Lin et al. Journal of Translational Medicine (2024) 22:349 J ourna | Of
https://doi.org/10.1186/512967-024-05159-x X .
Translational Medicine

. . ®
Development of nanobodies targeting B

hepatocellular carcinoma and application
of nanobody-based CAR-T technology

Keming Lin', Baijin Xia', Xuemei Wang', Xin He', Mo Zhou', Yingtong Lin', Yidan Qiao', Rong Li', Qier Chen',
Yuzhuang Li', Jinzhu Feng', Tao Chen', Cancan Chen?, Xinyu Li®, Hui Zhang', Lijuan Lu*’, Bingfeng Liu" ® and
Xu Zhang"

Abstract

Background Chimeric antigen receptor T (CAR-T) cell therapy, as an emerging anti-tumor treatment, has garnered
extensive attention in the study of targeted therapy of multiple tumor-associated antigens in hepatocellular carci-
noma (HCC). However, the suppressive microenvironment and individual heterogeneity results in downregulation
of these antigens in certain patients’cancer cells. Therefore, optimizing CAR-T cell therapy for HCC is imperative.

Methods In this study, we administered FGFR4-ferritin (FGFR4-HPF) nanoparticles to the alpaca and constructed

a phage library of nanobodies (Nbs) derived from alpaca, following which we screened for Nbs targeting FGFR4. Then,
we conducted the functional validation of Nbs. Furthermore, we developed Nb-derived CAR-T cells and evaluated
their anti-tumor ability against HCC through in vitro and in vivo validation.

Results Our findings demonstrated that we successfully obtained high specificity and high affinity Nbs targeting
FGFR4 after screening. And the specificity of Nbs targeting FGFR4 was markedly superior to their binding to other
members of the FGFR family proteins. Furthermore, the Nb-derived CAR-T cells, targeting FGFR4, exhibited signifi-
cantly enhanced anti-tumor efficacy in both experiments when in vitro and in vivo.

Conclusions In summary, the results of this study suggest that the CAR-T cells derived from high specificity and high
affinity Nbs, targeting FGFR4, exhibited significantly enhanced anti-tumor efficacy in vitro and in vivo. This is an explo-
ration of FGFR4 in the field of Nb-derived CAR-T cell therapy for HCC, holding promise for enhancing safety and effec-
tiveness in the clinical treatment of HCC in the future.
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Introduction

Liver cancer, also known as liver malignancy, can be
divided into two categories: primary and secondary. In
the year 2020, primary liver cancer held the unfortunate
position of being the sixth most common cancer with the
third-highest mortality rate on a global scale [1]. Primary
liver cancer mainly includes HCC, intrahepatic cholan-
giocarcinoma, and other special types. Remarkably, HCC
constitutes more than 80% of all primary liver cancer
cases worldwide [2].

Currently, the prognosis of HCC is discouraging, with
a 5-year survival rate of less than 20% across different
countries around the world [3, 4]. The treatments for
HCC mainly include surgical treatment, transcatheter
arterial chemoembolization (TACE) [5], radiotherapy,
chemotherapy, molecular targeted drugs. However, these
treatments generally have limitations. For instance, in
the case of advanced patients, the primary treatments
include TACE and oral administration of molecular tar-
geted drugs. Nevertheless, these approaches prove effec-
tive in less than one-third of patients and provide only
moderate increase in overall survival rate [6]. Therefore,
the quest for optimizing treatment for HCC remains a
worthwhile endeavor.

In 1989, Eshhar et al. first proposed the concept of
CAR-T cells [7]. CAR-T cells recognize antigens through
an antigen presentation mechanism independent of
major histocompatibility complex. CAR-T cells could
target tumor cells that express specific antigens, eliciting
a series of T cell related responses, including cell prolif-
eration, cytokine secretion, and cytotoxicity. Currently,
a large number of studies dedicated to the treatment of
HCC using CAR-T cells, achieving promising therapeu-
tic outcomes in preclinical studies and clinical trials,
primarily targeting antigens like GPC3, MUC-1, CEA
[8]. However, the suppressive microenvironment within
the tumor and individual heterogeneity pose challenges,
leading to variations in the expression of the currently
studied target antigens among different patients [9-11].
Consequently, it is crucial to explore additional potential
therapeutic targets to refine anti-tumor treatment.

The FGF-FGFR pathway comprises of 22 human
Fibroblast growth factors (FGFs) and four highly con-
served transmembrane receptors (Fibroblast growth
factor receptor 1-4, FGFR1-4) that possess an intra-
cellular tyrosine kinase domain [12-14]. In addition,
FGFR5(FGFRL1) has the ability to bind FGFs but lacks
the tyrosine kinase domain. FGFR4 selectively binds to
FGF19 and plays a role in regulating bile balance [15].
However, in the context of disease, FGFR4 is closely asso-
ciated with the development of tumors. FGFR4 has been
observed to be overexpressed in HCC cells [16, 17]. It
binds to FGF19, promoting the proliferation of HCC cells
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while inhibiting their apoptosis Furthermore, FGFR4—
FGF19 signaling axis also plays a role in the epithelial-
mesenchymal transition of HCC [18]. Therefore, FGFR4
is a promising target for HCC treatment and is expected
to become a target for CAR-T cell therapy for HCC.

In 1993, Hamers-Casterman et al. identified a natural
antibody that exclusively consisted of heavy chains in
camels [19]. The single variable domain with antigen-
binding ability, found within these heavy chain antibod-
ies, is referred to as a Nb. Nbs offer several advantages,
including low molecular weight, high affinity, minimal
aggregation, excellent stability, low immunogenicity.
Consequently, they hold distinct advantages over tra-
ditional antibodies in the field of medical applications.
Nbs have found widespread use in the diagnosis, trac-
ing, and treatment of various disease, including tumor
therapy [20-22]. Nb-derived CAR-T cells utilize the
advantages of Nb and exhibit anti-tumor efficacy [23].
For instance, “Cilta-cel” was approved to treat multi-
ple myeloma, marking it as the world’s first Nb-derived
CAR-T cell therapy to be approved [24, 25]. In addition
to the approved Nb-derived CAR-T cell therapy, several
investigations are currently underway, targeting vari-
ous antigens with Nb-derived CAR-T cell. For instance,
the Nb-derived CAR-T cells targeting CD33 [26] have
demonstrated robust T cell activation, cytokine produc-
tion, and cytotoxicity. The bispecific Nb-derived CAR-T
cells targeting CD13 and TIM3 have shown effective in
eliminating tumor cells [27]. Additionally, the Nb-derived
CAR-T cells targeting PD-L1 [28] have proven effective
in eliminating liver cancer cells. Therefore, in this study,
our aim was to develop of a specific Nb-derived CAR-T
cell targeting FGFR4 to enhance therapeutic efficacy in
treating HCC.

Material and methods

Cell lines

HEK293T, Huh7 and BXPC3 cell lines were obtained
from American Type Culture Collection (ATCC) and
cultured in Dulbecco’s modified Eagle medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco).
HEK293F cell line was obtained from ATCC and cultured
in Union-293 medium (Union Biotech). All media con-
tained 1% penicillin—streptomycin (Gibco). All cells were
cultured in humidified atmosphere containing 5% CO,
at 37 °C. Cell lines were confirmed that they were not
contaminated by mycoplasma through testing for myco-
plasma DNA.

Western blot

Expression of FGFR4-His, anti-FGFR4 Nb-Fc and CAR
moiety were detected by western blot assay after trans-
fection of encoding vector to HEK293T cells. After
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2 days, the supernatant was collected and the transfected
cells were lysed using NP40 buffer containing protease
inhibitors (Sigma). The supernatant or lysate was boiled
after adding to SDS loading buffer. The proteins were
separated using 4—12% SurePAGE (Genscript) and trans-
ferred to the nitrocellulose transfer membrane for immu-
noblotting. Expression of FGFR4-His was detected by
anti-His tag antibody (Proteintech, 66005-1-1g). Expres-
sion of CAR moiety was detected by anti-Flag tag anti-
body (MBL, M185-3). Other antibodies we used included
anti-GAPDH antibody (Cat No. 10494-1-AP, Protein-
tech), goat anti-rabbit IRDye 800CW (Cat No. 926-
32211, Li-cor), and goat anti-mouse IRDye 680RD (Cat
No. 926-68070, Li-cor). Images were acquired by using
the two-color infrared laser imaging system Odyssey (Li-
cor) and analyzed through using Image Studio Lite Ver
4.0 software (Li-cor).

Protein expression and purification

The sequence of recombination FGFR4 was inserted into
pcDNA3.1 vector which was transfected into HEK293F
cells for expression. The medium supernatant was incu-
bated with Ni-NTA agarose (Cytiva). Proteins were
eluted using Tris-NaCl buffer containing imidazole. The
sequences of Nb-Fc were inserted into the pcDNA3.1
vectors which were transfected into HEK293T cells for
expression. The medium supernatant was purified using
protein A (Cytiva).The concentration of proteins was
measured using BCA protein assay kit (Thermo).

Immunization of alpaca and construction

of electroporation bacteria library

A healthy alpaca received immunizations at 2-week
intervals, with 500 pg of FGFR4-HPF nanoparticles dis-
solved in PBS and mixed with freunds adjuvant (F5881-
10ML, F5506-10ML, Sigma) administered near the
cervical lymph node each time, for a total of four immu-
nizations. The peripheral blood was collected both before
and after immunization for peripheral blood mononu-
clear cells (PBMCs) isolation and serum ELISA, followed
by total RNA extraction. Subsequently, cDNA was syn-
thesized using the PrimeScript reverse transcription rea-
gent kit (TaKaRa, Osaka, Japan).The sequences of Nbs
were amplified and inserted into the pComb3XSS vector.
Then recombinant plasmids were electroporated into E.
coli SS320 electrocompetent cells. Subsequently, electro-
transfected library was infected with M13K07 helper
phages to generate Nb-displaying phages library.

Serum ELISA

The FGFR4 proteins were immobilized on 96-well
microtiter plates and blocked with 3% BSA after wash-
ing with PBS. Plates were incubated with serums at
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various dilution gradients after washing with PBST. Sub-
sequently, plates were incubated with goat anti-llama
IgG antibody (HRP) (Abcam, ab112786) after washing
with PBST. Finally, plates were added 100 pl TMB solu-
tion (Thermo) after washing with PBST and then added
100 pl stop solution (Solarbio). Absorption of plates was
measured at 450 nm.

Screening of Nbs and monoclonal phages ELISA

The Nbs targeting FGFR4 were screened using phage
display technology. The phages were incubated with
antigen. After incubation, the non-bound phages were
washed using PBS and then the antigen-bound phages
were eluted using trypsin. Subsequently, we amplified the
eluted phages. The titers of phages were calculated after
screening and amplification. The monoclonal phages
were identified after 2 rounds of screening.

The FGFR4 proteins were immobilized on 96-well
microtiter plates and then blocked with 3% BSA. The
plates were incubated with different monoclonal phages
and then incubated with mouse anti-M13 monoclonal
antibody (HRP) (Sino Biological). The subsequent ELISA
procedures are as described above.

Flow cytometry

Cells were stained using antibody with the volume of
5 pL per million cells in 100 pL staining volume. Mouse
anti-human PE-FGFR4 antibody (Abcam, 4FR6D3) was
used for detection of FGFR4. The phages binding to
Huh?7 cells were detected with mouse anti-PE His anti-
body (Biolegend, 362603). Mouse anti-human FITC-CD3
antibody (Biolegend, 981002) was used for staining to
detect T-cells in tumor tissues. Samples were detected by
FACS Aria II (BD Biosciences) and analyzed using FlowJo
software (Tree Star, USA).

Molecular docking

The protein structure prediction website (Protein Homol-
ogy/analogY Recognition Engine V 2.0) and AlphaFold
Protein Structure Database were used to predict the
structures of FGFR4 antigen’s extracellular domain pro-
teins and Nbs. Subsequently, binding complex between
the antigen and Nb was predicted using ZDOCK molec-
ular docking website. Finally, the results of molecular
docking were analyzed using PDBePISA website.

Antibodies-antigen binding ELISA

For the evaluation of binding ability of Nbs, FGFR4 pro-
teins were immobilized on 96-well microtiter plates. Sub-
sequently, plates were incubated with different Nb-Fc
after blocking. After washing, plates were incubated with
goat anti-human IgG-Fc secondary antibody (HRP) (Sino
Biological). The subsequent ELISA procedures are as



Lin et al. Journal of Translational Medicine (2024) 22:349

described above.For the evaluation of specificity of Nbs,
Nb-Fc were immobilized on 96-well microtiter plates.
Subsequently, plates were incubated with different FGFR-
His proteins after blocking. After washing, plates were
incubated with mouse anti-His tag secondary antibody
(HRP) (Ray antibody, China). The subsequent ELISA pro-
cedures are as described above.

Surface plasmon resonance (SPR)

The interaction between antigen and antibody was evalu-
ated using BIAcore T100 (Cytiva). The CM5 censor chip
(Cytiva) was activated and then injected with FGFR4-
His protein for immobilization using amine coupling kit
(GE Healthcare). Subsequently, chip was blocked using
ethanolamine HCI. The interaction status of antigen to
antibody were monitored and recorded at serial concen-
trations. The equilibrium dissociation constant (KD) was
calculation by the association constant (Ka) and dissocia-
tion constant (Kd).

Construction of CAR lentiviral vectors

The transmembrane domain and intracellular struc-
tural domain of CAR molecule in lentiviral plasmid used
in this study is consistent with previous studies in our
laboratory [29, 30]. The intracellular structural domain
contains CD28, 4-1BB (CD137) and CD3(. The Nb was
ligated to CAR molecule to constructed the Nb-derived
CAR moiety. The CAR moiety was inserted into the pHR
lentiviral plasmid which constructed in our laboratory.

Isolation of primary human T lymphocytes

and transduction of recombinant lentiviral particles
PBMCs were derived from anonymous blood specimens
obtained from healthy volunteers (Guangzhou Blood
Center) using Ficoll-Hypaque gradient separation. T cells
were purified using negative-selected magnetic beads
(BD Biosciences) and cultured in KBM581 medium
(Corning). T cells were activated with anti-CD3 and anti-
CD28 antibody (2 pg/ml, Biolegend) and expanded with
human IL-2 (10 ng/ml, R&D Systems). Lentiviral plas-
mids encoding CAR moieties, pMD.2G plasmids and
psPAX2 plasmids were co-transfected into HEK293T
cells using the PEI transfection system (Polysciences).
Pseudotyped lentiviral supernatant was filtered with
0.45 um membrane after 48 h. T cells were transduced
with pseudoviruses under the condition of 8 ug/mL poly-
brene (Sigma) after activation and centrifuged at 350x g
at 37 °C for 90 min. After incubating at 37 °C for 8-10 h,
pseudoviruses was removed and T cells were expanded in
6-well plate (Corning) at 37 °C using fresh medium with
hIL-2 as described above. The T cells infected by pseu-
dotyped lentiviruses can be detected by flow cytometry.
In brief, the T cells infected by lentiviruses encoding
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CAR-Flag-IRES-GFP were detected by GFP. The T cells
infected by lentiviruses encoding CAR-Flag-P2A-tCD19
(truncated human CD19) were detected by using anti-
human PE-CD19 antibody (Biolegend, 302208). And the
T cells transduced with empty lentivirus vector were
used as the mock group (NC-T cells).

Cytotoxicity assay

The cytotoxicity of CAR-T cells towards tumor cells was
evaluated at different effector-to-target ratios (E:T ratios
from 10:1 to 0.625:1). For instance, at the 10:1 ratio, there
were 10° effector cells (transduced T cells) and 10* tar-
get cells. The effector cells used in the cytotoxicity assay
represent the transduced T lymphocytes as a whole. The
cytotoxicity was evaluated after co-culturing effector
cells and target cells in 150 pl KBM581 medium at 37 'C
for 24 h in 96-well V-bottom plates using CytoTox 96°
Non-Radioactive Cytotoxicity Assay (Promega) accord-
ing to manufacturer’s instructions. Absorbance of wells
were measured at 490 nm and merged the absorbance
values of wells containing effector cells alone and target
cells alone as background, and subtracted them from the
values of the co-cultures. Wells containing target cells
alone were lysed with the lysis reagent for 30 min at 37 C
and the absorbance values was set as maximum con-
trol. Cytotoxicity was calculated as follow: Cytotoxicity
(%) = (Experimental value—Effector spontaneous value—
Target spontaneous value)/(Target maximum value-Tar-
get spontaneous value) X 100% [30].

Cytokine ELISA and enzyme-linked immunosorbent spot
(ELISpot) assay

CAR-T cells were co-cultured with Huh7 cells (10%
at 10:1 in 150 ul KBM581 medium at 37 C for 24 h in
96-well V-bottom plates to detect cytokines using
Human IFEN-y, TNF-a, and Granzyme B Precoated
ELISA Kits (Dakewe, China) according to the manufac-
turer’s instructions. In brief, the supernatants were col-
lected after co-culturing and incubated within pre-coated
wells for 2 h at room temperature. The biotinylated pri-
mary antibodies were incubated for 1 h after washing 3
times. The streptavidin-HRP reagents were incubated for
30 min after washing 3 times. After washing the plate and
adding TMB reaction substrate for 5-10 min, stop solu-
tion was added and the absorbance of well was measured
at 450 nm.

CAR-T cells were co-cultured with Huh7 cells (10% at
10:1 in 150 ul KBM581 medium at 37 °C for 24 h in pre-
packaged plate to detect cytokines using Human IFN-y
Precoated ELISpot Kit (Dakewe) according to manufac-
turer’s instructions. In brief, prepackaged plates were
washed for 6 time after removing the cells from plates.
The biotinylated IFN-y antibodies were incubated for
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1 h at 37 °C. The streptavidin-HRP reagents were incu-
bated for 1 h after washing 6 times. The AEC buffer
was incubated for 10-20 min in dark after washing
5 times. Eventually, prepackaged plate was washed and
then scanned using the ImmunoSpot S6 scan reader
(Cellular Technology Ltd) and the number of T cells
expressing IFN-y was calculated by using ImmunoSpot
software (Version 5.1.34) (Cellular Technology Ltd).

Xenograft mouse model

We chose NCG mice (NOD/ShiLt]Gpt-Prkdcem26¢d>2y]-
2rg®m26€d22/Gpt,  GuangDong GemPharmatech Co.,
Ltd.) to assess the anti-tumor efficacy in vivo. All mice
experiments are ethical and approved by the Institu-
tional Animal Care and Use Committee of Sun Yat-
sen University. 2 x 10® Huh7 cells (in 100 ul PBS) were
subcutaneously (s.c.) inoculated into the right flank of
6—8-week-old female mice using the 1 ml disposable
sterilized syringe with 0.45*16 RWLB size of needle
(DOUBLE-DOVE). Tumor volume (V=long diame-
ter x short diameter?/2) was calculated. 3x10° CAR-T
cells (in 200 pl PBS) were intravenously (i.v.) injected
into mice when tumor volume reached 100 mm?. All
mice were intraperitoneally (i.p.) injected with hIL-2
(1 pug per mouse) every 3 days.

We measured tumor diameter, mice weight and
observed mice survival status every 3 days. In the survival
analysis experiment, we have monitored the mice for
long time and euthanized them at the ethical endpoint.
The ethical endpoint of the experiment was defined as
follows: the tumor volume exceeding 2000 mm? at the
final monitoring, or weakness observed in mice which
include significant impairment of normal physiological
activities in mice due to tumor growth or tumor rupture.
In the experiment of monitor the tumor volume, we have
monitored the tumor volume until the fifteenth day after
CAR-T cells treatment. Mice were executed and then the
major organs and tumor tissues were dissected for next
evaluation. Part of tumor tissues were digested with col-
lagenase type IV (Sigma). Cell suspensions were passed
through 70 um filters and tumor-infiltrating T cells were
isolated using Human tumor infiltrating tissue mononu-
clear cell separation Kit (Solarbio).

Hematoxylin-eosin (H&E) staining, immunohistochemistry
(IHC) and immunofluorescence (IF)

We obtained the tumor tissues and major organs from
euthanized mice. Organs included the heart, liver, spleen,
lung and kidney. These samples were fixed, treated and
stained according to standard procedures of Powerful
Biology Co., Ltd (Powerful Biology, China).
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Statistical analysis

Statistical analyses were conducted using Graphpad
Prism software. Data are presented as mean+SEM.
P<0.05 was considered statistically significant.

Results

Construction of FGFR4 nanoparticles and immunization

of alpaca

In order to elicit more potent immune responses, we uti-
lized the GvTagOpti/SdCatcher (Gv/Sd) system to pre-
sent FGFR4 antigen on ferritin nanoparticles with higher
efficiency [31-33]. We initiated the process by attach-
ing a secretory signal peptide and Gv sequence at the
N-terminus of the extracellular domain protein of FGFR4
antigen, while adding His tag to the C-terminus. Then,
the Sd sequence was fused to the N-terminus of ferritin
to achieve the expression of Sd-ferritin (Fig. 1a). Subse-
quently, we verified the expression of the Gv-FGFR4-His
using western blot (Additional file 1: Fig. S1a). The next
step involved covalently conjugating Gv-FGFR4-His to
Sd-ferritin, resulting in the formation of FGFR4-HPF
24-mer nanoparticles (Fig. 1b). The presence of FGFR4-
HPF was confirmed using coomassie blue staining (Addi-
tional file 1: Fig. S1b).

Subsequently we administered FGFR4-HPF nanoparti-
cles to the alpaca in a total of four immunization rounds,
while we collected the peripheral blood for serum ELISA
(Fig. 1c). In the serum ELISA, we established specific cri-
teria to determine positive antibody titers. Specifically,
a serum sample was considered positive if the following
conditions were met: (1) the absorbance of immunized
serum was higher than that of naive serum, and (2) the
absorbance of immunized serum should be greater than
0.5. These criteria help us identify and confirm the pres-
ence of specific antibodies in response to the immuniza-
tion process.

The criteria for identifying the successful immune
response in the alpaca included achieving positive anti-
body titers in the immunized serum within the range of
10*-10°. When compared with naive serum, the positive
antibody titer in immunized serum was found to reach
a dilution level of 10* (Fig. 1d). This met the necessary
conditions for proceeding with the subsequent library
construction.

Construction of electroporation bacteria library

and screening of anti-FGFR4 Nbs

After completing immunization, we collected PBMCs
from the alpaca. Subsequently, we amplified the
sequences of the Nb and established the electropora-
tion bacteria library. After calculating, the capacity of
the electroporation library was 7.2 x 10® and the clonal
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Fig. 1 Construction of FGFR4 nanoparticles and immunization of alpaca. a Schematic diagram of expression vector encoding FGFR4 antigen’s
extracellular domain proteins and ferritin. b Schematic diagram of generation of FGFR4-HPF nanoparticles. ¢ Process of immunizing alpaca

with FGFR4-HPF nanoparticles. d Immunized alpaca serum ELISA

positivity rate of insertion was 93.75% (Additional
file 1: Fig. S2a, b). Monoclonal sequencing further
revealed that the positive rate of the electroporation
library was 95.83% (Fig. 2a). Additionally, genetic evo-
lutionary tree analysis demonstrated genetic diversity
and non-repetitive amino acid sequences across all
variable regions of Nbs. These further demonstrated
the qualified sequence diversity within the electropo-
ration library we had constructed. Next, we amplified
the helper phage library and the initial phage library
for screening Nbs targeting FGFR4 (Additional file 1:
Fig. S2¢). Following two rounds of screening, the titers
of Nb-displaying phages capable of binding to FGFR4
were significantly enriched (Fig. 2b).

Subsequently, we conducted monoclonal phage
ELISA to further assess the binding ability of the
enriched phages. We considered an experimental well
as positive when the ratio of the OD450 value of the
experimental well to that of the control well (BSA-
coated) was greater than or equal to 2.5. This criterion
allowed us to identify a total of eight positive mono-
clonal clones (Fig. 2c). Furthermore, we conducted
flow cytometry to verify these clones. In this process,
we co-cultured these clones with Huh7 cells, which
had been validated to overexpress FGFR4 (Additional
file 1: Fig. S2d). Ultimately, we identified two mono-
clonal clones that exhibited positive fluorescence sig-
nals (Fig. 2d, Additional file 1: Fig. S2e).

Functional validation of the identified Nbs in vitro

Before conducting the functional validation of the Nbs,
we conducted molecular docking to predict the binding
ability between antigens and Nbs. Based on the results
of the predictive model, the AG free energy of the Nbs is
less than zero, it suggests their theoretical binding to the
antigen (Fig. 3a).

Next, we conducted the functional validation of two
Nbs. Firstly, we added a secretory signal peptide at the
N-terminus of the Nbs and fused the human IgG Fc frag-
ments at the C-terminus for construction of the Nb-Fc
expression vectors (Fig. 3b). Then we verified their
expression by western blot (Additional file 1: Fig. S3a).
Subsequently, we purified Nb-Fc using protein A (Addi-
tional file 1: Fig. S3b).

To evaluate the binding ability of Nbs, we conducted
antibody-antigen binding ELISA. The results indicated
that the Nbs exhibited specificity and strong bind-
ing ability to FGFR4 compared with the BSA (Fig. 3c¢).
Meanwhile, the results indicated that, compared with
Nc-Linker-Fc antibody, anti-FGFR4 Nb-Linker-Fc anti-
body exhibited specificity and strong binding ability to
FGFR4. Furthermore, we performed antibody gradi-
ent dilution ELISA. These experiments demonstrated
the concentration-dependent binding of the Nbs to
FGFR4, providing additional evidence of their bind-
ing abilities (Fig. 3d). For a more precise and quanti-
tative assessment of affinity and kinetics between the
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Fig. 2 Construction of electroporation bacteria library and screening of anti-FGFR4 Nbs. a Monoclonal sequencing analysis and genetic
evolutionary tree analysis of the electroporation library. Sequencing of 72 monoclonal clones identified 69 positive clones with insertion of single
Nb sequences. b Proportion of Nb-displaying phages capable of binding to FGFR4 after screening. Left: output of first round; middle: input

of second round; right: output of second round. € Monoclonal phage ELISA with FGFR4. Positive clones: 1,9, 13, 14, 19. 20, 22, 23. d Identification
of monoclonal phages capable of binding to Huh7 cells by flow cytometry. The NC phages uncapable of binding Huh7 cells were used

as the control. Clones with positive fluorescence: 1 (anti-FGFR4 Nb1), 14 (anti-FGFR4 Nb2)

Nbs and FGFR4, we conducted SPR experiments. The
results were presented in the form of sensorgrams.
Remarkably, the calculated KD values for both Nbs to
FGFR4 can reach 1.35x 107! (Fig. 3e).

To further evaluate the specificity of Nbs, we con-
ducted ELISA using other FGFR family proteins. Based
on the ELISA results, the Nbs displayed remarkable
specificity and strong binding ability towards FGFR4.
Importantly, this specificity was markedly superior
to their binding to other FGFR proteins, including
FGFR1-3 and FGFR5 (Fig. 3f). These results confirm
the outstanding specificity and strong binding ability
of the screened Nbs, particularly in their ability to tar-
get FGFR4. Consequently, we have successfully identi-
fied two Nbs that demonstrate remarkable specificity
and strong binding ability for FGFR4, establishing a
solid foundation for the construction of Nb-derived
CAR-T cells targeting FGFR4.

Construction of Nb-derived CAR-T cells and functional

validation of the Nb-derived CAR-T cells anti-tumor in vitro
Based on the previous validation, we conducted func-
tional validation by constructing Nb-derived CAR-T cells
and evaluating their anti-tumor function in vitro in the
next step. Firstly, we fused a secretory signal peptide at
the N-terminus of the Nbs. Next, we added a CAR mol-
ecule and a Flag tag to the C-terminus to create the Nb-
derived CAR moieties recombination lentiviral plasmids
(Fig. 4a). Then we assessed the expression of CAR moi-
eties via western blot (Additional file 1: Fig. S4a). Sub-
sequently, T cells were transduced with pseudoviruses
encoding the Nb-derived CAR moieties, and the expres-
sion of the CAR moieties was detected using flow cytom-
etry after transduction (Additional file 1: Fig. S4b).To
validate the in vitro anti-tumor function of Nb-derived
CAR-T cells, Nb-derived CAR-T cells were co-cultured
with Huh7 cells. In these experiments, both groups of
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Nb-derived CAR-T cells exhibited significant cytotoxicity
against Huh7 cells when compared with the mock group
across effector cell to target cell (E: T) ratios ranging from
10:1-1.25:1 (Fig. 4b).

Moreover, we validated the cytotoxic specificity by
co-culturing Nb-derived CAR-T cells with BXPC3
cells. The BXPC3 cells was selected because it has been
identified with extremely low expression of FGFR4
(Additional file 1: Fig. S4c). Notably, both groups of Nb-
derived CAR-T cells displayed non-significant cytotoxic-
ity against BXPC3 cells when compared with the mock
group across all E:T ratios (Fig. 4c). As a result, it can
be concluded that Nb-derived CAR-T cells effectively
enhance anti-tumor function while maintaining specific
cytotoxicity, as they specifically against cells with high
expression of the FGFR4, such as Huh7 cells, without
causing harm to cells with low or no FGFR4 expression,
like BXPC3 cells.

Next, we assessed the in vitro effector cytokine secre-
tion functions of Nb-derived CAR-T cells following co-
culture with Huh?7 cells. The levels of cytokines, including
IEN-y, TNF-a, and granzyme B, in the supernatants of
Nb-derived CAR-T cells were found to be significantly
higher than those secreted by the mock group after co-
culturing with Huh?7 cells (Fig. 4d). Furthermore, we also
conducted an ELISpot assay to evaluate the secretion of
IEN-y in vitro. In line with the previous results, the lev-
els of secreted IFN-y in the supernatants of Nb-derived
CAR-T cells were significantly higher than those secreted
by the mock group after co-culturing with Huh7 cells
(Fig. 4e). These findings provide additional validation
of the anti-tumor function of Nb-derived CAR-T cells
through their ability to secrete various effector cytokines.

Functional validation of the Nb-derived CAR-T cells
anti-tumor in vivo

Based on the previous in vitro validation, we conducted
in vivo anti-tumor functional validation in the next
step. Nb-derived CAR-T cells were intravenously (i.v.)
injected into immunodeficient mice that had been subcu-
taneously (s.c.) inoculated with Huh7 cells (Fig. 5a). The
dynamic growth curve of tumors showed that the Nb-
derived CAR-T cell group exhibited significant inhibition

(See figure on next page.)
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of tumor growth compared with the mock group (Fig. 5b,
Additional file 1: Fig. S5a). Meanwhile, the dynamic
change curve of weight demonstrated a non-significant
fluctuation in the mice weight, indicating the safety of
Nb-derived CAR-T cells (Fig. 5¢).

After a period of 2—3 weeks following the infusion of
Nb-derived CAR-T cells, the mice were euthanized. Then
we dissected the tumor tissues for analyzing tumor-infil-
trating T cells and their effector cytokine secretion func-
tion. Meanwhile, we dissected the major organs such as
the heart, liver, spleen, lung, and kidney for assessing the
potential toxicity.

Firstly, we assessed the tumor-infiltrating T cells using
flow cytometry. The results revealed the significant
increase of tumor-infiltrating T cells in the Nb-derived
CAR-T cell groups compared with the mock group
(Fig. 5d, Additional file 1: Fig. S5b). Secondly, we evalu-
ated the cytokine secretion function of T cells within the
tumor tissues using IHC and IF. The results indicated
the significant increase in cytokine secretion levels in
the Nb-derived CAR-T cell groups compared with the
mock group, including IFN-y and granzyme B (Fig. 5e, f).
Furthermore, we assessed the condition of major organs
using H&E staining. Images from H&E displayed that
major organ shows no apparent inflammation, confirm-
ing the safety of Nb-derived CAR-T cells (Fig. 5g, Addi-
tional file 1: Fig. S5c). Additionally, we evaluated the
in vivo therapeutic effect of Nb-derived CAR-T cells by
monitoring the survival of tumor-bearing mice. The mice
treated with Nb-derived CAR-T cells showed signifi-
cantly improved survival compared with the mock group
(Fig. 5h).

In conclusion, the results above demonstrate that Nb-
derived CAR-T cells exhibit safety, superior anti-tumor
functionality, and effective cytokine secretion in vivo,
ultimately extending the lifespan of tumor-bearing mice.

Discussion

In this study, we successfully screened and identified
Nbs targeting FGFR4. Subsequently, we constructed
Nb-derived CAR-T cells and evaluated their efficacy in
treating HCC. The results demonstrated that the Nbs
we confirmed targeting FGFR4 had high specificity and

Fig.4 Construction of Nb-derived CAR-T cells and functional validation of Nb-derived CAR-T cells anti-tumor in vitro. a Schematic diagram

of lentivirus plasmid encoding anti-FGFR4 Nb-CAR. b Validation of cytotoxicity of Nb-derived CAR-T cells against Huh7 cells in vitro by LDH assay.
NC-T: T cells transduced with empty lentivirus vector. ¢ Validation of cytotoxicity of Nb-derived CAR-T cells against BXPC3 cells in vitro by LDH
assay. NC-T: T cells transduced with empty lentivirus vector. d Validation of the cytokine secretion functions of Nb-derived CAR-T cells against Huh7
cells in vitro by ELISA. Mock: T cells transduced with empty lentivirus vector. e Validation of the IFN-y secretion functions of Nb-derived CAR-T

cells against Huh7 cells in vitro by ELISPOT. Mock: T cells transduced with empty lentivirus vector. Data were analyzed by two-way ANOVA. The
experiments were performed independent biological replicates (N=3). Data are expressed as mean +SEM. Ns: p > 0.05, **p < 0.01, ***p <0.001,

***%p <0.0001
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affinity. In particular, the specificity of Nbs targeting
FGFR4 significantly outperformed their binding to other
FGFR proteins. Moreover, the Nb-derived CAR-T cells
we constructed exhibited the strong anti-tumor func-
tion in vitro and in vivo. This is an exploration of FGFR4
in the field of Nb-derived CAR-T cell therapy for HCC.
Meanwhile, the Nb-derived CAR-T cell therapy we con-
structed is the first anti-FGFR4 Nb-derived CAR-T cell
therapy for HCC.

HCC accounts for the majority of primary liver can-
cer cases globally. Unfortunately, the prognosis for
HCC remains unfavorable. Currently, there are several
approved drugs developed for HCC, encompassing tyros-
ine kinase inhibitors (TKIs), non-TKIs and monoclonal
antibodies. Although these drugs diversify the treatment
of HCC, they cannot meet the treatment requirements
of all patients. For instance, sorafenib elicits a positive
response in fewer than one-third of patients and often
leads to drug resistance after several months of treatment
[6]. CAR-T cell therapy functions as both a targeted drug
and a “living drug” Currently, there are multiple CAR-T
cell therapies approved for treating hematological malig-
nancies and achieved satisfactory outcomes [34-36].
Although CAR-T cell therapy for HCC is still in the clini-
cal trial stage, clinical benefits have been observed in
early clinical trials [37]. This suggests that CAR-T cell
therapy holds significant promise for advancing the treat-
ment of HCC.

However, owing to the tumor heterogeneity and
the relatively limited number of identified targets for
CAR-T cell therapy of HCC in both preclinical and clin-
ical studies, the development of novel CAR-T cell tar-
gets specifically designed for HCC, which are currently
unexplored in clinical trials, holds significant potential
to diversify CAR-T cell therapy targets for HCC and
increases the likelihood of approval of CAR-T cell ther-
apy for HCC. Despite FGFR4 being a highly expressed
antigen on HCC cells and the considerable advance-
ments in development of FGFR4 inhibitors, there are
still two challenges that need resolution. First, simi-
lar to many TKIs, FGFR4 inhibitors face issues related
to drug resistance [38]. Second, currently reported
FGFR4 inhibitors have not yet received approval. Thus,

(See figure on next page.)
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development of anti-FGFR4 CAR-T cells not only
broadens the spectrum of CAR-T cell therapy targets
for HCC but also compensates for the shortcomings of
FGFR4 inhibitors.

Currently, CAR-T cell therapy predominantly
employs single-chain variable fragment (scFv) as rec-
ognition domains. However, scFv exhibit issues related
to aggregation [39-41] and immunogenicity [26, 42,
43], potentially impacting its therapeutic effectiveness.
Conversely, Nbs have shown superior performance,
and Nb-derived CAR-T cell hold promise in mitigat-
ing these limitations. Clinical data from approved
Nb-derived CAR-T cell therapies indeed support the
feasibility of developing CAR-T cells using Nbs [44—
46]. Therefore, the anti-FGFR4 CAR-T cell therapy we
developed uses self-developed Nbs. Based on our lab-
oratory’s previous research [31, 32], the utilization of
nanoparticle-based immunization has demonstrated
enhancement in immune responses. Moreover, the Gv/
Sd connection system [33] has demonstrated that it
can enhance conjugation efficiency of the immunogen
to nanoparticles. Therefore, we have chosen to depart
from the conventional approach of immunizing alpacas
with monovalent antigen, instead opting for nanoparti-
cles presenting antigens using Gv/Sd system for alpaca
immunization. This innovative approach is anticipated
to elicit more robust immune responses and gener-
ate superior antibodies for subsequent screening. Evi-
dently, our results have demonstrated that the Nbs
we obtained by this approach had high specificity and
affinity. Furthermore, the Nb-derived CAR-T cells,
which we constructed using these Nbs, exhibit favora-
ble therapeutic efficacy in vitro and in vivo.

In summary, our study has provided initial evidence
supporting the feasibility of employing anti-FGFR4 Nb-
derived CAR-T cell therapy in HCC. Furthermore, this
strategy requires the establishment of patient-derived
xenograft (PDX) model to further evaluate its cytotoxic-
ity. If the PDX model demonstrates favorable therapeutic
efficacy, the safety and effectiveness of this strategy are
worthy of further validation in clinical trials. Our study
offers promise for developing novel Nb-derived CAR-T
cell therapy for HCC.

Fig. 5 Functional validation of the Nb-derived CAR-T cells anti-tumor in vivo. a Schematic diagram of in vivo experiments on tumor-bearing mice.
b Dynamic growth curve of tumor volume (n=4). Data were analyzed by two-way ANOVA. NC-T: T cells transduced with empty lentivirus vector.

¢ Dynamic change curve of mouse weight (n=4). d Validation of the proportion of the tumor-infiltrating T cells by flow cytometry. Data were
analyzed by one-way ANOVA. e IHC of the tumor tissue sections stained with anti-human IFN-y (left) and granzyme B (right) antibody. Scale bar,
100 um. f IF of the tumor tissue sections stained with anti-human IFN-y (green) and anti-human granzyme B (purple) antibodies, and the nuclei
were stained with DAPI (blue). Scale bar, 100 um. g H&E staining of major organs. Scale bar, 100 um. h Kaplan Meier survival analysis of mice (n=4).
Data were analyzed by log-rank Mantel-Cox test. Data are expressed as mean = SEM. *p < 0.05, **p <0.01
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Conclusions

In this study, we employed a novel approach by utiliz-
ing covalently linked antigen nanoparticles for alpaca
immunization, aiming to identify highly specific and
high-affinity Nbs through screening. Expanding on this
foundation, we successfully engineered the first Nb-
derived CAR-T cells targeting FGFR4 for HCC. This
pioneering exploration of FGFR4 within Nb-derived
CAR-T cell therapy for HCC holds promise for enhanc-
ing both the safety and efficacy of future clinical treat-
ments for HCC.

Abbreviations

CAR-T Chimeric antigen receptor T

HCC Hepatocellular carcinoma

HPF Ferritin

Nbs Nanobodies
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Additional file 1: Figure S1. Purification and identification of the FGFR4
antigen'’s extracellular domain proteins and FGFR4-HPF proteins. a Identifi-
cation of the expression vector encoding FGFR4 proteins by western blot.
b Identification of the FGFR4-HPF proteins by coomassie blue staining.
Figure S2. Construction of electroporation bacteria library and screening
of anti-FGFR4 Nbs. a Calculation of the capacity of the electroporation
library by counting the number of clones on the plate after gradient
dilution. b Identification of Nb gene clonal positivity rate of insertion

by colony PCR. M: 5000 bp DNA marker. ¢ Calculation of the capacity of
the helper phage library and the initial phage library after amplification.

d Identification of FGFR4 expression of Huh7 cell line by flow cytom-

etry. FGFR4 expression of Huh7 cell line was shown through gating on
PE+ population. e: Identification of monoclonal phages capable of bind-
ing to Huh?7 cells by flow cytometry. The monoclonal phages capable of
binding Huh7 cells was shown through gating on PE+ population. The NC
phages uncapable of binding Huh7 cells were used as the control. Figure
S3. Purification and identification of the Nb-Fc. a Identification of the
expression vector encoding Nb-Fc by western blot. b Identification of the
Nb-Fc after purification by coomassie blue staining. Figure S4. Detection
of Nb-derived CAR and FGFR4 expression. a Identification of the lentivirus
plasmid expressing anti-FGFR4 Nb-CAR by western blot. b Detection

of the expression of the CAR moieties by flow cytometry. CAR expres-
sion of T cells was shown through gating on FITC+ population (GFP) or
PE + population (tCD19). NC-T: T cells transduced with empty lentivirus
vector. ¢ Identification of FGFR4 expression of BXPC3 cell line by flow
cytometry. FGFR4 expression of BXPC3 cell line was shown through gating
on PE+ population. Figure S5. Functional validation of the Nb-derived
CAR-T cells anti-tumor in vivo. a Dynamic growth curve of tumor volume
(n=3).NC-T: T cells transduced with empty lentivirus vector. b Validation
of the proportion of the tumor-infiltrating T cells by flow cytometry. The
proportion of the tumor-infiltrating T cells was shown through gating on
CD3 + population. ¢ An enlarged view of the H&E staining of the main
organs in Fig. 5g. Scale bar, 50 um



https://doi.org/10.1186/s12967-024-05159-x
https://doi.org/10.1186/s12967-024-05159-x

Lin et al. Journal of Translational Medicine (2024) 22:349

Acknowledgments

Additionally, we sincerely apologize for the omission of the grant (National
Natural Science Foundation of China (82171825) to XH and Important Key
Program of Natural Science Foundation of China (NSFC) (92369205) to HZ)
and the error of the grant (Exchange Program of NSFC (82150710553) to HZ)
during the fund filling process.

Author contributions
KML: Conceptualization, Data curation, Formal analysis, Investigation,
Validation, Writing—original draft. BJX: Investigation. XMW: Investigation. XH:

Methodology, Resources. MZ: Investigation. YTL: Investigation, Validation. YDQ:
Investigation. RL: Methodology, Resources. QEC: Methodology, Resources. YZL:

Formal analysis, Validation. JZF: Investigation. TC: Investigation. CCC: Formal
analysis, Funding acquisition, Validation. XYL: Investigation, Formal analysis.
HZ: Conceptualization, Funding acquisition, Project administration, Supervi-
sion, Writing-review & editing. LJL: Resources, Funding acquisition, Project
administration, Supervision, Writing-review & editing. BFL: Funding acquisi-
tion, Project administration, Supervision, Writing—review & editing. XZ: Project
administration, Supervision, Writing-review & editing. All authors contributed
the manuscript, approved the submitted version and took responsibility for
the integrity and accuracy of the data.

Funding

This work was supported by National Natural Science Foundation of China
(82171825) to XH; National Key R&D Program of Department of Science and
Technology of China (2022YFC0870700), Important Key Program of Natural
Science Foundation of China (NSFC) (92169201, 92369205), Emergency

Key Program of Guangzhou National Laboratory (EKPG21-24), and Key

R&D Program of Department of Science and Technology of Guangdong
(2022B1111020004) to HZ; National Natural Science Foundation of China
(82202036) to LJL; National key research and development program
(2021YFC2301904), and Basic and Applied Basic Research Fund Committee
of Guangdong Province (SL2022A04J01923) to BFL. Guangdong Basic and
Applied Basic Research Foundation (2023A1515010476), and Guangzhou Sci-
ence and technology plan project (2023A04J2235) to CCC.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All mice experiments are ethical and approved by the Institutional Animal
Care and Use Committee of Sun Yat-sen University.

Consent for publication
Not applicable.

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

Author details

'Institute of Human Virology, Key Laboratory of Tropical Disease Control

of Ministry of Education, Guangdong Engineering Research Center for Anti-
microbial Agent and Immunotechnology, Zhongshan School of Medicine,
Sun Yat-sen University, No. 74 Zhongshan Road 2, Yuexiu District, Guangzhou,
Guangdong 510080, People’s Republic of China. 2Department of Pathology,
The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, Guangdong,
People’s Republic of China. *Shenzhen Key Laboratory of Systems Medicine
for Inflammatory Diseases, School of Medicine, Shenzhen Campus of Sun
Yat-sen University, Shenzhen, Guangdong, People’s Republic of China.
“Department of Medical Oncology, The Third Affiliated Hospital of Sun Yat-sen
University, No. 600 Tianhe Avenue, Guangzhou, Guangdong 510630, People’s
Republic of China.

Received: 19 December 2023 Accepted: 3 April 2024
Published online: 12 April 2024

Page 14 of 15

References

1. Wei X, Yang WJ, Zhang F, Cheng F, Rao JH, Lu L. PIGU promotes hepato-
cellular carcinoma progression through activating NF-kappa B pathway
and increasing immune escape. Life Sci. 2020. https://doi.org/10.1053/.
gastro.2007.04.061.

2. El-Serag HB, Rudolph L. Hepatocellular carcinoma: epidemiology and
molecular carcinogenesis. Gastroenterology. 2007;132:2557-76.

3. Zhang BH, Zhang BX, Zhang ZW, Huang ZY, Chen YF, Chen MS, Bie P, Peng
BG, Wu LQ, Wang ZM, et al. 42,573 cases of hepatectomy in China:a mul-
ticenter retrospective investigation. Sci China-Life Sci. 2018;61:660-70.

4. Chidambaranathan-Reghupaty S, Fisher PB, Sarkar D. Hepatocellular
carcinoma (HCCQ): epidemiology, etiology and molecular classification.
In: Sarkar D, Fisher PB, editors. Mechanisms and therapy of liver cancer.
Amsterdam: Elsevier; 2021. p. 1-61.

5. Llovet JM, Real MI, Montana X, Planas R, Coll S, Aponte J, Ayuso C, Sala
M, Muchart J, Sola R, et al. Arterial embolisation or chemoembolisation
versus symptomatic treatment in patients with unresectable hepatocel-
lular carcinoma: a randomised controlled trial. Lancet. 2002;359:1734-9.

6. El-Serag HB, Marrero JA, Rudolph L, Reddy KR. Diagnosis and treatment of
hepatocellular carcinoma. Gastroenterology. 2008;134:1752-63.

7. Gross G, Waks T, Eshhar Z. Expression of immunoglobulin-T-cell receptor
chimeric molecules as functional receptors with antibody-type specific-
ity. Proc Natl Acad Sci USA. 1989;86:10024-8.

8. ChenY, Chang-Yong E, Gong ZW, Liu S, Wang ZX, Yang YS, Zhang XW.
Chimeric antigen receptor-engineered T-cell therapy for liver cancer.
Hepatobiliary Pancreat Dis Int. 2018;17:301-9.

9. Slingluff CL. Targeting unique tumor antigens and modulating the
cytokine environment may improve immunotherapy for tumors
with immune escape mechanisms. Cancer Immunol Immunother.
1999;48:371-3.

10. Olson BM, McNeel DG. Antigen loss and tumor-mediated immunosup-
pression facilitate tumor recurrence. Expert Rev Vaccines. 2012;11:1315-7.

11. Ferrone S, Whiteside TL. Tumor microenvironment and immune escape.
Surg Oncol Clin N Am. 2007. https://doi.org/10.1016/j.50¢.2007.08.004.

12. Katoh M. FGFR inhibitors: effects on cancer cells, tumor microen-
vironment and whole-body homeostasis (Review). Int J Mol Med.
2016;38:3-15.

13. Katoh M, Nakagama H. FGF receptors: cancer biology and therapeutics.
Med Res Rev. 2014;34:280-300.

14. Mason I. Initiation to end point: the multiple roles of fibroblast growth
factors in neural development. Nat Rev Neurosci. 2007,8:583-96.

15. Degirolamo C, Sabba C, Moschetta A. Therapeutic potential of the endo-
crine fibroblast growth factors FGF19, FGF21 and FGF23. Nat Rev Drug
Discovery. 2016;15:51-69.

16. Chen ZX, Xie B, Zhu QH, Xia QH, Jiang SM, Cao RY, Shi LH, Qi DS, Li XK,
Cai L. FGFR4 and TGF-beta 1 expression in hepatocellular carcinoma:
correlation with clinicopathological features and prognosis. Int J Med Sci.
2013;10:1868-75.

17. Ho HK, Pok S, Streit S, Ruhe JE, Hart S, Lim KS, Loo HL, Aung MO, Lim
SG, Ullrich A. Fibroblast growth factor receptor 4 regulates proliferation,
anti-apoptosis and alpha-fetoprotein secretion during hepatocellular
carcinoma progression and represents a potential target for therapeutic
intervention. J Hepatol. 2009;50:118-27.

18. Zhao HK, Lv FL, Liang GZ, Huang XB, Wu G, Zhang WF, Yu L, Shi L, Teng
Y. FGF19 promotes epithelial-mesenchymal transition in hepatocellular
carcinoma cells by modulating the GSK3 beta/beta-catenin signaling
cascade via FGFR4 activation. Oncotarget. 2016;7:13575-86.

19. Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers
C, Songa EB, Bendahman N, Hamers R. Naturally occurring antibodies
devoid of light chains. Nature. 1993;363:446-8.

20. Verhaar ER, Woodham AW, Ploegh HL. Nanobodies in cancer. Semin
Immunol. 2021. https://doi.org/10.1016/j.5mim.2020.101425.

21. Unciti-Broceta JD, Del Castillo T, Soriano M, Magez S, Garcia-Salcedo JA.
Novel therapy based on camelid nanobodies. Ther Deliv. 2013;4:1321-36.

22. Allegra A, Innao V, Gerace D, Vaddinelli D, Allegra AG, Musolino C. Nano-
bodies and cancer: current status and new perspectives. cancer invest.
2018;36:221-37.

23. XieYJ, Dougan M, Ingram JR, Pishesha N, Fang T, Momin N, Ploegh
HL. Improved antitumor efficacy of chimeric antigen receptor t cells
that secrete single-domain antibody fragments. Cancer Immunol Res.
2020;8:518-29.


https://doi.org/10.1053/j.gastro.2007.04.061
https://doi.org/10.1053/j.gastro.2007.04.061
https://doi.org/10.1016/j.soc.2007.08.004
https://doi.org/10.1016/j.smim.2020.101425

Lin et al. Journal of Translational Medicine

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2024) 22:349

Zhao WH, Liu J, Wang BY, Chen YX, Cao XM, Yang Y, Zhang YL, Wang

FX, Zhang PY, Lei B, et al. A phase 1, open-label study of LCAR-B38M, a
chimeric antigen receptor T cell therapy directed against B cell matura-
tion antigen, in patients with relapsed or refractory multiple myeloma. J
Hematol Oncol. 2018. https://doi.org/10.1186/513045-018-0681-6.
Martin TG, Madduri D, Pacaud L, Usmani SZ. Cilta-cel, a BCMA-targeting
CAR-T therapy for heavily pretreated patients with relapsed/refrac-

tory multiple myeloma. Future Oncol. 2023. https://doi.org/10.2217/
fon-2022-1317.

De Munter S, Van Parys A, Bral L, Ingels J, Goetgeluk G, Bonte S, Pille M,
Billiet L, Weening K, Verhee A, et al. Rapid and effective generation of
nanobody based CARs using PCR and gibson assembly. Int J Mol Sci.
2020. https://doi.org/10.3390/ijms21030883.

He X, Feng ZJ, Ma J, Ling SB, Cao Y, Gurung B, Wu Y, Katona BW, O'Dwyer
KP, Siegel DL, et al. Bispecific and split CART cells targeting CD13 and
TIM3 eradicate acute myeloid leukemia. Blood. 2020;135:713-23.

Li B, English H, Hong J, Liang TYZ, Merlino G, Day CP, Ho M. A novel
PD-L1-targeted shark V-NAR single-domain-based CAR-T cell strat-

egy for treating breast cancer and liver cancer. Mol Ther-Oncolytics.
2022,24:849-63.

Liu BF, Zou F, Lu LJ, Chen CC, He DL, Zhang X, Tang XP, Liu C, Li LH, Zhang
H. Chimeric antigen receptor T Cells guided by the single-chain Fv of

a broadly neutralizing antibody specifically and effectively eradicate
virus reactivated from latency in CD4(+) T lymphocytes isolated from
HIV-1-infected individuals receiving suppressive combined antiretroviral
therapy. J Virol. 2016;90:9712-24.

Zou F, Lu LJ, Liu J, Xia BJ, Zhang WY, Hu QF, Liu WW, Zhang YW, Lin YT, Jing
SL, et al. Engineered triple inhibitory receptor resistance improves anti-
tumor CAR-T cell performance via CD56. Nat Commun. 2019. https://doi.
0rg/10.1038/s41467-019-11893-4.

Ma XC, Zou F, Yu F, Li R, Yuan YC, Zhang YW, Zhang XT, Deng JY, Chen

T, Song Z, et al. Nanoparticle vaccines based on the receptor binding
domain (rbd) and heptad repeat (hr) of sars-cov-2 elicit robust Protective
Immune Responses. Immunity. 2020. https://doi.org/10.1016/j.immuni.
2020.11.015.

Zhang XT, Wu SJ, Liu J, Chen R, Zhang YL, Lin YT, Xi ZH, Deng JY, Pu ZY,
Liang CF, et al. A Mosaic nanoparticle vaccine elicits potent mucosal
immune response with significant cross-protection activity against multi-
ple SARS-CoV-2 Sublineages. Adv Sci. 2023. https://doi.org/10.1002/advs.
202301034.

Zhang XT, Yuan YC, Wu BL, Wang XM, Lin YT, Luo YW, Li R, Chen T, Deng JY,
Zhang X, et al. Improvement of a SARS-CoV-2 vaccine by enhancing the
conjugation efficiency of the immunogen to self-assembled nanoparti-
cles. Cell Mol Immunol. 2021;18:2042-4.

Zhang YJ, Xu'Y, Dang XY, Zhu ZY, Qian WB, Liang AB, Han WD. Challenges
and optimal strategies of CART therapy for hematological malignancies.
Chin Med J. 2023;136:269-79.

Khan AN, Asija S, Pendhari J, Purwar R. CAR-T cell therapy in hematologi-
cal malignancies: where are we now and where are we heading for? Eur J
Haematol. 2023. https://doi.org/10.1111/ejh.14076.

Li CR, Wang D, Fang BJ, Song YP, Huang H, Li JY, Zou DH, Chen B, Liu J,
Dong YJ, et al. Updated results of fumanba-1: a phase 1b/2 study of a
novel fully human B-cell maturation antigen-specific CART cells (CT103A)
in patients with relapsed and/or refractory multiple myeloma. Blood.
2022;140:7435-6.

Shi DH, Shi YP, Kaseb AO, Qi XX, Zhang Y, Chi JC, Lu Q, Gao HP, Jiang H,
Wang HM, et al. Chimeric antigen receptor-glypican-3 T-cell therapy for
advanced hepatocellular carcinoma: results of phase | trials. Clin Cancer
Res. 2020;26:3979-89.

Tan L, Wang J, Tanizaki J, Huang ZF, Aref AR, Rusan M, Zhu SJ, Zhang

YY, Ercan D, Liao RG, et al. Development of covalent inhibitors that can
overcome resistance to first-generation FGFR kinase inhibitors. Proc Natl
Acad Sci USA. 2014;111:E4869-77.

Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M,
Smith JP, Walker AJ, Kohler ME, Venkateshwara VR, et al. 4-1BB costimula-
tion ameliorates T cell exhaustion induced by tonic signaling of chimeric
antigen receptors. Nat Med. 2015;21:581-90.

Nieba L, Honegger A, Krebber C, Pluckthun A. Disrupting the hydro-
phobic patches at the antibody variable/constant domain interface:
improved in vivo folding and physical characterization of an engineered
scFv fragment. Protein Eng. 1997;10:435-44.

41.

42.

43.

44,

45.

46.

Page 15 of 15

Sun'W, Xie J, Lin H, Mi S, Li Z, Hua F, Hu ZW. A combined strategy
improves the solubility of aggregation-prone single-chain variable frag-
ment antibodies. Protein Expr Purif. 2012,83:21-9.

Kershaw MH, Westwood JA, Parker LL, Wang G, Eshhar Z, Mavroukakis
SA, White DE, Wunderlich JR, Canevari S, Rogers-Freezer L, et al. A phase |
study on adoptive immunotherapy using gene-modified T cells for ovar-
ian cancer. Clin Cancer Res. 2006;12:6106-15.

Maus MV, Haas AR, Beatty GL, Albelda SM, Levine BL, Liu X, Zhao Y, Kalos
M, June CH.T cells expressing chimeric antigen receptors can cause
anaphylaxis in humans. Cancer Immunol Res. 2013;1:26-31.

Berdeja JG, Madduri D, Usmani SZ, Jakubowiak A, Agha M, Cohen AD,
Stewart AK, Hari P, Htut M, Lesokhin A, et al. Ciltacabtagene autoleucel,

a B-cell maturation antigendirected chimeric antigen receptor T-cell
therapy in patients with relapsed or refractory multiple myeloma (CARTI-
TUDE-1): a phase 1b/2 open-label study. Lancet. 2021;398:314-24.
Martin T, Usmani SZ, Berdeja JG, Agha M, Cohen AD, Hari P, Avigan D,
Deol A, Htut M, Lesokhin A, et al. Ciltacabtagene autoleucel, an anti-
B-cell maturation antigen chimeric antigen receptor T-cell therapy, for
relapsed/refractory multiple myeloma: CARTITUDE-1 2-year follow-up. J
Clin Oncol. 2023. https://doi.org/10.1200/JC0O.22.00842.

Cohen AD, Parekh S, Santomasso BD, Perez-Larraya JG, van de Donk N,
Arnulf B, Mateos MV, Lendvai N, Jackson CC, De Braganca KC, et al. Inci-
dence and management of CAR-T neurotoxicity in patients with multiple
myeloma treated with ciltacabtagene autoleucel in CARTITUDE studies.
Blood Cancer J. 2022. https://doi.org/10.1038/541408-022-00629-1.

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


https://doi.org/10.1186/s13045-018-0681-6
https://doi.org/10.2217/fon-2022-1317
https://doi.org/10.2217/fon-2022-1317
https://doi.org/10.3390/ijms21030883
https://doi.org/10.1038/s41467-019-11893-4
https://doi.org/10.1038/s41467-019-11893-4
https://doi.org/10.1016/j.immuni.2020.11.015
https://doi.org/10.1016/j.immuni.2020.11.015
https://doi.org/10.1002/advs.202301034
https://doi.org/10.1002/advs.202301034
https://doi.org/10.1111/ejh.14076
https://doi.org/10.1200/JCO.22.00842
https://doi.org/10.1038/s41408-022-00629-1

	Development of nanobodies targeting hepatocellular carcinoma and application of nanobody-based CAR-T technology
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Cell lines
	Western blot
	Protein expression and purification
	Immunization of alpaca and construction of electroporation bacteria library
	Serum ELISA
	Screening of Nbs and monoclonal phages ELISA
	Flow cytometry
	Molecular docking
	Antibodies-antigen binding ELISA
	Surface plasmon resonance (SPR)
	Construction of CAR lentiviral vectors
	Isolation of primary human T lymphocytes and transduction of recombinant lentiviral particles
	Cytotoxicity assay
	Cytokine ELISA and enzyme-linked immunosorbent spot (ELISpot) assay
	Xenograft mouse model
	Hematoxylin–eosin (H&E) staining, immunohistochemistry (IHC) and immunofluorescence (IF)
	Statistical analysis

	Results
	Construction of FGFR4 nanoparticles and immunization of alpaca
	Construction of electroporation bacteria library and screening of anti-FGFR4 Nbs
	Functional validation of the identified Nbs in vitro
	Construction of Nb-derived CAR-T cells and functional validation of the Nb-derived CAR-T cells anti-tumor in vitro
	Functional validation of the Nb-derived CAR-T cells anti-tumor in vivo

	Discussion
	Conclusions
	Acknowledgments
	References


