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Abstract TROP-2, a tumor-associated antigen, has been implicated in the progression of various

epithelial tumors. Due to its favorable expression profile, TROP-2 has emerged as a promising target

for antibodyedrug conjugates (ADCs) based anti-tumor therapies. Although ADCs have shown efficacy

in cancer treatment, their application in solid tumors is hindered by their high molecular weight, poor

tumor penetration, and release of cytotoxic molecules. Therefore, a recombinant immunotoxin was devel-

oped based on a shark-derived variable domain of immunoglobulin new antigen receptor (VNAR) anti-

body. VNARs are only one-tenth the size of IgG antibodies and possess remarkable tissue penetration

capabilities and high stability. In this study, a shark VNAR phage display library was created, leading

to the identification of shark VNAR-5G8 that targets TROP-2. VNAR-5G8 exhibited a high affinity

and cellular internalization ability towards cells expressing high levels of TROP-2. Epitope analysis

revealed that VNAR-5G8 recognizes a hidden epitope consisting of CRD and TY-1 on TROP-2.
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Subsequently, VNAR-5G8 was fused with a truncated form of Pseudomonas exotoxin (PE38) to create

the recombinant immunotoxin (5G8-PE38), which exhibited significant anti-tumor activity in vitro and

in vivo. Overall, this study highlights the promise of 5G8-PE38 as a valuable candidate for cancer therapy.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human trophoblast cell surface antigen 2 (TROP-2) is a trans-
membrane glycoprotein1 that exhibits higher expression levels in
various tumor cells2,3. It regulates multiple signaling pathways
and mediates tumor migration4. Over-expression of TROP-2 is
associated with a poor prognosis of various malignancies,
including breast cancer and non-small cell lung cancer
(NSCLC)5,6. Therefore, TROP-2 represents a promising target for
cancer treatment.

Antibodyedrug conjugate (ADC)7 drugs targeting TROP-2
have been used for cancer therapy8. Sacituzumab Govitecan
(SG) is the first ADC drug against TROP-2 approved for treating
advanced triple-negative breast cancer9. Several clinical trials are
ongoing to assess its efficacy in other cancer types and combi-
nation therapies10. In addition, similar approaches, such as
Datopotamab deruxtecan and SKB264, are currently under clin-
ical evaluation in patients with TROP-2 positive cancers11,12.
However, these ADCs are based on IgG antibodies that have high
molecular weights and poor tumor penetration. The release of
toxins could lead to off-target toxicity and drug resistance.

To address the limitations of traditional ADC drugs, recom-
binant immunotoxins (RITs) have been increasingly attracting
attention. RITs, similar to ADCs, are chimeric proteins consisting
of a tumor-specific antibody variable region and a recombinant
toxin protein13. Unlike traditional ADCs, the toxin portion of RITs
is a protein toxin, such as Pseudomonas exotoxin A (PE) and its
derivatives14. To reduce immunogenicity while maintaining the
toxicity of PE, a smaller toxicity fragment known as PE38 has
been created15,16 and utilized as a toxic ligand to develop various
immunotoxins, such as Lumoxiti and LMB-10017,18. RITs are
considered effective in reducing off-target effects and drug resis-
tance. However, the antibody portion of recombinant immuno-
toxins primarily comprises single-chain variable fragments
(ScFV) sourced from IgG antibodies, which exhibit lower stability
and limited affinity19. Moreover, ScFv domains possess a hydro-
phobic interface and demonstrate low water solubility, resulting in
a tendency for aggregation that compromises the efficacy of
immunotoxins. Hence, there is an urgent need for innovative
antigen-binding domains to drive the progress of immunotoxin
development.

Nanobodies (Nbs) are variable domains of heavy chain anti-
bodies sourced from camelids and sharks. Their compact size and
extended complementary determining region (CDR) enable them
to identify antigenic epitopes that traditional antibodies cannot
access20. Due to these characteristics, nanobodies demonstrate
significant promise for both diagnostic and therapeutic purposes21.
Although the distinctive features of shark nanobodies (VNARs)
are more pronounced, shark VNARs have not received as much
attention as camel-derived nanobodies (VHHs). Shark VNAR
possesses a unique V-region structure with a lower relative
molecular weight than VHH, only 12 kDa22, exhibiting significant
solid tumor tissue penetration ability23,24. Notably, the CDR3 loop
of VNAR is longer, enabling them to recognize hidden antigenic
epitopes25. The distinct internal environment of sharks, charac-
terized by high urea content in their blood, results in exceptional
chemical and thermal stability for VNARs26. Moreover, shark
VNARs could be efficiently expressed in a wide range of host cells
at low production cost27. Additionally, some small-sized sharks
used as model animals for VNAR development, such as Chilo-
scyllium plagiosum, are abundant in resources and cost-
effectiveness compared to alpacas. Thus, further exploration of
shark VNARs can substantially enhance the expansion of bio-
pharmaceutical resources and provide novel strategies for dis-
ease treatment.

In this study, several VNARs targeting the extracellular
structural domain (ECD) of TROP-2 were obtained by screening a
phage display library. VNAR-5G8 exhibited superior affinity and
specificity for TROP-2 ECD. Subsequently, VNAR-5G8 was
fused with the PE38 toxin to create the immunotoxin 5G8-PE38,
and the anti-tumor activity of 5G8-PE38 was evaluated in vitro
and in vivo. The results suggest that 5G8-PE38 is a potential
candidate for cancer patients with high expression of TROP2.

2. Materials and methods

2.1. Immunization and library generation

Two C. plagiosum sharks were immunized with TROP-2-ECD
(His27-Thr274) (Novoprotein, C07M). For the initial immuniza-
tion, 250 mg of TROP-2-ECD was emulsified by mixing with
complete Freund’s adjuvant (SigmaeAldrich, F5881) in equal
proportions. The dorsal and lateral fin areas of the sharks were
selected as the immunization sites. Subsequent immunizations
utilized incomplete Freund’s adjuvant (SigmaeAldrich, F5506)
mixed with TROP-2-ECD in equal proportions. The injection of
TROP-2-ECD decreases with each round. Final immunization is
performed by intravenous delivery of the antigenic protein.

Shark serum titers were measured every two weeks. Specif-
ically, human TROP-2 extracellular structural domain protein of
1 mg/mL was coated on ELISA plates at 100 mL per well for
overnight incubation at 4 �C. The wells of ELISA plates were
washed three times with a plate washer equipped with PBST
(0.1% Tween-20 in PBS, v/v). PBS containing 5% skimmed milk
powder (MPBS, w/v) was added as a blocking solution for 1 h.
Subsequently, the plate was washed, and gradient-diluted shark
serum was added to the ELISA plate at 100 mL per well respec-
tively to set up duplicate wells, and incubated for 1 h at 37 �C. The
rabbit anti-shark poly-clonal antibody (produced in our labora-
tory)28 was diluted in MPBS (1:500) and added to each well. The
plate was then incubated for 1 h at 37 �C. Then, the plate was
washed, followed by the addition of HRP-labelled goat anti-rabbit
IgG antibody (1:10,000 dilution, Millipore, AP156P), and incu-
bated for 1 h (conditions were the same as above). After washing
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the plate, TMB (Solarbio, PR 1200) was added to each well and
incubated for 15 min, then the reaction was terminated by the
addition of H2SO4 at a concentration of 2 mol/L. The absorbance
value was measured at 450 nm.

Five days after the last immunization, whole blood and spleen
were collected. Total RNAwas extracted using Trizol and reverse-
transcribed, followed by PCR to amplify the VNAR coding
sequences. The recombinant vector constructed by ligating the
VNAR gene to pComb3xss was then electro-transformed
into competent Escherichia coli TG1 to generate a library of
VNARs, which was subsequently rescued by co-infection with the
M13KO7 helper phage.

2.2. Enrichment of TROP-2-specific VNAR

Human TROP-2-ECD (His27eThr274) protein was used to
perform specific phage panning. In three rounds of panning, each
well was coated with different concentrations of antigen for
sequential reduction. TROP-2-ECD proteins were encapsulated in
a decreasing gradient with concentrations of 10, 4, and 2 mg/mL,
200 mL per well. PBS was used as the negative control. After
washing three times with PBST, the wells were blocked at 37 �C
with PBS containing 3% (w/v) milk powder (or 5% BSA, alter-
nating between different rounds of elution) for 1 h, and then
washed three times with PBST. Approximately 1012 phages were
added to the antigen-coated plates for incubation at 37 �C for 1 h.
They were washed 10 times with PBST after the first round of
elution. After two more rounds of elution, the plates were washed
20 times and the targeted TROP-2 phage was retained. The acti-
vated E. coli TG1 was added to the retained phage targeting
TROP2 in plates, and phage infection was conducted by incu-
bating at 37 �C for 30 min. The infected TG1 cells were harvested,
and fresh TG1 were replenished, repeating this process three
times. The coated plate was examined, and the number of clones
that grew was recorded as the successfully infected TG1. For each
bio-panning, enrichment was performed as described above and
assessed by the bacterial population infected with the purified
phage.

2.3. Production and purification of VNAR

The VNAR sequence was cloned into pET-28a(þ) and trans-
formed into E. coli BL21 (DE3) cells according to DNA
sequencing. The colonies formed were pooled into 500 mL of LB
medium containing 30 mg/mL kanamycin and incubated at 37 �C
until OD600 reached 0.5. Cultures were induced with 0.1 mmol/L
IPTG and incubated overnight at 16 �C to produce soluble pro-
teins. The bacterial pellet was centrifuged and resuspended in an
ice-cold lysis buffer. The resuspension was incubated on ice for
30 min, followed by sonication on ice. They were then centrifuged
at 13,400�g for 30 min at 4 �C. Soluble VNAR containing His-
tagged protein was purified from the cell lysate using Ni-NTA
resin. Finally, VNAR was eluted with different concentrations of
imidazole buffer and purified by exchanging the buffer to 1 � PBS
on the Superdex 200 Increase 10/300 GL of size exclusion column
(SEC) (Cytiva).

2.4. BLI-based affinity assay

Antibody affinity detection was performed using a forte BIO-
Octet RED96e instrument (Sartorius). Biotinylated TROP-2
(NovoProtein, CY65) captured on SA (High Accuracy
Streptavidin) biosensor. The hydrated SA sensor was equilibrated
in assay buffer for 30 s and then allowed to bind to biotinylated
TROP-2 for 45 s. After capturing the TROP2 protein, perform a
second equilibration step for 60 s. The biosensor was bound to
anti-TROP-2 VNAR (100 nmol/L) for 240e300 s and then
dissociated for 240e300 s. Binding affinity was determined by
analyzing binding curves generated in the Octet Data Analysis
v12.0.2.3 software program. Controls were averaged and sub-
tracted from the data before modeling, and dissociation constants
(KD) were calculated.

2.5. ELISA for VNAR affinity and epitope binning

TROP-2-ECD at 1 mg/mL was coated onto 96-well ELISA plates
overnight at 4 �C. The plates were blocked with MPBS at 37 �C
for 2 h. VNARs were evaluated for affinity and MPBS was used as
negative control. VNARs were serially diluted in a blocking buffer
from 100 nmol/L to 10 pmol/L. After washing the ELISA plate
with PBST, the bound VNARs were determined by an HA tag
poly-clonal antibody conjugated with HRP (1:10,000 dilution,
Abcam, ab1190) capable of reacting with TMB followed by
OD450 value determination.

5G8, 5E9, and 5C10 (100 ng/well) were coated on the ELISA
plates at 4 �C for 16 h. After washing the plates with PBST and
blocking with 5% MPBS, TROP-2-ECD (1 mg/well) was added
for 30 min at 37 �C. Following washing with PBST, 5E9 with the
HA tag (100 ng/well) was introduced for 1 h at 37 �C. After 3rd
washing with PBST (three times), the bound 5E9 was determined
by the HA tag antibody conjugated with HRP (1:10,000 dilution,
Abcam, ab1190) capable of reacting with TMB followed by
OD450 value measurement.

2.6. Cell lines and cell culture

Human umbilical vascular endothelial cells (HUVEC), and human
triple-negative breast cancer cell lines MDA-MB-231 and MDA-
MB-468 were stocked and identified by STR analysis. They were
grown as mono-layers in DMEM (Gibco, 11965092) medium
supplemented with 10% FBS (PAN Biotech, ST30-3302), peni-
cillin, and streptomycin (50 U/mL) at 37 �C in 5% CO2 and 80%
relative humidity. Cells were passaged less than 2 months after
each defrost and assessed for the presence of mycoplasma
contamination.

2.7. Binding of VNARs to tumor cells

HUVEC, MDA-MB-231, and MDA-MB-468 cells were collected,
washed with PBS, and incubated in FACS buffer (0.5% BSA in
PBS). Expression of TROP-2 on HUVEC, MDA-MB-468, and
MDA-MB-231 was verified using a rabbit anti-TROP-2 antibody
(Cell Signaling Technology, 47866). The cells were incubated
with FACS buffer containing 1 mg/mL of the TROP-2 antibody
and VNARs for 30 min at 25 �C. They were then washed twice
with FACS buffer and stained with CoraLite Plus 488-conjugated
6*His-Tag monoclonal antibody (Proteintech, CL488-66005) for
analysis by flow cytometry (FACS LSR II or FACS Verse, BD).

2.8. Internalization assay

MDA-MB-468 cells were prepared as described above for flow
cytometry. Antibodies were bound to cells at 4 �C for 30 min.
After twice washing with FACs buffer, the cells were placed at
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37 �C to allow internalization for 15 min and 2 h, respectively.
Internalization was estimated by the number of fluorescent cells.
They were washed twice with FACS buffer and stained with the
CoraLite Plus 488-conjugated 6*His-Tag monoclonal antibody
(Proteintech, CL488-66005). The difference in cell fluorescence
intensity was calculated as fluorescence values indicative of
internalization before and after 37 �C reaction versus that of 4 �C.

2.9. Immunofluorescence

MDA-MB-468 cells were cultured on tissue-treated cell sheets at
37 �C until fully appressed. Cells were fixed with 4% para-
formaldehyde for 10 min and blocked with 1% BSA for 1 h. Then,
1 mg of VNAR and the TROP2 antibody were added and incubated
at 4 �C overnight. After rinsing the cells with sterile PBS, the cells
were sequentially incubated with Alexa Fluor 488-conjugated
anti-His monoclonal antibody (dilution 1:500) and Alexa Fluor
488-conjugated anti-rabbit IgG (1:500, Abcam, ab150077). The
nuclei were stained with DAPI. FITC fluorescence images were
acquired using a confocal laser-scanning microscope (Leica,
Germany), and the surface-stained images were merged to form a
cytosolic staining map to localize the binding of VNAR to the
surface of tumor cells.

2.10. Molecular weight determination

VNAR-5G8 was desalted and analyzed by LCeMS/MS29. LC
separations were performed using an ACQUITY UPLC Protein
BEH C4 Column, 300 Å, 1.7 mm, 2.1 mm � 50 mm, 1/pk (Waters)
with a column temperature of 80 �C and an injection volume of
5 mL (5 mg). The mobile phase A was 0.1% TFA in water and the
mobile phase B was 0.1% TFA in acetonitrile. The gradient was
from 10% to 95% in 8 min; the flow rate was 0.3 mL/min; and the
UV detection wavelength was 280 nm. MS experiments were
carried out using a Xevo G2-XS Qtof instrument (Waters). The
mass spectrometer was set up in positive ion scan mode with a
primary resolution of 180,00 and a scan range of m/z 500 to 3500.

2.11. Disulfide bond analysis

VNAR-5G8 was desalted and NEM (N-ethylmethacrylamide) was
used to seal free sulfhydryl groups. Trypsin was used for enzy-
matic digestion. The samples were incubated overnight at 37 �C.
One sample was acidified to a final concentration of 1% FA for
direct disulphide bond analysis. The other was reduced with DTT
at 57 �C for 30 min, then alkylated with iodoacetamide for 30 min
at room temperature, protected from light, and then acidified to a
final concentration of 1% FA as a control sample. LCeMS/MS
analysis conditions are the same as those for molecular weight
determination.

2.12. Hydrogen-deuterium exchange mass spectrometry

HDX-MS30 experiments were performed using a high-resolution
Xevo-G2XS QTof equipped with a nano-UPLC, a LEAP II
autosampler, and HDX manager from Waters. Briefly, recombi-
nant TROP-2 (1.2 mg/mL in PBS) and TROP-2 linked to VNAR
(1:1 molar ratio) were used in this analysis. 5 mL of each sample
was diluted (v/v) into 50 mL labeling buffer (100 mmol/L phos-
phate, 99.9% D2O, 0.5 mol/L TCEP, pH 7.0) at 20 �C to allow
hydrogen-deuterium exchange. After 10e1000 s incubation, the
exchange reaction was quenched and the peptic fragments were
analyzed by QTof. Triplicated injections were performed for each
exchange time. Mass assignment for each peptide without deute-
rium exchange was checked manually. Any assignment with a
mass deviation >0.2 Da was removed. The relative fractional
deuterium uptake for each residue amide proton at a given time
was averaged and calculated following HD site equations, and the
HDX difference between datasets was calculated by comparing
the relative fractional uptake for each residue.
2.13. Molecular modeling and molecular dynamics (MD)
simulation

The amino acid sequence of TROP-2-ECD was obtained from the
NCBI database. The 3D structural model of TROP-2-ECD with
VNAR-5G8 was constructed by AlphaFold231. The docking pro-
gram pyDockWEB32 was employed to molecular dock the antigen
TROP-2-ECD with VNAR-5G8, where the docking site was
selected regarding deuterium relative absorbance data from HDX-
MS. MD simulations were performed by a CUDA-accelerated
version of the AMBER18 pmemd engine (pmemd. cuda)33. The
ff19SB protein force field34 and the OPC water mode35 were used
to describe the system. The simulated TROP-2-ECD-5G8 com-
plex structure was based on the molecular docking results
described above, where the corresponding complex structure with
the lowest binding energy prediction was selected. During the
simulations, the covalent bonding of hydrogen atoms was
restricted using the SHAKE algorithm with an integration36 time
step of 2 fs. Long-range electrostatic forces were handled using
the Particle Mesh Ewald (PME)37 method of treatment with the
mesh spacing set to 1 Å. Short-range non-bonding interactions
were truncated at 12 Å. The temperature and pressure of the
system were controlled at 310.15 K and 1.013 bar, respectively,
using a Langevin thermostat and Berendsen constant pressure.
Trajectory snapshots were saved at 100 ps intervals.
2.14. Construction of immunotoxins

The expressed sequence of VNAR immunotoxin was designed
based on the cDNA sequences of 5G8 and the truncated P. exotoxin
A (Gene ID: 877850), in which the type I region of the PE was
truncated16 and the REDLK sequence of the protein tail was
changed to KDEL, which was ligated with an HA tag. In addition,
another VNAR immunotoxin was designed as the negative control,
the sequence is based on the VNAR (R1C2) constructed from the
neocoronavirus spiny protein38 and the P. exotoxin designed in the
same way as the 5G8 fusion toxin. These two expression sequences
were optimized based on E. coli codon preferences, and then the
sequences of the enzymatic cleavage sites Nco I and Not I were
added to the end of the sequence. The DNA fragment containing the
target gene and the cleavage site was sequenced for confirmation.
2.15. Cytotoxicity assay

HUVEC and MDA-MB-468 cells were seeded into 96-well plates.
5G8, 5G8-PE38, and R1C2-PE38 (100 pmol/Le100 nmol/L) at
different concentrations were incubated for 72 h at 37 �C in a 5%
CO2 atmosphere. Afterwards, 5 mg/mL of MTT solution was
added to each well and incubated at 37 �C for 6 h. The formazan
was solubilized by DMSO, and its absorbance at 570 nm was
measured.
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2.16. Cell apoptosis assay

An annexin V-FITC apoptosis detection kit (Absin, abs50001) was
used to analyze apoptosis using flow cytometry according to the
manufacturer’s instructions. Briefly, HUCEC and MDA-MD-
468 cells were seeded (5 � 105 cells/mL) in a 6-well plate and
incubated with either 5G8-PE38, R1C2-PE38, or vehicle for 48 h.
Cells were collected, washed with PBS, and resuspended in
1 � binding buffer (300 mL) before adding annexin V-FITC (5 mL)
and PI (5 mL). After incubation for 5 min in the dark, the log
fluorescence values of annexin V-FITC and PI were shown on the
X and Y axes, respectively.

2.17. Tumor inoculation and treatment schedule

Female BALB/c nude mice (4-week-old) were subcutaneously
injected with 5 � 106 MDA-MB-468 cells. When the tumor
volume reached 100 mm3, PBS, R1C2-PE38 (5 mg/kg), 5G8-
PE38 (1 mg/kg), and 5G8-PE38 (5 mg/kg) were injected into
mice through the tail vein. The animals received care in compli-
ance with the guidelines for the Care and Use of Laboratory
Animals. This study was approved by the ethical committee of
Ocean University of China. All animal treatments and experiments
were performed according to the Institutional Animal Care and
Use guidelines39. Tumor volume changes were calculated by
measuring the long and short diameters of mouse tumors every
three days using an accurate vernier caliper. Tumor volume
calculation formula Eq. (1):

TV Z (Length � Width2)/2 (1)

TV is the tumor volume, length is the length of the tumor, and
width is the width of the tumor. The harvested organs (liver, spleen,
and kidney) were routinely paraffinized for safety histological
examinations (H&E staining)40. Tumor tissues were subjected to
immunohistochemistry and immunofluorescence experiments41.

2.18. Statistical analysis

All experiments were replicated at least three times, and repre-
sentative data or pooled data from repeat experiments were
recorded. Statistical analysis was performed using GraphPad
Prism 5.0. Two-way ANOVA with Tukey’s multiple comparisons
was performed to assess the differences in tumor burden (tumor
volume and tumor weight). *P < 0.05, **P < 0.01, and
***P < 0.001 were considered statistically significant.

3. Results

3.1. Identification of VNARs against TROP-2

Two C. plagiosum sharks were subjected to six rounds of immu-
nization with recombinant human-derived ECD of TROP-2
(His27eThr274). The serum titer of shark specific to TROP-2-
ECD was 1:800 (Fig. 1A). Subsequently, VNAR encoding gene
fragments were amplified by PCR leading to a final library size of
1.28 � 108 independent clones. The PCR analysis of 24 randomly
clones was performed and the insertion rate was determined to be
100% (Fig. 1B). Meanwhile, a high diversity of phage libraries
was demonstrated by the large amino acid differences in the
sequencing results of 24 clones (Supporting Information Fig. S1).
After three rounds of bio-pannning using TROP-2-ECD, poly-
clonal ELISA results showed a great enrichment of TROP-2-
specific VNAR phage (Fig. 1C). Among the 288 monoclonal
clones, sequences with OD450 values exceeding 0.8 were initially
selected based on monoclonal ELISA results (Fig. 1D). Subse-
quently, antibody sequences with diverse amino acid compositions
in the CDR3 region were identified through sequence comparison.
Finally, six sequences (5G8, 5E9, 5C10, 4B6, 4G3, and 5D2) were
selected for further analysis. The above six VNARs fused with a
His tag at the C-terminus were expressed in the E. coli BL21
(DE3) strain using the pET28a vector. Ni þ His Trap and gel
filtration columns were used to purify them (Fig. 1E). BLI assays
displayed that the KD values of VNARs 5G8, 5E9, and 5C10 were
8.73, 2.30, and 1.51 nmol/L, respectively (Fig. 1F and Supporting
Information Table S1). Consistently, ELISA assays showed that
they had good affinities to TROP-2 with EC50 values of 5.15, 1.68,
and 2.808 nmol/L, respectively (Fig. 1G). Sequence analysis
exhibited that they belong to type II shark VNARs and have
different CDR3 domains (Fig. 1H).

3.2. Cellular binding and internalization of VNAR-5G8

To evaluate the cell-binding capability of the VNARs, flow
cytometry was performed. Firstly, expression of TROP-2 on the
human umbilical vein endothelial cells (HUVEC), triple-negative
breast cancer cell line, MDA-MB-468, and MDA-MB-231 were
verified by a rabbit anti-TROP-2 monoclonal antibody. The results
showed that the expression of TROP-2 was negative in HUVEC
and MDA-MB-231 cells, whereas was positive in MDA-MB-
468 cells. This demonstrated shark VNAR 5G8, 5E9, and 5C10
were bound to MDA-MB-468 cells but not to HUVEC and MDA-
MB-231 cells (Fig. 2A), indicating that these VNARs possess
comparable selectivity for the cell line. Immunofluorescence data
further verified the above observation (Fig. 2B and Supporting
Information Fig. S2). Then, the internalization of VNAR in
MDA-MB-468 cells was examined using flow cytometry, and the
internalization efficiencies for 5G8, 5E9, and 5C10 were 88%,
80% and 52%, respectively (Fig. 2CeF). Collectively, 5G8 was
chosen for anti-tumor studies and its amino acid sequence is
shown in Supporting Information Fig. S3.

3.3. Quality analysis of VNAR-5G8

To further evaluate the quality of 5G8, physicochemical charac-
terization experiments were carried out. Specifically, its molecular
weight was determined to be 16,326.1704 Da (Fig. 3A and
Supporting Information Fig. S4). The locations of the disulfide
bond were identified by trypsinzing the VNAR followed by a
subsequent reduction reaction. After enzymatic digestion, two sets
of disulfide bond-linked polypeptide fragments with retention
times of 23.33 and 40.93 min were observed (Fig. 3B). Secondary
mass spectrometric analysis revealed the formation of two pairs
of disulfide bonds with molecular weight of 2540.1717 Da
(EAGESLTINCVLR/VEDSGTYHCK) and 3226.4530 Da
(DSSCPLASTYWYFTK/AVNSWTNCAPLER), respectively
(Fig. 3C and D). These results demonstrate the capability of our E.
coli expression system to accurately produce the VNAR protein.

3.4. Epitope analysis and molecular docking

HDX-MS was utilized to analyze the binding epitope of 5G8 on
TROP-2. The data collected from both TROP-2 and TROP-
2þ5G8 are high-quality as depicted by the peptide coverage map
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for TROP-2. A total of 146 peptides were obtained with 98.4%
coverage and 7.44 overlap (Supporting Information Fig. S5). The
heat map illustrated the differences in the relative uptake fraction
of deuterium between TROP-2 and TROP-2þ5G8, which became
more pronounced with a longer labeling time (Fig. 4A). Notably,
Figure 1 Shark immunization and screening of VNARs against TROP

analysis of randomly picked clones from the original library. (C) Poly-clona

VNARs were identified from 288 clones bound specifically to TROP-2 afte

analysis of 5G8, 5E9, 5C10, 4B6, 4G3 and 5D2. (F) Affinity analysis of six

of VNARs 5G8, 5E9, and 5C10 for binding to TROP-2. (H) Sequence struc

and (G) are reported as the mean � SD, n Z 3 per group.
two representative peptides, TSKCLL and CVNSVGV
(Supporting Information Fig. S6), exhibited the most significant
disparities in relative uptake fractions of deuterium between
TROP-2 and TROP-2þ5G8. These outcomes revealed that the
binding site of VNAR-5G8 relative to TROP-2 resided in a
-2. (A) Determination of serum titers after immunization. (B) PCR

l ELISA identification of phages specifically recognizing TROP-2. (D)

r three rounds of bio-panning by monoclonal ELISA. (E) SDS-PAGE

positive sequences screened for TROP-2 by BLI. (G) ELISA analysis

tures of three high-affinity VNARs targeting TROP-2. Data in (A), (C),



Figure 2 The results of flow cytometry and immunofluorescence from VNARs bonded to various cells. (A) Flow cytometry results of HUVEC,

MDA-MB-231, and MDA-MB-468 cells bonded to a rabbit antibody against TROP-2 and VNARs (5G8, 5E9, and 5C10). (B) Confocal

immunofluorescence images of MDA-MB-468 cells stained by the rabbit antibody against TROP-2 and VNARs 5G8 (scale bar Z 25 mm). (CeE)

Flow cytometric detection of internalized VNARs (5G8, 5E9, and 5C10) in MDA-MB-468 cells. (F) Internalized percentages of the three VNARs

were calculated (mean � SD, n Z 3 in all data).
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concealed epitope constituted by peptides CRD (T70eL75) and
TY (C127) (Fig. 4B). In contrast, Sacituzumab targets a stretch
peptide (Q237eQ252) of the CPD structural domain42, high-
lighting the notable differences in binding epitope and structure
between Sacituzumab and VNAR-5G8.

Analysis of antigen-binding epitopes plays a crucial role in the
development of antibody-based therapeutics. TROP-2-ECD con-
tains an N-terminal cysteine-rich domain (CRD), a thyroglobulin
type-1 domain (TY), and a C-terminal cysteine-deficient domain
(CPD) (Fig. 4C)42. Previous studies showed that TROP-2-ECD is
exhibited as an oligomer on the cell surface and can be assembled
through cis- or trans-multimers to perform its biological func-
tions43. To gain a deeper understanding of the molecular binding
mode between VNAR-5G8 and TROP-2-ECD, HDX-MS data is
used to perform molecular dynamics (MD) simulations. Interest-
ingly, 5G8 binds to both assembly pathways of TROP-2-ECD
which may prevent the latter from aggregating intracellularly or
intercellularly, thereby retaining the normal function of TROP-2
(Fig. 4D). This phenomenon was not found in Sacituzumab.
Meanwhile, MD simulations showed that the CDR3 of 5G8 was



Figure 3 Molecular weight and disulfide bond formation of VNAR-5G8 were revealed by LCeMS/MS. (A) Molecular weight mass profile of

VNAR-5G8. (B) Extracted ion chromatogram (XIC) of two pairs of disulfide bonds formed in VNAR-5G8. (C) Mass spectra of the VNAR-5G8

fragments with disulfide bond formation between FR1 and FR3. (D) Mass spectra of the VNAR-5G8 fragments with disulfide bond formation

between CDR1 and CDR3.
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embedded in the hidden space epitope formed by CRD and TY,
and some residues of HV2 were also involved in its binding to
TROP-2-ECD. The binding stability of VNAR-5G8 to TROP-2-
ECD is maintained by multiple pairs of residue interactions
(Fig. 4E). R52 and R56 of TROP-2-ECD form salt bridges with
E59 in the HV2 region and E98 in the CDR3 region of VNAR,
respectively. The residue pairs at the interface between TROP-2-
ECD and the CDR3 region (D65|S90, S71|T92, P110|W91,
K212|N93, and G215|N93) mainly form hydrogen bonds. In
addition, the residue pairs T70|T92, L74|W91, P110|L97, P110|
P96, and E111|P96 mainly form hydrophobic interactions to sta-
bilize the system (Supporting Information Table S2). The binding
modes of other VNARs to TROP-2-ECD were also investigated,
demonstrating that 5G8 has a different binding epitope compared
to 5E9 and 5C10 (Fig. 4F and G). These findings provide valuable
information on the intricate interactions between VNAR-5G8 and
TROP-2-ECD, shedding light on its potential mechanisms of
action.



Figure 4 HDX-MS and molecular dynamics simulation of TROP-2 in the presence of VNAR-5G8. (A) The heat map shows the difference in

relative fractional uptake of deuterium between TROP-2 and TROP-2þ5G8 by HDX-MS. (B) 3D projection of the regions with the most sig-

nificant difference in relative fractional uptake of deuterium. The residues colored in red carried the largest difference (w10%), the residues

colored in brown carried the mild difference (w5%), and the residues in green carried no difference (<1%). (C) Schematic diagram of TROP-2-

ECD. TROP-2-ECD contains an ectodomain (27e274), consisting of a cysteine-rich domain (CRD), thyroglobulin type-1 domain (TY-1) and

cysteine-poor domain (CPD), trans-membrane (TM), and cytoplasmic regions. The cartoon represents an ectodomain of TROP-2, including CRD

(red), TY-1 domain (gray), and CPD (yellow), with all disulfide bonds shown as sticks. (D) Binding position of 5G8 on the trans-tetrameric and

cis-dimer of TROP-2-ECD. The assembly direction of TROP-2-ECD is represented by a double-arrowed line. (E) Detailed view of TROP-2-ECD

binding model with VNAR-5G8. VNAR-5G8 and TROP-2-ECD are represented as cyan, and grey cartoons. Key residues are indicated as cyan

and grey rods. Hydrogen bonds are shown as yellow dashed lines. Among them, HV4 of VNAR is purple, HV2 is orange, CDR3 is green, and

CDR1 is blue. (F) Schematic representation of the structural overlay of the TROP-2-ECD$$$5G8, TROP-2-ECD$$$5E9, and TROP-2-

ECD$$$5C10 composite systems. TROP-2-ECD, 5G8, 5E9, and 5C10 are denoted as grey surfaces, cyan, red and orange cartoons, respec-

tively. (G) Double antibody sandwich ELISAwas used to detect the epitope competition of VNAR binding to TROP-2 for the three shark VNARs.

The horizontal and vertical axes represent the concentration and OD450 value of VNAR, respectively (mean � SD, n Z 3).
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Figure 5 In vitro and in vivo activities of VNAR-5G8 fused with PE38. (A) Schematic view of 5G8-PE38 construction. (B) Cytotoxicity of

5G8-PE38 in HUVEC cells. (C) Cytotoxicity of 5G8-PE38 in MDA-MB-468 cells. (D) Apoptosis of HUVEC and MDA-MB-468 cells treated

with PBS, R1C2-PE38, and 5G8-PE38 for 24 h determined by flow cytometry. (E) Statistical plot of 5G8-PE38 induced apoptosis in HUVEC and

MDA-MB-468 cells. (F) Tumor tissues were stripped from mice at the end of treatment. (G) Treatment timeline in mice receiving 5G8-PE38 and

relative tumor volumes (n Z 6 mice per group). (H) Tumor weight following treatment. (I) Representative immunofluorescence images of MDA-

MB-468 tumor sections stained for DAPI (40,6-diamidino-2-phenylindole) (DAPI, blue), Bcl-2 (green) and Ki-67 (red) proliferation marker (Scale

bar Z 100 mm). (J) Body weight following treatment (n Z 6 mice per group). (K) Liver, spleen, and kidney weights following treatment. (n Z 6

mice per group). Data are reported as the mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001).
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3.5. Anti-tumor activity of 5G8 based immunotoxins

To explore the potential application of VNAR-5G8 in cancer
treatment, we constructed an immunotoxin by fusing 5G8 with
PE38 using a G4S linker (Fig. 5A). 5G8-PE38 was successfully
expressed and purified showing a molecular weight of approxi-
mately 60 kDa (Supporting Information Fig. S7A). As a negative
control, immunotoxin-based on an unrelated VNAR (R1C2) was
also constructed (Fig. 5A). ELISA analysis showed that 5G8-PE38
had a high affinity for TROP-2 that was not affected by PE38
(Fig. S7B). For MTT assay, 5G8 was non-toxic to both HUVEC
and MDA-MB-468 cells. Meanwhile, 5G8-PE38 did not exhibit
significant cytotoxicity towards HUVEC cells which expressed
low levels of TROP-2 (Fig. 5B). As expected, 5G8-PE38 dis-
played significant cytotoxicity against MDA-MB-468 cells with
high expression of TROP-2 (IC50 Z 6.69 nmol/L; Fig. 5C).
Finally, the impact of 5G8-PE38 on MDA-MB-468 cell apoptosis
was determined. As shown in Fig. 5D and E, early and late
apoptosis rates of MDA-MB-468 cells treated with 5G8-PE38 for
48 h were significantly higher than that of the control, whereas
R1C2-PE38 showed no effect in the cases.

In vivo experiments were also performed to evaluate the ther-
apeutic efficacy of 5G8-PE38 in the MDA-MB-468 tumor xeno-
graft mouse model. The mice were treated with different doses of
5G8-PE38 (1 and 5 mg/kg). Tumor tissues (Fig. 5F), volumes
(Fig. 5G), and weights (Fig. 5H) were recorded. The results
demonstrated the anti-tumor efficacy of 5G8-PE38. In addition,
immunofluorescence staining of tumor tissues showed a signifi-
cant decrease in Ki67 and Bcl-2 in 5G8-PE38 treated animals
(Fig. 5I). In terms of safety, no obvious difference was found in
the mass and H&E morphology of the liver, spleen, and kidney
(Fig. 5J and K, Supporting Information Fig. S8).

4. Discussion

In recent years, substantial progress has been made in the devel-
opment of ADCs44. In addition to HER2, TROP-2 has become
another promising target, such as Sacituzumab Govitecan, the
world’s first ADC targeting TROP-2 for treating metastatic triple-
negative breast cancer and locally advanced or metastatic uro-
thelial carcinoma (UC)11. However, ADCs are still limited by their
high molecular weights and inability to penetrate solid tumor45.
Approximately 0.1% of the administered ADC dose reaches tumor
cells, while the majority is metabolized by normal cells, resulting
in unwanted off-target toxicity46. These issues are affected by
various factors, including cell death triggered by target-dependent
and independent mechanisms from ADCs bonded to the cell
surface, premature release of cytotoxic payload to the circulation,
and non-specific endocytosis resulting from the instability of
linker-carriers45.

On the other hand, most toxic ligands in ADCs are small
molecule compounds. To overcome the shortcomings of small
molecule compounds, a novel therapeutic strategy has emerged for
immunotoxins by fusing protein toxins with antibody variable
regions, such as those used for cancer treatment by targeting
CD22 and HER217,47,48. Lumoxiti is a cytotoxic agent against
CD22 to treat hairy cell leukemia19, while trastuzumab-derived
single-chain antibodies (ScFv) were utilized to design immuno-
toxins against HER2-positive cancer. HER2-specific ScFv was
also fused with DFF40 toxin as a novel immunotoxin47. However,
there are existing immunotoxins that are also based on intact IgG-
type antibodies and their ScFv, whose tendency to self-aggregate
and the possibility of unintended fusion of the VH/VL structural
domains reduces the affinity and affects the functionality of the
immunotoxin. The VNAR has a molecular weight much lower
than IgG and better penetration to solid tumors. It naturally lacks
Fc-mediated off-target effects caused by binding to FcgRs.
VNARs are more specific than IgG and can reduce cytotoxicity
caused by non-specific endocytosis42.

Shark VNAR-5G8, which targets TROP2, exhibits suitable
affinity and high internalization efficiency. Through the searches
of literature and databases (including NCBI, PDB, IMGT, INDI,
and SYNBIP)49-52, 5G8 is the first reported shark VNAR known to
target TROP2, as well as the first shark VNAR employed in
immunotoxin construction. At the same time, the binding epitope
of VNAR-5G8 to TROP2-ECD was revealed for the first time,
adding a novel dimension to our understanding. The binding site
of the marketed drug Sacituzumab Govitecan is localized to the
stretch peptide in the TROP-2 CPD (Q237eQ252)42. However,
shark VNAR-5G8 developed a significantly difference from
Sacituzumab Govitecan in terms of antigenic epitopes. The T70
amino acid residue in TROP2 is the primary binding site, followed
by S71 and L74 binding sites, respectively. In the CDR3 region of
VNAR-5G8, T92, and W91 form residue pairs with T70, S71, and
L74 in TROP2, respectively, as the main binding mode. Structural
analysis revealed that this region does not hinder the tumor-
specific protein cleavage of TROP-2 and does not have a cyto-
toxic effect on tumor cells53. VNAR-5G8 alone did not effectively
suppress tumor cell proliferation. Recent studies have shown that
TROP-2 molecules cluster on the cell membrane of tumor cells42,
and the binding region of VNAR-5G8 to TROP-2 at the site of
TROP-2 cluster formation may affect TROP-2 aggregation,
thereby limiting tumor cell metastasis. The above results prove
that nanoscale structural characteristics of shark VNARs enable
deeper epitope binding, which may have more functional appli-
cations in tumor therapy than conventional IgG-based monoclonal
antibodies.

In this study, we constructed an immunotoxin by combining
VNAR-5G8 with PE38. 5G8-PE38 not only retains the specificity
of VNAR but also utilizes the functional properties of PE38. This
immunotoxin demonstrated both in vitro and in vivo anti-tumor
activities. The genetic engineering approach used to prepare the
fusion toxin offers advantages in terms of convenience and batch
stability compared to the traditional chemical coupling method. In
future experiments, it will be interesting to explore the fusion of
other toxins with VNAR and provide new strategies for cancer
treatment.

5. Conclusions

In this study, we designed, constructed and characterized a novel
shark nanobody-based immunotoxin targeting TROP2. Briefly, we
constructed a shark VNAR phage display library and identified
shark VNAR-5G8 targeting TROP-2. VNAR-5G8 exhibits
strong affinity and internalization towards cells expressing
high levels of TROP-2, and it can recognize spatially hidden
epitopes of the TROP2 protein. These properties are advantageous
for the development of nanobody-based anti-tumor
drugs. Subsequently, VNAR-5G8 was fused with a truncated form
of P. exotoxin A (PE38) to create a recombinant immunotoxin
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(5G8-PE38). 5G8-PE38 displayed promising anti-tumor activity
in vitro and in vivo. Overall, this study highlights the potential of
5G8-PE38 as a valuable candidate for cancer treatment.
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