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CDH17 nanobodies facilitate rapid imaging ===

of gastric cancer and efficient delivery
of immunotoxin
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Abstract

Background: It is highly desirable to develop new therapeutic strategies for gastric cancer given the low survival rate
despite improvement in the past decades. Cadherin 17 (CDH17) is a membrane protein highly expressed in cancers of
digestive system. Nanobody represents a novel antibody format for cancer targeted imaging and drug delivery. Nano-
body targeting CHD17 as an imaging probe and a delivery vehicle of toxin remains to be explored for its theragnostic
potential in gastric cancer.

Methods: Naive nanobody phage library was screened against CDH17 Domain 1-3 and identified nanobodies were
extensively characterized with various assays. Nanobodies labeled with imaging probe were tested in vitro and in vivo
for gastric cancer detection. A CDH17 Nanobody fused with toxin PE38 was evaluated for gastric cancer inhibition

in vitro and in vivo.

Results: Two nanobodies (A1 and E8) against human CDH17 with high affinity and high specificity were successfully
obtained. These nanobodies could specifically bind to CDH17 protein and CDH17-positive gastric cancer cells. E8
nanobody as a lead was extensively determined for tumor imaging and drug delivery. It could efficiently co-localize
with CDH17-positive gastric cancer cells in zebrafish embryos and rapidly visualize the tumor mass in mice within 3h
when conjugated with imaging dyes. E8 nanobody fused with toxin PE38 showed excellent anti-tumor effect and
remarkably improved the mice survival in cell-derived (CDX) and patient-derived xenograft (PDX) models. The immu-
notoxin also enhanced the anti-tumor effect of clinical drug 5-Fluorouracil.
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Conclusions: The study presents a novel imaging and drug delivery strategy by targeting CDH17. CDH17 nanobody-
based immunotoxin is potentially a promising therapeutic modality for clinical translation against gastric cancer.
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Introduction

Although the incidence and mortality of gastric cancer
(GC) declined in the past decades, GC is still one of the
most common malignancies and the third cause of can-
cer-related death worldwide [1]. Chemotherapy drugs
remain the first-line treatment option for advanced
GC (AGC). Only three targeted therapy drugs, namely
HER2 antibody (Trastuzumab)/HER2-antibody drug
conjugate(T-DXd), VEGFR2 antibody (ramucirumab)
and PD-L1 antibody (Pembrolizumab), were approved
for advanced and metastatic GC when used in combi-
nation with chemotherapy. Although these combina-
tion treatments improved overall survival (OS), the
5-year survival rate for AGCs remains less than 10%

and the median OS is only approximately 1year [2, 3].
Even if the recent combinatorial regimen of HER2 anti-
body plus PD-L1 antibody with chemotherapy showed
favorable clinical results in unresectable and meta-
static GC patients, the median duration of the response
is just 1.1 months longer than the regimen without
PD-L1 antibody [4, 5]. On the other hand, acquired
drug resistance is commonly developed after the treat-
ments with chemotherapy and/or HER2 antibody in
GC patients [6, 7]. Thus, it is necessary and urgent to
develop new strategies for advanced and metastatic
GCs, especially design the new targeted drugs against
novel molecules beyond HER2, which is only expressed
in about one-fifth of GC patients [8].
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CDH17, also known as liver intestine (LI)-cadherin,
is a unique member of cadherin superfamily due to its
long extracellular domain (seven cadherin domains) and
a short cytoplasmic tail (20 aa residues), which is dis-
tinct from classical cadherins with five cadherin domains
and a more than 100 aa cytoplasmic tail [9]. In physi-
ological conditions, expression of CDH17 in human and
mice is mainly restricted to the epithelial cells in small
intestine and colon, but not vital organs such as liver,
stomach, heart, lung and brain [10, 11]. Functionally,
CDH17 is involved in intercellular adhesion to maintain
tissue integrity and water absorption through regulat-
ing the intercellular cleft in a Ca*"-dependent manner
[12]. Pathophysiologically, the expression of CDH17
has been extensively explored in various cancers from
digestive system. Its expression is upregulated in gastric
cancer (GC) [13, 14], colorectal cancer (CRC) [15], hepa-
tocarcinoma (HCC) [16], pancreatic cancer (PC) [11],
and neuroendocrine cancer [17]. Knockdown of CDH17
suppresses tumor development and metastasis in GC [14,
18], HCC [16], CRC [19] and PC [11]. Thus, CDH17 has
been regarded as a cancer biomarker for prognosis and an
oncogene for cancer intervention. Different CDH17 ther-
apeutic formats were tested with favorable outcome in
pre-clinical setting, including CDH17 monoclonal anti-
bodies (mAb), CDH17 antibody conjugated with toxin
saporin [20], TRAIL [15] or IRDye 700 [21], and CDH17
CAR T cells [15, 20, 22]. Most of these studies utilized
the conventional full-length antibodies to target CDH17.
The production of full-length antibodies based on mam-
malian cell expression systems is normally time and cost
consuming, and the large molecular mass of full-length
antibodies (~150KD) is an adverse factor which prevents
the antibodies from the penetration into the tumor mass
[23]. Furthermore, full-length antibodies conjugated with
other protein drugs could further enlarge protein size,
which might result in less accumulation of antibody con-
jugates into tumor tissues and thus impair the efficacy
of therapy. Hence, it is necessary to develop smaller tar-
geting proteins with comparable affinity to conventional
antibodies to enhance the tumor tissue penetration and
maximize the therapeutic effects.

Nanobody, mainly engineered from camelid heavy-
chain only antibodies (hcAbs), is a relatively new type of
small antibody which comprises single heavy chain vari-
able domains (VHHs) without light chains and constant
regions of conventional antibodies [24]. Despite of its
smaller size (~15kDa) accounting for ~1/10th of full-
length IgG, nanobody retains high antigen binding affin-
ity and specificity [25]. The tiny format endows nanobody
with multiple unique advantages over conventional anti-
body, such as good tissue penetration power, rapid clear-
ance, ease of production and modification, high stability
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and less immunogenicity [26, 27]. Given various advan-
tages of nanobody over the conventional antibody, there
are growing interest to develop the imaging and thera-
peutic modalities through nanobodies with diverse modi-
fication [23].

In the present study, we identified two CDH17 nano-
bodies and used them to develop imaging and therapeu-
tic strategies for gastric cancer expressing CDH17. We
demonstrated that CDH17 nanobody can be used for
gastric cancer imaging. In addition, the nanobody can
be fused with the potent toxin PE38, a truncated Pseu-
domonas exotoxin A, to produce native soluble recom-
binant protein drug which could effectively control the
progression of gastric cancer in both CDX and PDX
models. Our findings confirm the potential of CDH17 as
a target for gastric cancer or other cancers overexpress-
ing CDH17 by using nanobodies and encourage clinical
translation of CDH17 nanobody-based targeted imaging
and therapy.

Materials and methods

Cell lines and cell culture

Six cell lines (MKN45, AGS, TMK1, IM95, GES-1 and
MDA-MB-231) were obtained from the American Type
Culture Collection (Manassas, VA); Cell Bank of Chinese
Academy of Sciences (Shanghai, China) and Fuheng Biol-
ogy (Shanghai, China). MKN45, TMK1 and AGS cells
were cultured in RPMI1640 (Gibco, USA) supplemented
with 10% fetal bovine serum (FBS), 2mM L-glutamine
and 1% penicillin/streptomycin. IM95, GES-1, and MDA-
MB-231 were maintained in high-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
10% FBS, 2mM L-glutamine, and 1% penicillin/strep-
tomycin. All the cell lines were maintained at 37°C in a
humidified 5% CO, incubator.

Nanobody screening with an unimmunized naive
nanobody phage library

The nanobody screening was conducted as previously
described [28]. Three rounds of biopanning were per-
formed to obtain the antigen-specific VHH fragments
with naive nanobody phage library (Naive VHH library)
prepared with PMBC RNA from more than 100 alpacas
(Lama pacos) (Shenzhen KangTi Life Technology Co.,
Ltd., China, KTSM-CNDO002). Briefly, the purified
domain 1-3 of human CDH17 protein were coated on an
immune tube at 40 pg/tube concentration overnight, fol-
lowed by an incubation with 3% BSA-PBS solution for
1h at RT. The VHH phage library was then incubated
in the tube for 1h at RT. Then, unbound phage clones
were washed away with PBST (PBS+0.1% Tween20).
Trypsin (0.25mg/ml) elution buffer was used to harvest
the bound phages and was then neutralized with 4mg/
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ml AEBSE. The eluted phage clones were subsequently
amplified, rescued with M13 helper phages in E. coli TG1
cells and precipitated with PEG-NaCl (20% PEG 800 and
2.5M NaCl) and then resuspended in PBS. The phage
library was collected and then used for titration and next-
round screening. After three rounds of biopanning, 96
phage clones were randomly picked and amplified for
phage ELISA.

Briefly, the microtiter plates were coated with 10pug/
ml purified CDH17 domain1-3, blocked with a 3% BSA
solution, and then phage clones were added and the
plates were incubated for 1h at RT. The plates were
washed three times with PBST (PBS+0.1% Tween20)
and finally incubated with an HRP-conjugated anti-M13
monoclonal antibody (Sino Biological, Beijing, China).
Subsequently, the plates were washed again with PBST
and then incubated with the TMB peroxidase substrate
and reaction was stopped with 1 M HCI. The absorbance
was then measured at 450nm by an automated micro-
plate reader (LabServ K3 TOUCH, Thermo Fisher Scien-
tific, USA). The clones with more than 10-fold increase
of absorbance value (CDH17 vs BSA) were regarded as
positive. According to the ELISA data, 50 positive clones
were finally identified and 36 sequences were obtained
after sequencing.

Protein purification

For the expression and purification of target protein,
the recombinant plasmids pET-14B-CDH17-domain
1-3 (human) were transformed into BL21 (DE3) and
then the bacterial clones were incubated at 37°C and
225rpm until reaching 0.6 of OD600 value, followed by
induction with 0.2mM IPTG at 16°C and 225rpm over-
night. The cultures were pelleted with 8000g for 15min
at 4°C. Cell pellets were dissolved in lysis buffer (300 mM
NaCl, 50mM NaH,PO,, 10mM imidazole, pH 8.0, 1 mM
PMSEF) and crushed at low temperature and high pres-
sure for 3 times. The lysate was spun down for 45 min at
12,000x g, and the supernatants were loaded on a gravity
column with 1 mL Ni-NTA agarose resin (Qiagen, Ger-
many). The protein-bound resin was washed with 50ml
Wash Buffer I (300mM NaCl, 50mM NaH,PO,, 20mM
imidazole, pH 8.0, 1mM PMSF) and 50 mL Wash Buffer
II (300mM NaCl, 50mM NaH,PO,, 40mM imidazole,
pH8.0, ImM PMSF) and then eluted with 25ml Elu-
tion Buffer (300mM NaCl, 50mM NaH,PO,, 250 mM
imidazole, pH8.0, 1 mM PMSEF). Finally, the eluate was
fractionated by Superdex-150 gel with AKTA Pure Sys-
tem (GE Healthcare Life Sciences, USA) in 1 x PBS. The
purified protein was identified by SDS-PAGE, and then
quickly frozen in liquid nitrogen and restored in —80°C
until use.
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The nanobodies were purified by Ni-NTA agarose resin
as described above for purification of CDH17 protein.
The nanobodies sequences were inserted pColdII vector
(Takara Bio) and a HA tag was integrated into nanobody
sequence at C terminal with a GA linker. A cysteine was
attached at the end of HA tag for further nanobody mod-
ification. The purified nanobody proteins were analyzed
and identified by western-blot probed with 6 x His tag
and HA tag antibodies.

The expression and purification of E8-PE38 or E8-PE38
mut fusion proteins were conducted with the similar pro-
cedures with nanobodies.

Cell ELISA

To analyze the binding activity of A1 and E8 nanobod-
ies to gastric cell lines, cell ELISA was performed as fol-
lows. In brief, gastric cell lines (TMK1, AGS, MKN45 and
IM95) were cultured in 96-well plates at a cell density
of 5x 10*/well overnight. The cells were fixed with 4%
paraformaldehyde for 5min and followed by an incuba-
tion with 4% donkey serum solution for 1h at RT. The
nanobodies were diluted from 4000nM to 62.5nM with
1 x PBST and incubated with the plates at RT for 1h.
The plates were then washed three times with PBST
(PBS+0.1% Tween20) and a mouse anti-HA tag anti-
body (Creative Biomart, USA) was added for 1h at RT.
Afterwards, the plates were washed and incubated with a
donkey anti-mouse IgG antibody conjugated with Alexa
Fluro 488 (Invitrogen, USA) at RT for 1h. The plates were
washed with PBST for three times and the fluorescence
intensity was measured under 488 nm laser channel by
Sapphire Capture system (Sapphire, USA).

Nanobody labeling with IR-800

The IR800 dye labeled nanobody was applied for in vivo
imaging. Briefly, E8 or Control nanobody was diluted
to 1mg/mL in PBS (pH6.5). IR800-mal were added and
incubated for 2h at room temperature in the dark. The
unconjugated dye was removed using a 10K molecular-
weight cutoff (MWCO) spin desalting column. Con-
centrations of the nanobody were measured using a
NanoDrop One spectrophotometer (Thermo Scientific,
USA).

Tumor imaging in vivo and ex vivo

When tumors reached approximately 500mm?, the
MKN45 tumor-bearing mice were randomly divided into
two groups (n=3) and injected intravenously 100 ug E8
Nb-IR800 and Con Nb-IR800 respectively. At different
time intervals, the mice were subjected to fluorescence
scanning using an IVIS Spectrum imaging system (Perki-
nElmer, USA). The mice were sacrificed at the end of the
experiment, and major organs (heart, liver, spleen, lung,
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kidney) and tumors were harvested for ex vivo fluores-
cence scanning.

In vitro cell viability assay

In order to verify the targeted toxicity of E8-PE38 on gas-
tric cancer cells, CCK8 (Cell Counting Kit-8) assay was
conducted to determine the cytotoxicity and half-maxi-
mal inhibitory concentration values (IC50) of different
recombinant immunotoxin proteins. MKN45, TMKI1,
AGS, and IM95 cells were seeded into 96-well plates
at 5x 10? cells in 100yl culture media per well, respec-
tively. After overnight culturing in a humidified incuba-
tor (at 37°C, 5% CO,), cells were gently rinsed once with
PBS; and then different concentrations (0, 1.95, 3.91,
7.8125, 15.625, 31.25, 62.5, 125, 250, 500nM in 100 pl
culture media) of the purified E8, E8-PE38, Con-PE38 or
E8-PE38 mut were added to wells, respectively. The plates
were incubated for 72 h at 37°C in the humidified incuba-
tor. Then 10 pul CCK-8 solution (Abcam, China) per well
was carefully added into the plates without the introduc-
tion of bubbles. Plates were incubated for another 1h at
37°C. Absorbance was measured at 450nm by an auto-
mated microplate reader (LabServ K3 TOUCH, Thermo
Fisher Scientific, USA) after shaking. Graphs for cell via-
bility and IC50 values were analyzed with Graph prism.

Mouse xenograft models and treatment

All experiments on animals in the present study were
done following the approved protocol by Institutional
Animal Care and Use Committee (IACUC) of the Shenz-
hen People’s hospital and were carried out in accordance
with relevant institutional and national guidelines and
regulations. Balb/C nude mice and NCG mice (NOD/
ShiLt]Gpt-Prkdc"°C®52[]2rg?m2°C422/Gpt)  at  8weeks
old were purchased from Gempharmatech (Guangzhou,
China) and were maintained under pathogen-free con-
ditions in the animal center of the Shenzhen People’s
hospital. Mice were euthanized when showed obvious
signs of discomfort or when maximal tumor size reached
2000 mm?®.

Gastric cancer cells MKN45 (4 x 10° cells) or TMK1
(5 x 10° cells) were suspended in 100 uL PBS and injected
subcutaneously into the right flank of mice. Tumor size
was measured with vernier calipers and calculated using
the following formula: (length x width?)/2.

In order to determine the appropriate dose of E8-PE38,
MKN45 tumor-bearing mice were first selected for anti-
tumor study. In brief, tumor-bearing mice were ran-
domly divided into control group (PBS), low-dose group
(0.4mg/kg E8-PE38), and high-dose group (0.6 mg/kg
E8-PE38) when the tumor size reached approximately
150mm? (n=4-5 per group). Drugs were administered
intravenously as indicated schedule in Fig. 4d every other
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day for seven injections. During treatment, tumor size
and body weight in mice were monitored. For survival
study, mice were sacrificed when tumor size reached
2000 mm?,

To confirm the therapeutic effect of E8-PE38, MKN45
tumor-bearing mice were randomly divided into 4 groups
and treated with PBS, E8 (0.15mg/kg), E8-PE38 Mut
(0.6 mg/kg), and E8-PE38 (0.6 mg/kg) (n=>5-6 per group).
The mice were treated as schedule above for seven injec-
tions. During treatment, tumor size and body weight
were recorded. After treatment, the major organs includ-
ing heart, liver, spleen, lung, kidney, and tumor were
collected, and frozen sections were prepared and ana-
lyzed by H&E staining, Ki67 and TUNEL staining. In the
TMK1 tumor model, tumor-bearing mice were randomly
divided into 4 groups and treated with PBS, E8 (0.1 mg/
kg), E8-PE38 Mut (0.4mg/kg), and E8-PE38 (0.4mg/kg)
for tumor growth inhibition and survival analysis (n=5
per group).

For combination therapy, 5-FU (25mg/kg) and
E8-PE38 (0.4mg/kg) were respectively administered to
tumor-bearing mice (MKN45) every other day for seven
injections for each drug as scheduled in Fig. S7. Tumor
growth and volume were monitored every 2 days until
tumor size reached 2000 mm?.

Patient derived gastric xenograft model and treatment

A piece of fresh PDX gastric cancer tissue (2nd pas-
sage) was kindly gifted by Dr. Yuanqiao He from Nan-
chang University and was confirmed the expression of
CDH17 by IHC. The sample was derived from a patient
with stage III C gastric adenocarcinoma. Informed
consent was obtained from the patient, and the proce-
dures involving human samples were approved by the
medical ethical committee of the Shenzhen People’s
Hospital and Nanchang University. Received PDX tis-
sue was rapidly cut into 3x3x3 mm fragment in ice, and
subsequently implanted subcutaneously in right fore-
limb of a NCG mouse to amplify the tumor cells. The
tumor was exercised and cut into small pieces when
grew to 800 ~1000mm?, and subcutaneously inoculated
into the right forelimb of new NCG mice. When those
tumors reached ~150 mm?, mice were randomly divided
into control group (PBS), low-dose group (0.4mg/kg
E8-PE38), and high-dose group (0.6 mg/kg E8-PE38) for
anti-tumor study and survival assessment (#=6-7 per

group).

Immunostaining

To analyze cell membrane expression of CDH17 or the
co-localization of nanobodies with CDH17 on gastric
cells, immunofluorescence of CDH17 and nanobody
was conducted. In brief, gastric cell lines MKN45 and
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IM95 were cultured on a 24-well glass slide plate at a
cell density of 1 x 10°/well overnight. The cells were
fixed with 4% paraformaldehyde for 5min and fol-
lowed by an incubation with 4% donkey serum solu-
tion for 1h at 37°C. Al and E8 nanobodies were diluted
with 1 x PBST and incubated at RT for 1h. The plates
were then washed three times with PBST (PBS+0.1%
Tween20) and finally incubated with mouse anti-HA
tag antibody (Creative Biomart, USA) and rabbit anti-
CDH17 antibody at RT for 1h. Next, the plates were
washed again and then detected with Alexa Fluro
594-conjugated donkey anti-mouse IgG antibody (Inv-
itrogen, USA) and Alexa Fluro 488-conjugated donkey
anti-Rabbit IgG antibody (Invitrogen, USA) at RT for
1h. Finally, the plates were washed again with PBST
and cell nuclei were stained with 5ug/ml DAPI. The
Immunofluorescence of CDH17 and nanobody was
analyzed by laser scanning confocal microscope (Leica
TCS SP8, Germany).

For nanobody internalization analysis, MKN45 can-
cer cells were seeded in coverslips overnight and then
were incubated with 4 pM nanobodies for 1hour and
3hours. Next surface bound nanobodies were removed
with glycine buffer (0.2 M, pH2.5). Cells were then fixed
with 4% PFA for 15 mins and permeabilized with 0.1%
triton X-100 for 5 mins. Nanobodies internalized into
the cells were then detected with a HA-tag antibody
and a secondary fluorescent antibody.

To analyze and evaluate the expression level of
CDH17 in gastric cancer tissue, immunohistochem-
istry of CDH17 was performed in a gastric cancer tis-
sue microarray. A gastric cancer tissue microarray
consisting of 79 samples with clinical information was
obtained from a biobank (OUTDO BIOTECH, Shang-
hai, China). The sections were stained with a rabbit
polyclonal antibody against CDH17 (Abclonal, USA).
CDH17 detection was performed by biotin-conjugated
goat anti-rabbit IgG secondary antibody and ABC kit
(Vector, USA) followed by colorimetric detection using
diaminobenzidine (DAB; Vector, USA). The images
were obtained using a 3DHISTECH " scanner (Sysmex,
UK). The pictures were analyzed as described previ-
ously [29]. The procedure involving human samples
was approved by the medical ethical committee of the
Shenzhen People’s Hospital. The clinical information is
described in supplementary Table 1.
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Statistical analysis

All the data are present as mean=+SEM unless otherwise
specified. GraphPad Prism software was used to conduct
the statistical analysis for all the data. A two-tailed student’s
t-test was utilized to analyze the difference between two
samples. Tumor weight and various toxicological param-
eters among four groups were analyzed with one-way
ANOVA. In vitro cell viability and tumor growth curves
were evaluated with two-way ANOVA. Survival curves
between groups were compared with a log-rank test.
P<0.05 was considered as significant and asterisks indicate
the significant difference (*p<0.05, **p<0.01, ***p<0.001,
**+4p <0.0001).

Results

Recapitulation of CDH17 overexpression in gastric cancer
and screening of CDH17 nanobodies

CDH17 expression has been documented in GC samples
and used with other markers such as CDX2 and GPA33
for prognostic prediction in GC patients [13, 30]. To con-
firm that CDH17 is a better targeting molecule in gastric
cancer, we first compared the mRNA expression of three
markers (CDH17, HER2 and VEGFR2) in gastric cancer
using Genotype Tissue Expression (GTEx) and the Can-
cer Genome Atlas (TCGA) databases. Although HER2 and
VEGEFR?2 have been targeted for GC therapy, the mRNA
data suggest that the discrepancy of CDH17 expression
between GCs and normal stomachs is much larger than
those of HER2 and VEGFR?2, and normal gastric tissues
have extremely low CDH17 mRNA (Fig. 1a, Sla). Next,
we examined the expression of CDH17 protein in a tis-
sue microarray (TMA) sample containing 79 GC cases
with different pathological characteristics (Table S1).
The expression levels of CDH17 ranged from score O
(negative) to score 3+ (strong). Most of the cases (54.4%)
showed moderate expression of CDH17 (score 14 and 2+)
mainly localized in cell membrane and cytoplasm (Fig. 1b).
Approximately 11.4% GC cases displayed strong (score 3+)
expression of CDH17(Fig. 1b and c). CDH17-positive gas-
tric cancers account for approximately 66% in our tested
cohort, which is consistent with previous reports (Fig. 1c)
[30, 31]. CDH17 expression was further evaluated in four
GC cell lines, one gastric normal epithelial cell line GES-1
and a negative control cell line MDA-MB-231. Compared
with GES-1 and MDA-MB-231 cells (Fig. 1d), four gastric

(See figure on next page.)

Fig. 1 Recapitulation of CDH17 expression in gastric cancer samples and isolation of CDH17 nanobodies. a CDH17 RNA expression (TPM, RNAseq)
in gastric cancers and normal stomach controls. n=408 (tumors) and 211(controls). b CDH17 protein expression assessed by IHC in gastric TMA
samples. n=79. Scale bars, 100 um. ¢ Score percentage (left) and positivity rate (right) of CDH17 expression analyzed from b. d CDH17 protein
expression in cell lines determined with western blot. e CDH17 immunostaining in cell membrane of IM95 and MKN45 cell lines. f SDS-PAGE gel
analysis of recombinant CDH17 domain 1-3. g Nanobody screening against CDH17 domain 1-3 with phage display technology. h Sequences

alignment of isolated A1 and E8 nanobodies with highlighted CDR regions
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cancer cell lines showed significant expression of CDH17,
and membrane staining of CDH17 can be clearly identified
in GC cell lines (Fig. 1e). Our results combined with pre-
vious reports concretely reveal that CDH17 is a potential
molecule suitable for targeted imaging and drug delivery in
GC.

To screen the nanobodies targeting CDH17, we next
cloned the extracellular domain 1-3 of CDH17 and puri-
fied the recombinant protein from E. coli. An approxi-
mate 40 kD soluble protein was obtained with high
purity (Fig. 1f). The protein was then applied for nano-
body screening through phage display technology. After
three rounds of screening, the sub-library in third round
was enriched more than 50 folds when compared with
the sub-library in the first round, indicating that the
potential binders were largely amplified and recovered
(Fig. 1g). The preliminary phage ELISA identified more
than 50 positive binders bound to CDH17 from 96 phage
clones (Fig. S1b) and a total of 36 nanobody clones were
successfully sequenced. Further analysis identified two
highly enriched nanobody sequences, termed A1(32/36)
and E8(4/36). These two nanobodies harbored three dif-
ferent complementary determined regions (CDRs), and
E8 nanobody contained a shorter CDR3 fragment when
compared with A1 nanobody (Fig. 1h, S1c).

Characterization of CDH7 nanobodies

To verify the binding ability of A1 and E8 nanobodies to
CDH17, we cloned these nanobody sequences and an
irrelevant control nanobody sequence into a pCold vec-
tor, and simultaneously incorporated the HA tag at the C
terminal for subsequent detection and a cysteine amino
acid at the end of HA tag for further nanobody modifica-
tion. The three soluble nanobody proteins were purified
using E. coli expression system and was further con-
firmed with HA tag antibody and His tag antibody. The
molecular mass of these three nanobodies ranged from
15 to 18kDa (Fig. 2a).

Subsequently, the binding ability to CDH17 was con-
firmed for Al and E8 nanobodies with ELISA. Both of
nanobodies could bind to CDH17 domain 1-3 and E8
nanobody exhibited a better binding curve while the
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control nanobody did not show any binding activity
(Fig. 2b). The binding affinity was then measured with
surface plasmon resonance (SPR). Consistent with ELISA
results, E8 nanobody displayed a stronger binding affinity
with Ky, value of 70.3nM compared with 377nM of Al
nanobody (Fig. 2c).

To assess whether Al and E8 nanobodies can recognize
CDH17 expressed in GC cell lines, both nanobodies as
well as a control nanobody were evaluated by cell ELISA
assay. Both of Al and E8 nanobodies showed strong fluo-
rescent signal in a dose-dependent manner in all four
GC cell lines but not the control nanobody (Fig. 2d, S2a),
indicating that both of nanobodies can recognize the nat-
ural CDH17 localized in the membrane of GC cell lines.
To determine the binding specificity, shARNAs were used
to knockdown CDH17 expression in MKN45 and IM95
cell lines. All three shRNA sequences targeting differ-
ent regions significantly knocked down the expression
of CDH17 and shRNA#3 indicated the best efficiency
(Fig. S2c, Fig. 2e and Table S2). Cell ELISA data revealed
that A1 and E8 nanobodies showed significantly reduced
binding activity to CDH17-knockdown GC cell lines with
three shRNA sequences and binding signal was almost
undetectable in MKN45 cells knocked down CDHI17
with shRNA#3 (Fig. S2b), thereby demonstrating that A1l
and E8 nanobody could specifically recognize CDH17
protein. Based on overall binding affinity determined
by protein ELISA, SPR and cell ELISA, E8 nanobody
exhibited a better binding activity than Al nanobody,
and was further investigated for the following studies.
E8 nanobody was further confirmed the co-localization
with CDH17 in the cell membrane of two GC cell lines
MKN45 and IM95, and knockdown CDH17 completely
eliminated the binding signal of E8 nanobody in both
of cell lines (Fig. 2f), indicating that E8 nanobody could
bind to CDH17 with a great specificity and affinity. Inter-
nalization is an essential determinant for nanobody to
efficiently deliver drugs into cancer cells. We thus tested
the internalization of E8 nanobody in MKN45 cells. E8
nanobody could be internalized in one-hour incubation
and the internalization was significantly enhanced in
three-hour incubation in MKN45 cells (Fig. 2g). Taken

(See figure on next page.)

Fig. 2 Characterization of A1 and E8 nanobodies against CDH17. a SAD-PAGE analysis of purified nanobodies (left) and nanobody confirmation
with HA antibody (middle) and His antibody (right). The molecular weight for three nanobodies ranged from 15kDa to 18kDa. b ELISA analysis of
binding ability of A1 and E8 nanobodies to CDH17 domain 1-3 (n =2). Data are representative of two independent experiments. ¢ Determination
of binding affinity to CDH17 protein by SPR analysis. The equilibrium dissociation constant Ky was 377nM (A1) and 70.3nM (E8) respectively. d
Binding activity of A1 and E8 nanobodies in CDH17-positve cells (MKN45, IM95, TMK1 and AGS) assessed by fluorescent cell ELISA (n=3). Both of
nanobodies could recognize CDH17 protein expressed in cell membrane, while E8 nanobody shows a better performance. Data are expressed

as mean = SEM. e Validation of knockdown CDH17 with shRNA#3 in IM95 and MKN45 cells determined with western blot. f Binding specificity

of E8 nanobody to CDH17 in CDH17-overexpressing and -knockdown cell lines respectively. E8 nanobody cannot obviously stain the cells with
knockdown CDH17, indicating the great specificity of E8 nanobody to CDH17. g Internalization analysis of E8 nanobody with one-hour and
three-hour incubations followed with HA-tag staining. An irrelevant nanobody as a control was used for all the assays above
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together, our results demonstrate that A1 and E8 nano-
bodies can efficiently bind to CDH17, and specifically
recognize the CDH17-overexpressing GC cell lines, and
internalization of E8 nanobody endows it with potential
applications for GC imaging and targeted therapy.

E8 nanobody can image gastric cancer ex vivo and in vivo
We subsequently evaluated the ability of E8 nanobody for
tumor imaging in zebrafish embryos and mouse xeno-
graft models. MKN45 cells were labeled with CM-Dil dye
and nanobodies were conjugated with liposomes encap-
sulated FITC. The mixture of MKN45 cells with nano-
body-liposomes (Nb-lipo) was injected into zebrafish
embryos through common cardinal veins (Fig. 3a).
Zebrafish embryos were observed under microscopy and
images were captured 30min postinjection. Zebrafish
embryos injected with E8 Nb-lipo showed more co-
localization yellow dots than those in zebrafish embryos
injected with control Nb-lipo (Fig. 3a and b), indicat-
ing that more E8 nanobody molecules bound to CDH17
expressed on MNK45 cell membrane.

Given the strong binding signal in zebrafish embryo
model for E8 nanobody, we further assessed in vivo imag-
ing ability of E8 nanobody. IRDye800cw dye (IR800)
was employed to label the nanobodies through the reac-
tion of cysteine at the end of C terminal of nanobodies
with maleimide of IR800. The resultant products can
be detected in SDS-PAGE gel under 780nm excitation
(Fig. S3a). Nanobody-IR800 was systemically injected
into the tumor-bearing mice and then near infrared
(NIR) fluorescent images were captured using IVIS imag-
ing system under different time points post-injection. As
shown in Fig. 3c, the fluorescent signals were gradually
increased in tumor tissues treated with E8-IR800 from
3h to 12h, and then were declined 24h post-injection
(Fig. 3e). Compared with control Nb-IR800, E8-IR800
produced much stronger fluorescent signals in tumor site
at each time point (3h, 6h, 12h and 24'h) post-injection,
suggesting the superior specificity and binding activity of
E8 nanobody in CDH17-overexpressing tumors. Control
Nb-IR800 could also generate weak but detectable signals
3h post-injection due to EPR (enhanced permeability and
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retention) effect, and then rapidly decayed in fluorescent
intensity and completely disappeared 24 h post-injection
(Fig. 3c and e). Ex vivo imaging from exercised organs
24h post-injection revealed that tumor tissues treated
with E8-IR800 indicated the strongest signals compared
with control organs or tumors treated with control
Nb-IR800 (Fig. 3d and f). Liver and kidney tissues from
both of treatment groups displayed some fluorescent sig-
nals, implying that the nanobody-IR800 might be cleared
from liver and kidneys.

Due to the strongest signal for E8-IR800 12 h postin-
jection, we next assessed the distribution and specificity
of E8 antibody in various organs from tumor-bearing
mice treated with E8 or control nanobody for 12h.
Nanobodies were injected into MKN45-induced tumor
model and were allowed to circulate for 12h. Various
organs were collected after perfusion with PBS (20ml)
to remove non-specific nanobody accumulation, and
nanobodies were stained with VHH antibody plus HA
tag antibody for maximal signal amplification. The data
revealed that E8 nanobody can be detected in tumor
tissues, and the staining on important organs such as
brain, heart, lung and stomach received E8 nanobody
injection did not find visible positive staining, with
the exception of liver tissues showing weak staining
due to the unspecific phagocytosis of reticuloendothe-
lial system (Fig. 3g); surprisedly, kidneys were not also
shown strong staining signal although they are the
main organs for nanobody clearance [32], which might
result from the PBS perfusion before organ collection
for non-specific nanobody removal. Tumors treated
with control nanobody did not show positive staining
as well. Further fluorescent staining in tumor tissues
showed that E8 nanobody can be detected while no
visible signal was found in control nanobody-injected
tumors (Fig. S3b). Negative control without primary
antibodies did not reveal any staining in tumor tissues
(Fig. S3b). The results highlight the superb specificity
and penetration ability of E8 nanobody in CDH17-
overexpressing GC model.

Collectively, the present results disclose that E8 nano-
body could target CDH17-overexpressing tumor tissues

(See figure on next page.)

Fig. 3 Gastric cancer imaging ex vivo and in vivo by CDH17 nanobody E8. a E8 nanobody (green) co-localization with CDH17-positve MKN45 cells
(red) in zebrafish embryos. The appearance of zebrafish embryos (left) and co-localization of nanobody with cells (right). Dashed circles indicated
the areas for quantification. b Quantification of co-localization (yellow) ratio to total red cells (n =10, ****p <0.0001, two-tailed student’s t test).
Data are present as mean = SEM. c and e Imaging of in vivo tumor-bearing mice with IR-800-labelled nanobodies in different time points (¢, n=3).
Quantification analysis indicated that E8 nanobody in tumors produced significantly stronger signals as compared with control nanobody at each
time point (e, n=3, *p <0.05, **p <0.01, two-tailed student’s t-test). d and f Ex vivo imaging of major organs dissected from in vivo imaged mice in
c (d, n=3). Imaging quantification disclosed the strongest signals in E8-treated tumor tissues than all the control organs from both groups (f, n=3,
**p<0.01, two-tailed student’s t-test). g Nanobody tissue distribution 12 hours after intravenous administration. Scale bars:50 um. E8 nanobody
could specifically accumulate into CDH17-positive tumor mass. Liver tissues showed some weak staining due to unspecific phagocytosis
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with excellent specificity and precision, and is a promis-
ing candidate agent for gastric cancer targeted imaging.

E8/PE38 immunotoxin efficiently suppresses gastric
cancers in vitro and in vivo

Having verified that E8 nanobody holds the great targeting
ability against CDH17-overexpressing tumor for imaging,
we next evaluated whether E8 nanobody could be applied
as a drug delivery vehicle to treat gastric cancers. Truncated
toxin PE38 was fused with E8 or control nanobodies, and the
recombinant proteins were generated and purified as solu-
ble native proteins with the approximate 60kDa (Fig. 4a).
SPR assay confirmed the binding ability of E8-PE38 immu-
notoxin to CDH17 with comparable K value (86.87nM) to
naked E8 nanobody (70.3nM) (Fig. 4b). The cytotoxic effect
of immunotoxins was examined by cell viability assay in four
GC cell lines with different levels of CDH17 (see Fig. 1d).
E8-PE38 immunotoxin showed potent cytotoxic activity and
significantly reduced the cell proliferation in all four GC cell
lines when compared with control Nb-PE38 toxin (Fig. 4c).
E8 nanobody alone did not inhibit the cell growth (Fig. 4c).
Those data implicated that E8 nanobody could deliver the
toxin PE38 into CDH17-positive GC cells and enhance the
cytotoxicity of anti-cancer payloads.

Based on the excellent cytotoxic activity in vitro,
MKN45-induce subcutaneous tumor model was used to
assess the anti-tumor efficacy of E8-PE38 immunotoxin.
Due to the lethal effect of non-targeted PE38 to mice,
the control Nb-PE38 or non-targeted PE38 was not used
as a control drug. Here we first selected two doses of
E8-PE38 to determine the anti-tumor effect of the immu-
notoxin as illustrated schedule in Fig. 4d. Both of dosages
(0.4mgkg™' and 0.6mgkg™!) could remarkably sup-
press tumor growth when compared with vehicle control,
and higher dose of E8-PE38 (0.6mgkg~!) showed more
homogenous inhibition for tumor growth (Fig. 4e and
f). Meanwhile, there is no significant change in the body
weight among the three groups throughout the treatment
(Fig. 4g). Survival analysis also indicated that both of dos-
ages significantly extended the survival of tumor-bearing
mice as compared with PBS control (Fig. 4h). Together,
these results demonstrate that E8 nanobody could effi-
ciently deliver anti-cancer payloads into CDH17-express-
ing GC.
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E8-PE38 immunotoxin but not E8 nanobody produces

the tumor inhibitory effect

Knockdown CDH17 was reported to repress the growth
of liver cancer and gastric cancer [14, 16]. Antibody
against CDH17 plus cisplatin could control liver cancer
progression [16, 33]. To exclude the effect of E8 nanobody
in our study, we constructed a mutant PE38 (E553D)
fused with E8 nanobody (E8-PE38 mut) to inactivate the
PE38 activity [34]. Soluble E8-PE38 mut was purified
from E.coli system with a band of 60kDa (Fig. 5a). The
in vitro cytotoxic activity was conducted with CCK-8
proliferation assay. E38-PE38 mut completely lost its
activity against.

CDH17-positive cells MKN45 and TMKI1(Fig. 5b).
Consistent with previous data, E8-PE38 was highly toxic
to both cell lines and E8 nanobody alone did not show
any toxicity (Fig. 5b). We next determined the in vivo
anti-tumor effect of E8 nanobody, E8-PE38 and E8-PE38
mut in two GC models implanted with MKN45 cells
and TMKT1 cells. For MKN45 model, mice were treated
with 0.6 mgkg ™! ES-PE38, E8-PE38 mut and equal molar
concentration of E8 nanobody alone. Similarly, E8-PE38
immunotoxin significantly and homogenously inhibited
the MKN45 tumor growth (Fig. 5c and S5A). However,
E8-PE38 mut was entirely deprived of the inhibitory
effect on the tumor growth and did not show any sta-
tistical difference from E8 nanobody alone and vehicle
(Fig. 5¢). Tumor weight at the end point of experiment
also showed similar results that E8 nanobody alone and
E8-PE38 mut did not harbor anti-tumor activity, but
E8-PE38 significantly reduced the tumor weight (Fig. 5d).
Meanwhile, 0.6 mgkg™! E8-PE38 did not affect the body
weight of mice when compared with other three groups
(Fig. 5e), indicating its good biosafety in tumor-bearing
mice. To confirm the inhibitory effect of E8-PE38 in
MKN45 tumors, cell proliferation and apoptosis were
further assessed by Ki67 immunohistological staining
and TUNEL assay. As shown in Fig. 5f and g, E8-PE38
immunotoxin resulted in significant reduction of Ki67
expression in tumor tissues when compared with other
three groups. There was no obvious difference among
vehicle, E8 nanobody alone and E8-PE38 mut in terms
of Ki67 expression. TUNEL assay for cell apoptosis also
confirmed that E8-PE38 immunotoxin induced mas-
sive cancer cell apoptosis but no obvious apoptosis was

(See figure on next page.)

Log-rank (Mantel-Cox) test)

Fig. 4 Activity evaluation of E8-PE38 immunotoxin in vitro and in vivo. a SDS-PAGE analysis of purified E8 nanobody (16 kDa), E8-PE38 (60kDa) and
Con-PE38 (60kDa). b SPR analysis of E8-PE38 binding to CDH17. The Ky was 86.87 nM. c Cell viability detection after treatment with E8 nanobody
alone, E8-PE38 and Con-PE38 in MKN45, TMK1, AGS and IM95 cells (n=3, ****p <0.0001, two-way ANOVA). Dashed line indicated the IC50 for
E8-PE38 immunotoxin. d Schema of animal treatment schedule. @ MKN45 tumor growth curves with the treatment of PBS, 0.4 or 0.6 mg/kg

E8-PE38 (n=4-5 per group, **P<0.01, ***P<0.001, two-way ANOVA). Mice were euthanized when tumor size reached 2000 mm?>. f Individual tumor
growth curves for three groups in e. g Body weight during the treatment from three groups in e. h Survival curves for treated mice in e (**p<0.01,




Ma et al. Biomaterials Research (2022) 26:64 Page 13 of 20
o P ¥
A kDa R QQ’ & B E8-PE3S E8-PE38
®@ <,:b & 100 50
180 = — 62.5nM —~
130 | = g — 125nM 2 0]
100 | s = — 250nM =
70 (WS k%) — 500 nM 2
55 | = T 50l — 1000 nM T 30
40 | = S =
> ® Kp = 86.87 nM
35 - @ 2 20-
25 | - 2 &
8 o 10
g 4
15 | w- 0 —
T T e 0 2x107 4x107 6x107 8x107 1x10%
. Concentration (M)
C Time (s)
MKN45 TMK1 1 AGS IMo5
125 125 125
I
1004 100§
2 2 % 2 ™ 2 ;
8 i |8 .| 8 .| 8 i [
2 « -2 R W Ay u -2 I - 2
| x ' — H 3
- E8 1 " 25 i 254~ E8
-~ E8-PE38 ICsp= 192 1M . 25 : zz.Psas Coo= 1600 H : :»Pssa o ® = EB-PE38 ICso=151nM
-+ Con-PE38 Lo conpess I conpess b con-pEss
100 10 102 108 100 101 102 108 100 101 102 103 100 101 102 108
Concentration (nM) Concentration (nM) Concentration (nM) Concentration (nM)
MKN45 cells Drug
s.c. inoculation i.v. injection .
Monitoring
v & ) @ Survival
@-————mmmmmmm——— [ >
-7 Day ODay 2Day 4Day 6 Day 8Day 10Day 12 Day
. ~ PBS PBS 0.4mg/kg E8-PE38 0.6mg/kg E8-PE38
) = 0.4mg/kg E8-PE38 __ 2000 2000 2
E 15004 = 0.6mg/kg E8-PE38 % e o
- £ 1500 E 15004 £ 15004
IS H 9] [} [}
] € £
% 1000 E S 1000 5 1000 = 10004
> S e S
g s00 « 2 5001 g s001 2 5001
S =) =} 35
~ [ - [~ %
0 T T 0 T T 0 T T
0 T T 0 5 10 15 0 5 10 15 0 5 10 15
0 5 10 15 Days after treatment Days after treatment Days after treatment
Day after treatment
w:Eﬁs‘:‘:ﬁ __ 100 | PBS
) T |7 — 0.4mg/kg E8-PE38
= 2 — 0.6mg/kg E8-PE38
= 204 <
2 ?
§ £ 501
[0
> 104{ ~* Control 1]
3 -= 0.4mg/kg E8-PE38 K
] -+ 0.6mg/kg E8-PE38
o 0 r r r T - .
"o 5 10 15 0 10 20 39 40 . 50 60
Day of treatment (d) Days after inoculation

Fig. 4 (Seelegend on previous page.)




Ma et al. Biomaterials Research (2022) 26:64

detected in control groups (Fig. S4a). These results indi-
cate that E8-PE38 immunotoxin can potently repress
gastric cancer growth through suppression of cell pro-
liferation and induction of cell apoptosis. Systemic
toxicological studies were conducted to determine the
biosafety of E8-PE38 immunotoxin at the end of treat-
ment. In addition to no significant change of body weight
(Fig. 5e), blood cell testing and serum biochemistry anal-
ysis did not disclose any statistical difference in E8-PE38-
treated mice compared with the three control groups
(Fig. S6a and 5b). Histological analysis for major organs
did not identify obvious morphology alteration among
all the groups (Fig. S4b). These results demonstrate that
E8-PE38 immunotoxin is a highly efficient drug to sup-
press CDH17-positive gastric cancer without detectable
side effects in vivo.

In line with MKN45 tumor model, we achieved similar
results for E8-PE38 immunotoxin in another GC model
induced by TMK1 in NCG mice. Briefly, due to the bet-
ter sensitivity of TMK1 to E8-PE38 (IC50, 16.04nM) than
MKN45 (192nM), 0.4mgkg71 E8-PE38 immunotoxin
was tested using the same administration schedule as
MKN45 tumor model (Fig. 4d). Tumor growth was almost
retarded in mice treated with E8-PE38 immunotoxin
as compared with controls vehicle, E8 nanobody alone
or E8-PE38 mut (Fig. 5h and S5b). Tumor growth were
comparable in the three control groups (Fig. 5h and S5b).
E8-PE38 immunotoxin also markedly extended the sur-
vival time of mice, and there was no difference in survival
time for vehicle, E8 nanobody alone and E8-PE38 mut
(Fig. 5i). During the entire treatment, the body weight for
all groups were not obviously impacted (Fig. S5c¢).

In addition, a combinational regimen of 5-FU and
E8-PE38 were also evaluated in MKN45 tumor model with
administration schedule shown in Fig.S7a. 5-FU is the first
line clinical chemo drug for advanced GC. Moderate dos-
age for both drugs were tested to examine the additive
anti-tumor efficacy. Moderate dose of 5-FU (25mg/kg)
and E8-PE38 (0.4mg/kg) alone showed quite similar anti-
tumor effect, whereas the combination therapy suggested
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maximal tumor growth inhibition and prolonged survival
time (Fig. 5j, k and Fig. S7b). The results indicate that
E8-PE38 could be applied on CDH17-positive GC cancers
with 5-FU together, implying the great promise of E8-PE38
immunotoxin for GC therapy.

Taken together, our results demonstrates that E8 nan-
obody has the superb targeting ability towards CDH17-
positive tumors and could efficiently deliver toxin PE38
to control cancer growth without detectable adverse
events. We also verify that E8 nanobody is safe and non-
toxic for in vivo administration in mice. The combination
therapy of 5-FU and E8-PE38 might be a promising regi-
men for CDH17-positive GC.

E8/PE38 immunotoxin inhibits gastric tumor from a PDX
model

Patient-derived tumor xenografts (PDXs) are becom-
ing the gold standard for clinical drug development
due to the similarity of PDXs to original tumors dis-
sected from patients [35]. To test whether E8-PE38
immunotoxin could produce similar influence on
CDH7-positive PDX model, NCG mice were used
to implant gastric cancer tissues dissected from a
3rd-passage PDX model which have been confirmed
CDH17 expression (Fig. 6a). The PDX model was i.v.
given E8-PE38 of 0.4mgkg~ ' and 0.6 mg kg™ ' as illus-
trated schedule in Fig. 6b. Both dosages significantly
repressed the PDX tumor growth and higher dose of
E8-PE38 showed better anti-tumor effect with homog-
enous inhibition of the tumor growth (Fig. 6¢ and d).
Body weight remained similar for all mice during the
treatment (Fig. 6e). Two dosages of E8-PE38 could sta-
tistically increase the survival time, and it seemed that
0.6 mgkg~ ! E8-PE38 exhibited much better anti-tumor
effect based on tumor burden and survival analysis
(Fig. 6f). Conclusively, the superior tumor inhibitory
effect of E8-PE8 immunotoxin on CDHI17-positive
PDX model supports that E8-PE38 immunotoxin holds
great potential for further clinical development, and its
high effectiveness and low systemic toxicity also prove

(See figure on next page.)

Fig. 5 Toxin is the determinant causing tumor inhibition by E8-PE38. a SDS-PAGE analysis of purified E8 (16 kDa), E8-PE38 (60kDa) and E8-PE38

mut (60kDa). b Cell viability assay for MKN45 and TMKT cells treated with E8, E8-PE38 and E8-PE38 mut (n=3, ****p <0.0001 compared with E8 or
E8-PE38 mut, two-way ANNOVA). E8 nanobody alone and E8-PE38 mut did not show cytotoxic effect on cell proliferation. ¢ MKN45 tumor growth
curves from mice treated with PBS, E8-PE38 (0.6 mg/kg), E8-PE38 mut (0.6 mg/kg) or equal molar E8 nanobody (n=5-6, ****p <0.001 as compared
with all three control groups, two-way ANOVA). E8 alone or E8-PE38 mut did not have any tumor inhibitory effect. E8-PE38 significantly suppressed
tumor growth. d Tumor weight from treated mice at the end of treatment in b (n=5-6, ***p <0.001, one-way ANOVA). e Body weight during the
treatment from four groups in ¢. f and g Ki67 immunostaining in tumor tissues collected from ¢. Tumor tissues treated with E8-PE38 markedly
inhibited the Ki67 expression and no obvious change was detection in three control groups (n=5-6, *p <0.05, ***p < 0.001, one-way ANOVA).
Scale bars: 200 pm. h Tumor growth curves from TMK1 tumors treated with PBS, E8-PE38 (0.4 mg/kg), E8-PE38 mut (0.4 mg/kg) or equal molar

E8 nanobody (n=5, ****p <0.0001 as compared with all three control groups, two-way ANOVA). i Survival curves of treated mice from h (n=5,
**p<0.01, Log-rank (Mantel-Cox) test). j Tumor growth curves from MNK45 tumor bearing mice received the treatment with PBS, 5-FU (25 mg/
kg), E8-PE38 (0.4 mg/kg), and combination therapy (5-FU + E8-PE38) (=6, ***p < 0.001, ****p < 0.0001, two-way ANOVA). k Survival curves of
tumor-bearing mice treated in j (=6, **p<0.01, ***p<0.001, Log-rank (Mantel-Cox) test)
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that CDH17 is a targetable molecule for gastric cancer
imaging and therapy.

Discussion

Aberrant expression of CDH17 has been reported in a
number of cancers including GC [13, 30], CRC [15, 36],
esophageal cancer [37], hepatocellular carcinoma (HCC)
[38], pancreatic cancer (PC) [37] and neuroendocrine
tumor (NET) [17]. It was reported that approximate 70%
gastric cancer and nearly all colorectal cancer express

CDH17 with different levels [13, 15]. Consistent with
published studies, TMA data in the present study showed
that 66% of gastric cancer samples express CDH17. The
aberrant expression has resulted in the attempts to use
CDH17 as a target for cancer imaging and therapy [22,
39, 40]. In the present study, we identified two nano-
bodies specifically bound to CDH17 and E8 nanobody
was extensively explored for gastric cancer imaging
and targeted therapy due to its relatively higher affin-
ity (~70nM). Our findings unraveled that E8 nanobody
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could efficiently target tumor CDH17 molecule and pro-
duce specific fluorescence imaging signals within a short
time in the tumor. It can also potently deliver the cyto-
toxic toxin into CDH17-positive cancer cells to suppress
tumor growth. Our data demonstrate that CDH17 is a
targetable protein for gastric cancer concerning imag-
ing or therapy; and nanobody is a good strategy to design
modalities against CDH17 protein.

Nanobody, as a relative new antibody format, is attract-
ing growing interest in disease diagnosis and therapy due
to its tiny size, ease of production and manipulation over
conventional antibody. In the past 2 years, a diversity of
nanobodies have been identified and applied for detec-
tion or neuralization of SARS-CoV-2 [41, 42], which has
accelerated the development of the nanobody field. Nan-
obodies conjugated with various imaging contrasts have
been attempted in the preclinical and clinical settings
[43—-45]. Fast tissue targeting ability, excellent tissue pen-
etration and rapid clearance make nanobodies suitable
for same-day imaging which is difficult for conventional
antibodies due to large size and long half-life [25, 44, 46].
Nanobodies conjugated with isotopes have been applied
for tumor imaging as a non-invasive diagnostic modal-
ity through targeting various tumor biomarkers such as
HER2, Claudinl8.2, fibronectin, etc. [28, 45, 47]. Nor-
mally, specific tumor imaging information could be visu-
alized for nanobody-isotope conjugates within 6hours
and rapidly cleared by kidneys within 24 hours, which is
significantly faster and more convenient compared with
conventional antibodies whose conjugates need to wait
for 4 to 6days to obtain scanning window and requires
longer time for complete clearance [45, 48]. On the
other hand, although radio-isotopes are sensitive imag-
ing probes applied for PET (Positron emission tomogra-
phy) or SPECT (Single-photon emission computerized
tomography) modality as a non-invasive imaging tool
for disease diagnosis, radiation exposure is inevitable for
both patients and physicians. Near infrared (NIR) fluoro-
phores are becoming alternative options for tumor imag-
ing due to deep tissue penetration, low cost, flexibility,
non-radioactivity, and high target-to-background sig-
nals [25, 49]. Nanobodies modified with NIR dyes such
as IRDye800cw through maleimide-cysteine site specific
conjugation technology have been demonstrated their
efficiency, stability and reproduction for in vivo imaging
and imaging guided surgery [26, 43, 50, 51].

Recently, Fujiwara K et al. developed a full-length
antibody D2101 conjugated with "In isotope against
CDH17 for gastric cancer imaging in a xenograft model
[39]. It demonstrated that this conjugate took 96hours
to reach best high-contrast imaging, which cannot meet
the same-day imaging requirement. Later, the same
group reformatted the primary antibody into single
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chain Fv (scFv) with ~30kDa to speed up the clearance
and shorten the waiting time for imaging [40]. Unfortu-
nately, even if the smaller format was developed, it still
needed 24hours to obtain highest tumor signal. In the
present study, we labeled CDH17 nanobody E8 with
IR-800 through site specific conjugation and tested the
conjugate for imaging of CDH17-positive tumor model.
The tumors showed clear imaging signals 3hours post-
injection and reached the peak at 12 hours post-injection.
The signals have faded at 24 hours. These characteristics
make E8 nanobody suitable for same-day imaging, and
the imaging performance is much better than reported
full-length antibody or smaller scFv against CDH17 [39,
40]. Kidneys should be the major organ for the clearance
of E8 nanobody-IR800 since the most of conjugates are
present in kidneys at 24 hours post-injection in addition
to highest tumor accumulation (Fig. 3e). Therefore, our
findings demonstrate that nanobody conjugates against
CDH17 hold great potential for gastric cancer imaging
and should be considered preferentially in lieu of con-
ventional antibody for visualization of CDH17-postive
gastric cancer. Further investigations should be explored
whether E8 nanobody is able to be employed for imag-
ing-guided gastric cancer surgery or for visualization of
lymph node metastasis of CDH17-postive gastric cancer
since lymph node metastasis is common in gastric cancer
and CDH17 expression could be preserved in metastatic
sites from primary tumors [15].

Immunotoxin consisting of an antibody moiety target-
ing cancer cell antigens and a toxin moiety for cell killing
has been shown prominent anti-tumor effect, especially
in blood cancers [52]. Lumoxiti comprising of a CD22-
targeting scFv domain and a truncated Pseudomonas
exotoxin A domain has been approved by FDA for
relapsed or refractory hairy cell leukemia [53]. A serial of
immunotoxins are being evaluated in the clinical trials for
various cancers including solid tumors [53, 54]. The scFv
format as a relatively smaller antibody fragment is com-
monly utilized as the targeting domain in the immuno-
toxin design. However, the immunotoxins normally need
to be purified from the inclusion body by denaturation
and refolded to recover the activity of the immunotoxins
due to the hydrophobicity nature of scFv [55, 56]. In con-
trast, nanobody-based immunotoxins can be purified in
soluble format without denaturation and refolding, which
greatly improves the efficiency of immunotoxin produc-
tion and preserves the activity of toxins [53]. There are
growing reports using nanobody-based immunotoxins
to treat cancers by targeting a variety of antigens such as
glypican-3, glypican-2, EGFR, HER2, VEGFR2, CD7 and
CD38, which indicates the great potential of nanobody-
based immunotoxins for cancer therapy [34, 57-59]. To
the best of our knowledge, cancer therapy using CDH17
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nanobody fused with toxin PE38 presented in this study
was not previously reported. Kusano-Arai. O et al. had
used full length monoclonal antibodies directed CDH17
to construct an immunotoxin cocktail through chemi-
cal conjugation with saporin toxin [20]. The immuno-
toxin cocktail was only tested the activity in vitro and
the authors did not present any in vivo data. The tumor
penetration might be a crucial issue for this full-length
antibody-toxin due to its large molecule weight. In the
present study, we fused CDH17 nanobody E8 with toxin
PE38 to produce soluble immunotoxin without any dena-
turation and refolding procedures and obtained recom-
binant protein with high activity. This nanobody-based
immunotoxin was extensively tested its activity in vitro
and in vivo, showing superb anti-proliferation effect on
CDH17-overexpressing gastric cancer cell lines, and sig-
nificantly inhibits the tumor growth and prolongs the
survival in CDH17-positive CDX and PDX models. PDX
model is becoming a type of popular and reliable animal
model for drug evaluation since it maintains the impor-
tant characteristics of parental patient tumors, such
as molecular phenotype, tumor heterogeneity, tumor
microenvironment/structure and similar response to
tested drugs [35, 60]. These strengths make PDX model
more useful for prediction of therapeutic response than
conventional CDX model. In the present study, the prom-
inent anti-tumor effect of E8-PE38 immunotoxin on a
CDH17-positive PDX model strongly supports the clinical
translation for this novel therapeutic modality in GC therapy.

HER2 antibody (Trastuzumab and HER2-conjugated
drug (T-DXd) have been approved for advanced HER2-
positive gastric cancer [3]. But only 20% of gastric can-
cer patients highly express HER2 molecules [8], which
limits the broad application of HER2 targeted ther-
apy. It is difficult to compare the anti-tumor efficacy
between HER2 antibody or conjugates with E8-PE38.
Firstly, the expression levels of CDH17 and HER2 in
the same gastric cancer cell line or cancer tissue are
distinct. Second, the therapeutic modalities of CDH17
and HER2 targeting are involved in different mecha-
nisms of action. In terms of MKN45 or TMK1 cells,
they express higher level of CDH17 (Fig. 1) but lower
level of HER2 [61, 62]. We have shown that 0.6 mgkg™*
E8-PE38 immunotoxin could almost completely inhibit
tumor growth induced by MKN45 cells in mice. How-
ever, 10mgkg~'Trastuzumab just showed suboptimal
tumor inhibition in HER2-overexpressing N87 cancer
cell-induced mouse model [63]. Targeting CDH17 with
nanobody for immunotoxin delivery might be a good
complementary strategy for GC patients who are not
suitable for HER2 targeted therapy since higher per-
centage (66%) of GC patients express CDH17 protein.
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On the other hand, chemotherapy is still a standard
treatment for advanced GC. Fluoropyrimidines are
major drugs for advanced GC chemotherapy. Combi-
nation cancer therapy is widely used in clinical settings
and clinical trials to overcome tumor heterogeneity and
development of drug resistance, at the same time, to
obtain additive or synergistic tumor repression [64]. In
the present study, we tested the combination effect of
5-FU and E8-PE38 on CDH17-postitive tumor control,
and disclose that the combination treatment produces
a better tumor repression than either drug alone, thus,
indicating a novel therapeutic regimen for CDH17-
positve GCs.

Conclusions

In summary, two nanobodies were identified and their
binding activities were extensively verified with protein,
cells and in vivo tumor models in this study. The E8
nanobody as a lead could be used for the rapid imaging
detection of CDH17-positive gastric cancer and highly
efficiently deliver toxin PE38 into tumor tissues. The
constructed E8-immunotoxin shows prominent anti-
tumor effect in several gastric cancer models including
PDX. Collectively, targeting CDH17 with nanobodies
represents a new strategy for gastric cancer imaging
and therapy. CDH17 nanobody immunotoxin is a novel
and promising modality for targeted therapy in gastric
cancer.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540824-022-00312-3.

Additional file 1. Supplementary figures, materials, and methods.

Additional file 2: Supplementary table S1.

Acknowledgements

The authors thank Wei Ma for assistance in animal model preparation and the
use of IVIS imaging system, Weilin Lu for the use of microscopy. The authors
also give thanks to Dr. Yuangiao He who kindly gifted the PDX tissue for the
anti-tumor study in PDX model.

Authors’ contributions

J.B.M.: Methodology, Investigation, Validation, Data curation, Writing. X.L.X.:
Investigation, Validation, Formal analysis, Writing. C.J.F. Investigation, Valida-
tion, Formal analysis. PX.: Investigation. M.T.: Investigation. LH.Z.: Methodol-
ogy, Investigation. K.C.: Investigation. X.L.L.: Methodology, Investigation. Y.L.L:
Methodology, Investigation. Y.L.: Methodology. Q.C.Z.: Investigation. Y.Y.Y::
Investigation. R.R.F.: Supervision, Funding acquisition. H.B.J.: Supervision.
ZFL: Methodology, Investigation. C.B.Y.: Methodology, Investigation. C.C.X.:
Methodology, Investigation. Y. L.: Supervision, Project administration, Fund-
ing acquisition. J.G.W.: Conceptualization, Supervision, Resources, Review &
editing, Funding acquisition. Z.J.L.: Conceptualization, Supervision, original
draft, Writing - review & editing, Funding acquisition. The author(s) read and
approved the final manuscript.


https://doi.org/10.1186/s40824-022-00312-3
https://doi.org/10.1186/s40824-022-00312-3

Ma et al. Biomaterials Research (2022) 26:64

Funding

This work was supported by Basic and Applied Basic Research Foundation of
GuangDong Province (2021A1515012164) to ZJ.L and (2021A1515111188)

to X.LX, International Science and Technology Cooperation for Shenzhen
Technology Innovation Plan (GJHZ20200731095411034) to ZJ.L. and RR.F,
National Key Research and Development Program of China (2020YFA0908000,
2022YFC2303600) to J.G.W., Innovation Team and Talents Cultivation Program
of the National Administration of Traditional Chinese Medicine (ZYYCXTD-
C-202002) to J.G.W., National Natural Science Foundation of China (82074098,
81841001, 82274182) to J.G.W,, Shenzhen Science and Technology Innovation
Commission (JCYJ20210324115800001 and JCYJ20210324114014039) to
JGW.

Availability of data and materials
For data and materials requests, please contact the authors.

Declarations

Ethics approval and consent to participate

All animal studies were approved by Institutional Animal Care and Use Com-
mittee (IACUC) of the Shenzhen People’s hospital. The PDX gastric cancer tis-
sue was kindly gifted by Dr. Yuangiao He from Nanchang University. Informed
consent was obtained from the patient, and the procedures involving human
samples were approved by the medical ethical committee of the Shenzhen
People’s Hospital and Nanchang University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Hyperbaric Medicine, Shenzhen People’s Hospital (The
Second Clinical Medical College, Jinan University, The First Affiliated Hospital,
Southern University of Science and Technology), Shenzhen 518020, Guang-
dong, P.R. China. ?College of Traditional Chinese Medicine, Tianjin University
of Traditional Chinese Medicine, Tianjin 300193, P. R. China. *Department

of Geriatrics, Shenzhen People’s Hospital (The Second Clinical Medical College,
Jinan University, The First Affiliated Hospital, Southern University of Science
and Technology), Shenzhen 518020, Guangdong, P. R. China. “Department

of Hepatobiliary & Pancreatic Surgery, Zhongnan Hospital of Wuhan Univer-
sity, Wuhan 430072, Hubei, P. R. China. °Clinical Pharmacy Center, Nanfang
Hospital, Southern Medical University, Guangzhou 510515, Guangdong, P. R.
China. *Guangdong Provincial Key Laboratory of New Drug Screening, School
of Pharmaceutical Sciences, Southern Medical University, Guangzhou 510515,
Guangdong, PR. China. ’College of Pharmacy, Shenzhen Technology Univer-
sity, Shenzhen 518118, PR. China. ®Health Science Center, Shenzhen University,
Shenzhen 518055, Guangdong, P. R. China. °Deapartment of Biosciences

and Nutrition, Karolinska Institute, 14157 Stockholm, Sweden. '°Department
of Chemistry, The University of Hong Kong, Pok Fu Lam, Hong Kong, P.R.
China. ""School of Chemistry and Chemical Engineering, Shanxi Datong Uni-
versity, Xing Yun Street, Pingcheng District, Datong 037009, Shanxi, P. R. China.
12 Artemisinin Research Center, and Institute of Chinese Materia Medica, China
Academy of Chinese Medical Sciences, Beijing 100700, P. R. China.

Received: 21 September 2022 Accepted: 27 October 2022
Published online: 26 November 2022

References

1. Joshi SS, Badgwell BD. Current treatment and recent progress in gastric
cancer. CA Cancer J Clin. 2021;71(3):264-79.

2. NakamuraY, Kawazoe A, Lordick F, Janjigian YY, Shitara K. Biomarker-
targeted therapies for advanced-stage gastric and gastro-oesoph-
ageal junction cancers: an emerging paradigm. Nat Rev Clin Oncol.
2021,18(8):473-87.

3.

20.

21

22.

23.

24.

25.

26.

Page 19 of 20

Reddavid R, Dagatti S, Franco C, Puca L, Tomatis M, Corso S, et al. Molecu-
larly targeted therapies for gastric cancer. State of the art. Cancers (Basel).
2021;13(16):4094.

Chalabi M. Stomach cancer gets a triple punch of therapy. Nature.
2021;600(7890):608-9.

Janjigian YY, Kawazoe A, Yanez P, Li N, Lonardi S, Kolesnik O, et al. The KEY-
NOTE-811 trial of dual PD-1 and HER2 blockade in HER2-positive gastric
cancer. Nature. 2021;600(7890):727-30.

Wang J, Huang Q, Hu X, Zhang S, Jiang Y, Yao G, et al. Disrupting circadian
rhythm via the PERT-HK2 axis reverses trastuzumab resistance in gastric
cancer. Cancer Res. 2022;82(8):1503-17.

CaoT, LuY,Wang Q, Qin H, Li H, Guo H, et al. A CGA/EGFR/GATA2 positive
feedback circuit confers chemoresistance in gastric cancer. J Clin Invest.
2022;132(6):e154074.

Gravalos C, Jimeno A. HER2 in gastric cancer: a new prognostic factor and
a novel therapeutic target. Ann Oncol. 2008;19(9):1523-9.

Yui A, Caaveiro JMM, Kuroda D, Nakakido M, Nagatoishi S, Goda S, et al.
Mechanism of dimerization and structural features of human LI-cadherin.
J Biol Chem. 2021,297(3):101054.

. Casal JI, Bartolome RA. RGD cadherins and alpha2betal integrin in

cancer metastasis: a dangerous liaison. Biochim Biophys Acta Rev Cancer.
2018;1869(2):321-32.

. Liu X, Huang Y, Yuan H, Qi X, Manjunath Y, Avella D, et al. Disruption of

oncogenic liver-intestine cadherin (CDH17) drives apoptotic pancreatic
cancer death. Cancer Lett. 2019;454:204-14.

. Casal JI, Bartolome RA. Beyond N-cadherin, relevance of cadher-

ins 5,6 and 17 in cancer progression and metastasis. Int J Mol Sci.
2019;20(13):3373.

. Lopes N, Bergsland C, Bruun J, Bjornslett M, Vieira AF, Mesquita P, et al. A

panel of intestinal differentiation markers (CDX2, GPA33, and LI-cadherin)
identifies gastric cancer patients with favourable prognosis. Gastric
Cancer. 2020;23(5):811-23.

. LinZ Zhang C, Zhang M, Xu D, Fang Y, Zhou Z, et al. Targeting cad-

herin-17 inactivates Ras/Raf/MEK/ERK signaling and inhibits cell prolifera-
tion in gastric cancer. PLoS One. 2014;9(1):e85296.

. Garcia-Martinez JM, Wang S, Weishaeupl C, Wernitznig A, Chetta P, Pinto

C, et al. Selective tumor cell apoptosis and tumor regression in CDH17-
positive colorectal cancer models using BI 905711, a novel liver-sparing
TRAILR2 agonist. Mol Cancer Ther. 2021;20(1):96-108.

. Liu LX, Lee NP, Chan VW, Xue W, Zender L, Zhang C, et al. Targeting

cadherin-17 inactivates Wnt signaling and inhibits tumor growth in liver
carcinoma. Hepatology. 2009;50(5):1453-63.

. Snow AN, Mangray S, Lu S, Clubwala R, Li J, Resnick MB, et al. Expression

of cadherin 17 in well-differentiated neuroendocrine tumours. Histopa-
thology. 2015;66(7):1010-21.

. LiR Yang HQ, Xi HL, Feng S, Qin RH. Inhibition of CDH17 gene expression

via RNA interference reduces proliferation and apoptosis of human
MKN28 gastric cancer cells. Int J Oncol. 2017;50(1):15-22.

. Tian X, Han Z, Zhu Q,Tan J, Liu W, Wang Y, et al. Silencing of cadherin-17

enhances apoptosis and inhibits autophagy in colorectal cancer cells.
Biomed Pharmacother. 2018;108:331-7.

Kusano-Arai O, lwanari H, Kudo S, Kikuchi C, Yui A, Akiba H, et al. Syner-
gistic cytotoxic effect on gastric cancer cells of an immunotoxin cocktail
in which antibodies recognize different epitopes on CDH17. Monoclon
Antib Immunodiagn Immunother. 2018;37(1):1-11.

Lum YL, Luk JM, Staunton DE, Ng DKP, Fong WP. Cadherin-17 targeted
near-infrared photoimmunotherapy for treatment of gastrointestinal
cancer. Mol Pharm. 2020;17(10):3941-51.

Bartolome RA, Aizpurua C, Jaen M, Torres S, Calvino E, Imbaud JI, et al.
Monoclonal antibodies directed against cadherin RGD exhibit thera-
peutic activity against melanoma and colorectal cancer metastasis. Clin
Cancer Res. 2018,24(2):433-44.

Panikar SS, Banu N, Haramati J, Del Toro-Arreola S, Riera Leal A, Salas P.
Nanobodies as efficient drug-carriers: progress and trends in chemo-
therapy. J Control Release. 2021;334:389-412.

Muyldermans S. Nanobodies: natural single-domain antibodies. Annu
Rev Biochem. 2013;82:775-97.

Verhaar ER, Woodham AW, Ploegh HL. Nanobodies in cancer. Semin
Immunol. 2021;52:101425.

Yang E, Liu Q, Huang G, Liu J, Wei W. Engineering nanobodies for next-
generation molecular imaging. Drug Discov Today. 2022,27(6):1622-38.



Ma et al. Biomaterials Research

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

(2022) 26:64

van Driel P, Boonstra MC, Slooter MD, Heukers R, Stammes MA, Snoeks
TJA, et al. EGFR targeted nanobody-photosensitizer conjugates for
photodynamic therapy in a pre-clinical model of head and neck cancer. J
Control Release. 2016;229:93-105.

Jailkhani N, Ingram JR, Rashidian M, Rickelt S, Tian C, Mak H, et al. Non-
invasive imaging of tumor progression, metastasis, and fibrosis using a
nanobody targeting the extracellular matrix. Proc Natl Acad Sci U S A.
2019;116(28):14181-90.

lida K, Abdelhamid Ahmed AH, Nagatsuma AK, Shibutani T, Yasuda S, Kita-
mura M, et al. Identification and therapeutic targeting of GPR20, selec-
tively expressed in gastrointestinal stromal tumors, with DS-6157a, a first-
in-class antibody-drug conjugate. Cancer Discov. 2021;11(6):1508-23.
Lee HJ, Nam KT, Park HS, Kim MA, Lafleur BJ, Aburatani H, et al. Gene
expression profiling of metaplastic lineages identifies COH17 as a
prognostic marker in early stage gastric cancer. Gastroenterology.
2010;139(1):213-225 €213.

Wang J, Yu JC, Kang WM, Wang WZ, Liu YQ, Gu P. The predictive effect of
cadherin-17 on lymph node micrometastasis in pNO gastric cancer. Ann
Surg Oncol. 2012;19(5):1529-34.

Bao G, Tang M, Zhao J, Zhu X. Nanobody: a promising toolkit for molecu-
lar imaging and disease therapy. EJINMMI Res. 2021;11(1):6.

WangY, Shek FH, Wong KF, Liu LX, Zhang XQ, Yuan Y, et al. Anti-cad-
herin-17 antibody modulates beta-catenin signaling and tumorigenicity
of hepatocellular carcinoma. PLoS One. 2013;8(9):e72386.

Gao W, Tang Z, Zhang YF, Feng M, Qian M, Dimitrov DS, et al. Immuno-
toxin targeting glypican-3 regresses liver cancer via dual inhibition of Wnt
signalling and protein synthesis. Nat Commun. 2015,6:6536.

Yoshida GJ. Applications of patient-derived tumor xenograft models and
tumor organoids. J Hematol Oncol. 2020;13(1):4.

Bartolome RA, Barderas R, Torres S, Fernandez-Acenero MJ, Mendes M,
Garcia-Foncillas J, et al. Cadherin-17 interacts with alpha2betal integrin
to regulate cell proliferation and adhesion in colorectal cancer cells caus-
ing liver metastasis. Oncogene. 2014;33(13):1658-69.

Panarelli NC, Yantiss RK, Yeh MM, Liu Y, Chen YT. Tissue-specific cadherin
CDH17 is a useful marker of gastrointestinal adenocarcinomas with
higher sensitivity than CDX2. Am J Clin Pathol. 2012;138(2):211-22.
Kmeid M, Lukose G, Hodge K, Cho D, Kim KA, Lee H. Aberrant expression
of SATB2, CDX2, CDH17 and CK20 in hepatocellular carcinoma: a patho-
logical, clinical and outcome study. Histopathology. 2021;79(5):768-78.
Fujiwara K, Tsuji AB, Sudo H, Sugyo A, Akiba H, lwanari H, et al. (111)in-
labeled anti-cadherin17 antibody D2101 has potential as a noninvasive
imaging probe for diagnosing gastric cancer and lymph-node metastasis.
Ann Nucl Med. 2020;34(1):13-23.

Fujiwara K, Akiba H, Tsuji AB, Sudo H, Sugyo A, Nagatsu K, et al. 64Cu-
labeled minibody D2101 visualizes CDH17-positive gastric cancer xeno-
grafts with short waiting time. Nucl Med Commun. 2020;41(7):688-95.
Koenig PA, Das H, Liu H, Kummerer BM, Gohr FN, Jenster LM, et al.
Structure-guided multivalent nanobodies block SARS-CoV-2 infection
and suppress mutational escape. Science. 2021;371(6530):eabe6230.
Schoof M, Faust B, Saunders RA, Sangwan S, Rezelj V, Hoppe N, et al. An
ultrapotent synthetic nanobody neutralizes SARS-CoV-2 by stabilizing
inactive spike. Science. 2020;370(6523):1473-9.

Harmand TJ, Islam A, Pishesha N, Ploegh HL. Nanobodies as in vivo, non-
invasive, imaging agents. RSC Chem Biol. 2021;2(3):685-701.

Krasnigi A, D'Huyvetter M, Devoogdt N, Frejd FY, Sorensen J, Orlova A,

et al. Same-day imaging using small proteins: clinical experience and
translational prospects in oncology. J Nucl Med. 2018;59(6):885-91.
Keyaerts M, Xavier C, Heemskerk J, Devoogdt N, Everaert H, Ackaert C,

et al. Phase | study of 68Ga-HER2-Nanobody for PET/CT assessment of
HER2 expression in breast carcinoma. J Nucl Med. 2016;57(1):27-33.
Debie P, Lafont C, Defrise M, Hansen |, van Willigen DM, van Leeuwen
FWB, et al. Size and affinity kinetics of nanobodies influence targeting
and penetration of solid tumours. J Control Release. 2020;317:34-42.

Hu G, Zhu W, LiuY,Wang Y, Zhang Z, Zhu S, et al. Development and com-
parison of three (89)Zr-labeled anti-CLDN18.2 antibodies to noninvasively
evaluate CLDN18.2 expression in gastric cancer: a preclinical study. Eur J
Nucl Med Mol Imaging. 2022;49(8):2634-44.

Dijkers EC, Oude Munnink TH, Kosterink JG, Brouwers AH, Jager PL, de
Jong JR, et al. Biodistribution of 89Zr-trastuzumab and PET imaging of
HER2-positive lesions in patients with metastatic breast cancer. Clin
Pharmacol Ther. 2010;87(5):586-92.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 20 of 20

Liang M, Yang M, Wang F, Wang X, He B, Mei C, et al. Near-infrared fluo-
rescence-guided resection of micrometastases derived from esophageal
squamous cell carcinoma using a c-met-targeted probe in a preclinical
xenograft model. J Control Release. 2021;332:171-83.

Kijanka M, Warnders FJ, El Khattabi M, Lub-de Hooge M, van Dam GM,
Ntziachristos V, et al. Van Bergen En Henegouwen PM: rapid optical
imaging of human breast tumour xenografts using anti-HER2 VHHs site-
directly conjugated to IRDye 800CW for image-guided surgery. Eur J Nucl
Med Mol Imaging. 2013;40(11):1718-29.

Lwin TM, Turner MA, Amirfakhri S, Nishino H, Debie P, Cosman BC, et al.
Rapid tumor-labeling kinetics with a site-specific near-infrared anti-CEA
nanobody in a patient-derived orthotopic xenograft mouse model of
colon cancer. J Surg Oncol. 2021;124(7):1121-7.

Mazor R, Pastan I. Immunogenicity of Immunotoxins containing
Pseudomonas exotoxin a: causes, consequences, and mitigation. Front
Immunol. 2020;11:1261.

Fleming BD, Ho M. Development of Glypican-3 targeting Immunotoxins for
the treatment of liver Cancer: an update. Biomolecules. 2020;10(6):934.
Kreitman RJ, Dearden C, Zinzani PL, Delgado J, Robak T, le Coutre PD, et al.
Study i: Moxetumomab pasudotox in heavily pre-treated patients with
relapsed/refractory hairy cell leukemia (HCL): long-term follow-up from
the pivotal trial. J Hematol Oncol. 2021;14(1):35.

Wei J, Bera TK, Liu XF, Zhou Q, Onda M, Ho M, et al. Recombinant immu-
notoxins with albumin-binding domains have long half-lives and high
antitumor activity. Proc Natl Acad Sci U S A. 2018;115(15):E3501-8.
Asaadi Y, Jouneghani FF, Janani S, Rahbarizadeh F. A comprehensive
comparison between camelid nanobodies and single chain variable frag-
ments. Biomark Res. 2021;9(1):87.

Khirehgesh MR, Sharifi J, Safari F, Akbari B. Immunotoxins and nanobody-
based immunotoxins: review and update. J Drug Target. 2021;29(8):848-62.
LiT, Qi S, Unger M, Hou YN, Deng QW, Liu J, et al. Immuno-targeting the
multifunctional CD38 using nanobody. Sci Rep. 2016;6:27055.

Li N, Fu H, Hewitt SM, Dimitrov DS, Ho M. Therapeutically targeting
glypican-2 via single-domain antibody-based chimeric antigen recep-
tors and immunotoxins in neuroblastoma. Proc Natl Acad SciU S A.
2017;114(32):£6623-31.

Abdolahi S, Ghazvinian Z, Muhammadnejad S, Saleh M, Asadzadeh Agh-
daei H, Baghaei K. Patient-derived xenograft (PDX) models, applications
and challenges in cancer research. J Transl Med. 2022,20(1):206.

Shiraishi K, Mimura K, Izawa S, Inoue A, Shiba S, Maruyama T, et al. Lapa-
tinib acts on gastric cancer through both antiproliferative function and
augmentation of trastuzumab-mediated antibody-dependent cellular
cytotoxicity. Gastric Cancer. 2013;16(4):571-80.

Misumi T, Tanabe K, Fujikuni N, Ohdan H. Stimulation of natural killer cells
with rhCD137 ligand enhances tumor-targeting antibody efficacy in
gastric cancer. PLoS One. 2018;13(10):e0204880.

Liu J, Pan C, Guo L, Wu M, Guo J, Peng S, et al. A new mechanism of
trastuzumab resistance in gastric cancer: MACC1 promotes the Warburg
effect via activation of the PI3K/AKT signaling pathway. J Hematol Oncol.
2016,9(1):76.

Palmer AC, Chidley C, Sorger PK. A curative combination cancer therapy
achieves high fractional cell killing through low cross-resistance and drug
additivity. Elife. 2019,8:e50036.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	CDH17 nanobodies facilitate rapid imaging of gastric cancer and efficient delivery of immunotoxin
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Cell lines and cell culture
	Nanobody screening with an unimmunized naïve nanobody phage library
	Protein purification
	Cell ELISA
	Nanobody labeling with IR-800
	Tumor imaging in vivo and ex vivo
	In vitro cell viability assay
	Mouse xenograft models and treatment
	Patient derived gastric xenograft model and treatment
	Immunostaining
	Statistical analysis

	Results
	Recapitulation of CDH17 overexpression in gastric cancer and screening of CDH17 nanobodies
	Characterization of CDH7 nanobodies
	E8 nanobody can image gastric cancer ex vivo and in vivo
	E8PE38 immunotoxin efficiently suppresses gastric cancers in vitro and in vivo
	E8-PE38 immunotoxin but not E8 nanobody produces the tumor inhibitory effect
	E8PE38 immunotoxin inhibits gastric tumor from a PDX model

	Discussion
	Conclusions
	Acknowledgements
	References


