while preserving comparable affinity to
intact antibodies, are smaller in size, allowing for enhanced
tumor penetration and shorter circulation times. In fact, the
application is somewhat circumscribed by their rapid renal
clearance. Therefore, we optimized the half-life of the nano-
body through the introduction of ABD, which contributes
to higher tumor enrichment. Adapted to the faster clear-
ance time of the nanobodies in vivo, '3F was opted as the
labeled radionuclide due to its favorable physical advantages
(109.8 min half-life) [20]. In our study, non-covalent inter-
action with albumin through the incorporation of an ABD
significantly increased the extent of the half-life of the nano-
bodies in the blood pool, which contributed to higher tumor
uptakes. With the radioactivity in the blood pool gradually
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decreasing and the tumor uptake gradually increasing over
time, an ideal tumor background ratio of the ABD fused
probe can be obtained at subsequent times (>4 h). Unfor-
tunately, due to the short half-life of 18R we were unable to
obtain PET images with longer time. Replacing it with a
longer half-life nuclide, such as ®*Cu for imaging is one of
the next studies we are conducting.

As a preclinical study, our project focused on the devel-
opment of CEACAMS5-targeting nanobodies and prelimi-
nary application of nanobody-based molecular probes at
the animal level, which is an essential step for clinical
translation. Application of our molecular probes in clini-
cal trials is one of our next major research directions.
As for the concerns about tumor uptake, '®F-FB-Nb41

Fig.6 NIR imaging in mice bearing subcutaneous LS174-T tumor. ).
A Representative NIR images post-injection of Nb41-ABD-IR800
or Nb41-IR800 (n=4). B, C The mean fluorescence intensity (MFI)
and tumor-to-background ratios (TBR) of the tumors. The mini-graph
above the main graph is a magnification of the preceding time points.
D Representative NIR images and the MFI quantification of the NIR-
probe group and block group. Mice in block group were simultaneously
injected with tenfold dye-free labeled Nb41 or Nb41-ABD. E, F NIR
images and the MFI quantification of the resected tumors and major
organs 4 h or 2 h post-injection (n=4). From left to right and from top
to bottom, the major organs were brain, bone, heart, colon, blood, kid-
neys, spleen, muscle, pancreas, skin, liver, lungs, stomach and tumor,
respectively
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and '®F-FB-Nb41-ABD in the tumors were quantified as
3.97+0.25 and 6.53 +£0.99%ID/g at 4 h post-injection,
which is similar to other nanobody-based radiotracer that
have entered human trials [21]. It is worth noting that the
uptake of the radiotracers in liver is slightly higher than
in tumor. This may be inconsequential for tumor imaging,
since several nanobody-based tracers all demonstrated cor-
respondingly high liver uptake [22-24]. A compelling inter-
pretation could be that the reticuloendothelial system in the
liver and spleen accumulated the associated sum of activi-
ties [25]. In addition to traditional methods, for instance,
PEGylation and site-specifical labeling, some new strategies
such as pre-targeted system and clearance-enhanced system
have also made headway to reduce unexpected liver uptake
[26].

As the most common metastasis site of CRC, the mLNs
appear in approximately 35% of CRC patients, which sub-
stantially decreases the likelihood of cure [27]. Current clini-
cal guidelines consider the presence of LNM as one of the
most potent prognostic indicators of CRC [28]. More than
70% patients with T1 CRC were considered to be at high
risk, yet post-operative pathology shows that only 5%-15%
of them ultimately occurred LNM [29]. Therefore, deter-
mination of LNM has become essential to select those with
truly high-risk diseases, while avoiding overtreatment of
other patients. Our study demonstrated that both '3F-FB-
Nb41 and '8F-FB-Nb41-ABD showed prominent LNM
enrichment in LNM models, which allowed for a further
accurate depiction of tumor LNM in CRC patients. More
importantly, due to antigen specificity, CEACAMS5-targeted
nanobody probes were able to discriminate between tumor
LNM and inflammatory lymph nodes, which also typically
exhibit non-specific uptake with 'F-FDG, a widely used
radioactive agent in clinical practice [30].

Previous efforts have sought to find high-performance
NIR fluorescent targeted agents for fluorescence-guided
surgery. So far, mAbs were considered to be the best option
to form an NIR probe. Yet, preliminary data suggested that
intraoperative imaging applying dye-conjugated mAbs
should be carried out several days post-injection, which led
to delays in treatment and waste of resources from a logisti-
cal standpoint [31]. In contrast, the nanobody-based probe
could be administered into a patient a few hours prior to
the surgery. As expected, our nanobody-based NIR tracers
obtained prominent tumor enrichment within a few hours,
with favorable tumor to background ratios being obtained
over time. This allowed for more precise and specific identi-
fication of CRC, and assists surgeons in developing tailored
tumor resections.

It is foreseeable that CEACAMS-targeted nanobodies
will serve a wider range of applications in the forthcom-
ing future. The IR800 conjugated nanobody probes, with
their NIR in the second window (NIR-II), will potentially be
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available for NIR-II imaging of CRC, since NIR-II provides
better tissue penetration and signal contrast [10]. In addition
to CRC, CEACAMS5-targeted probes may also potentially be
applicable for other CEACAMS5-overexpressing malignan-
cies, since CEACAMS was reported to be highly expressed
in gastric, pancreatic, esophageal, lung, breast malignancies
and their concomitant mL.Ns [32]. Another potential applica-
tion pertains to nanobody based chimeric antigen receptor
T-cell (CAR-T) therapy. As single-chain variable fragment
usually leads to host immune system-mediated immuno-
genicity and self-aggregation induced CAR-T exhaustion
[33], nanobody-based CAR-T therapy is expected to circum-
vent the limitations in the immunotherapy of CEACAMS-
positive tumors.

Conclusion

Collectively, we developed a high-affinity CEACAMS tar-
geted nanobody and optimized its circulation by fusing an
ABD, which enables to the non-invasive visualization of
malignancy of CRC using PET and NIR imaging in subcu-
taneous tumors and mLNs. Moving forward, we sincerely
hope that this new targeted probe may be valuable for stag-
ing guidance and surgical intervention in CRC patients.
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