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Transient intracellular expression of PD-L1 @

and VEGFR2 bispecific nanobody in cancer
cells inspires long-term T cell activation

and infiltration to combat tumor and inhibit
cancer metastasis

Lei Zhang'?"T, Yunfeng Lin'>", Li Hu'?, Yanan Wang'?, Chaohua Hu* Xinyi Shangguan'?, Shuzhi Tang',
Jincan Chen', Ping Hu', Zhe-Sheng Chen®, Zun-Fu Ke® and Zhuo Chen'?"

Abstract

Background PD-L1, an immune checkpoint inhibitor, and VEGFR2, essential for cancer metastasis, play pivotal roles
in tumorigenesis. However, their miniature bispecific intracellular nanobodies for combining check-point blockade
and anti-metastasis anticancer therapy remain underexplored.

Methods The intrabodies were developed using gene cloning technology. Specificity of the intrabodies was testi-
fied using Western blot, co-immunoprecipitation (co-IP) analysis, antibody competitive binding assay, flow cytometry
analysis, etc. Checkpoint blockade was demonstrated using antibody-antigen competitive binding assay. Cancer cell
migration was determined using scratch assay. Combined anti-cancer therapeutic efficacy of FAP1V2 was determined
in vivo of mice models. The PD-1" immune cells, TCR 8" and CD25" T-cells were analyzed by flow cytometry, and can-
cer cell metastasis was performed using immune-fluorescence analysis on lung and liver tissues. Transcriptome analy-
sis was performed to explore signaling pathways associated with the enhanced anticancer efficiency.

Results Bispecific intrabody FAP1V2 fused with antibody V,, regions, was successfully developed and verified with its
ability to target and block human and mouse PD-L1 and VEGFR2, inhibiting cancer cell binding to PD-1 and reduc-
ing their migratory capacity. Compared to the other treatment, two-rounds of transient FAP1V2 expression in LLC
cells in experimental mice models achieved remarkable tumor inhibition, which brought about complete immune
inhibition on growth of secondary-round of LLC tumor in 1/6 of the tested mice, inspired long-term activation of TCR
B”‘T cells and increased their infiltration to tumors, inhibited the emergence of PD-1 himmune cells, indicating
prevented T cell depletion. The elevated CD25 expression also supported the success in enhancing immune response
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reported by elevated T cell activity in spleen. Transcriptome analysis identified critical intracellular pathways regulated

by the concurrent blockade of PD-L1 and VEGFR2.

Conclusion PD-L1 and VEGFR2- bispecific V, intracellular nanobody was highly biocompatible and showed
the potential for combined anti-cancer therapy through long-term immune activation mediated by PD-L1/PD-1
checkpoint blockade and anti-metastasis mediated by VEGFR2 blockade.

Keywords Combination cancer therapy, Bispecific V,, intrabody, PD-L1, VEGFR2, Immune activation, T cell activation

and infiltration, Anti-metastasis

Background

The failure of cancer therapy is often attributed to two
major hurdles: ineffective drug treatment and inadequate
immune response. Cancer cells can frequently evade
drug-mediated cytotoxicity by developing drug resist-
ance mechanisms [1-3], while immune cells, particu-
larly T cells, often fail to effectively eliminate tumor cells.
This failure in immune elimination is partially due to T
cell exhaustion, a state characterized by impaired func-
tion and reduced proliferation of T cells in the tumor
microenvironment [4—6]. Furthermore, the number and
antitumor immune responses of tumor-infiltrating cyto-
toxic immune cells, especially T cells, are often signifi-
cantly reduced [7, 8], limiting their ability to effectively
target and kill tumor cells. Therapeutic approaches that
can effectively activate the immune system to combat
cancer are a promising area of research. One promis-
ing strategy involves targeting immune checkpoints,
which are molecules expressed on immune cells that act
as brakes on immune responses [9]. By blocking these
checkpoints using monoclonal antibodies, the immune
system can be unleashed to attack tumor cells more
effectively. This strategy has shown remarkable success
in various cancers, particularly in melanoma, lung can-
cer, and bladder cancer [10-13]. Examples of checkpoint
inhibitors include anti-CTLA-4 antibodies such as ipili-
mumab and tremelimumab, and anti-PD-1 antibodies
such as nivolumab and durvalumab [14—17]. Potentially
by increasing the number and activity of tumor-infiltrat-
ing T cells, vaccines combined with immune checkpoint
inhibitors can further enhance the anti-tumor efficacy
[18].

Although evidence suggests that therapy utilizing
antibodies such as the anti-PD-1 antibody sintilimab or
cadonilimab, a bispecific antibody targeting PD-1 and
cytotoxic T-lymphocyte antigen-4 therapies, can pro-
mote T cell infiltration and activity in the tumor micro-
environment (TME) [19], these therapies may lead to
reductions in levels of neutrophils, platelets, red blood
cells causing anemia, or leukocytes [20, 21], which might
be caused by blockage of potentially vital functions of
these targets residing on immune cells. Current clinical
antibodies contain substantial heterologous regions, such

as the crystallizable fragment (Fc), leading to adverse
effects and rapid clearance from the circulation. At pre-
sent, the role of nanobody-mediated T cell activation ver-
sus direct T cell recognition of tumor antigens remains
unclear. For instance, the ability of single-chain nanobod-
ies lacking both the light chain variable region (V;) and
Fc regions to support endogenous T cell receptor (TCR)
binding to tumor antigens and induce T cell activation [1,
22], especially following transient expression on tumor
cells, is unknown. Further research exploring these criti-
cal aspects will be crucial to optimize current therapies
and develop novel strategies for effective and durable
cancer treatment.

PD-1 is an inducible protein expressed on activated T
and B cells, and can also be found on NK cells, mono-
cytes, and myeloid dendritic cells upon antigen induction
[23, 24]. Prior to activation, T cells exhibit minimal PD-1
expression, which gradually increases following antigenic
stimulation [25]. PD-L1, the functional ligand of PD-1,
may act as a molecular "barrier” to protect PD-L1%" tumor
cells from CD8* T cell-mediated cancer cell elimination
[26, 27], which is conducive to the escape of cancer cells
from immune system. The binding of PD-L1 to PD-1 on
tumor-infiltrating lymphocytes (TILs) transmits immu-
nosuppressive signals, inhibiting the activation and func-
tion of antigen-specific cytotoxic T cells. This interaction
consequently impairs the immune response, allowing
tumors to evade recognition [28-30]. Recent findings
have demonstrated that the interaction between PD-1
and its ligands (PD-L1 and PD-L2) leads to the attenua-
tion of T cell activation [31]. The engagement of PD-1 by
its ligands induces T cell differentiation into exhausted T
cells, which are characterized by impaired proliferation,
cytokine production, and cytotoxicity [32, 33]. Vascular
endothelial cell growth factors (VEGFs) and their homol-
ogous receptors (VEGFRs) are crucial in neovasculari-
zation (or angiogenesis). They are upregulated in tumor
vasculature and are a key factors in malignant growth
of tumors [34], promoting tumor genesis, development
and cancer cell metastasis [35—-38]. VEGFR2 has strong
tyrosine kinase activity, through binding to VEGE, lead-
ing to phosphorylation and activation of several down-
stream signaling proteins, including protein kinase B
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(AKT), ERK1/2, and MAPK [39-42]. Blocking VEGFR2
signaling has been reported to inhibit tumor cell migra-
tion and inhibit angiogenesis [42—45]. Hitherto, there are
currently no reports on how the blockade of PD-L1 and
VEGFR2 on tumors by dual-target intrabodies affects
PD-1 high (PD-1") immune cells and T cell activation.
This study reports the development of a novel bispecific
nanobody, composed solely of variable regions of heavy
chain (Vy), targeting both PD-L1 and VEGFR2 for tumor
suppression. Its potential to mediate T cell infiltration
and activation, thus facilitating anti-cancer immuno-
therapy, was investigated. Transcriptome sequencing and
quantitative analysis were employed to elucidate the fac-
tors and signaling pathways involved in inhibiting tumor
metastasis and modulating the immune response.

Materials and methods

Cell lines, media, antibodies and reagents

The human cervical cancer cell line HeLa, which was
applied as a model cell line, was purchased from the
Shanghai Institute of Cell Biology (Chinese Academy
of Sciences) and was cultured in 1640 medium (Gibco)
supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco, Invitrogen, USA), 100 pug/mL penicillin and 100
pg/mL streptomycin (Gibco, Invitrogen, USA) at 37 °C
with 5% CO,,.

HeLa cells transfected with plasmid pEGFP-CI,
named as HeLa-EGFP, were used as the negative con-
trol. HeLa cells transiently transfected with plasmid
PEGFP-C1-AP1V2 (encoding FAP1V2), pEGFP-C1-AP1
(encoding FAP1), or pEGFP-CI-AV2 (encoding FAV2),
respectively, were named as HeLa-FAP1V2, HeLa-FAPI,
or HeLa-FAV2.

Rabbit anti-PD-L1, rabbit anti-VEGFR2, rabbit anti-
GFP polyclonal antibodies, Rhodamine B 5-isothio-
cyanate (RBITC)-conjugated goat anti-rabbit IgG and
Horseradish peroxidase (HRP)-conjugated goat anti-rab-
bit IgG were purchased from Sangon Biotech (Shanghai,
China). Mouse anti-EGFP/GFP monoclonal antibodies,
HRP-conjugated goat anti-mouse IgG and normal mouse
IgG were purchased from Beyotime (Shanghai, China).
PE-Labeled Human PD-1/PDCD1 Protein was purchased
from Acrobiosystems (Bejing, China). Other antibod-
ies used in immuno-fluorescent analysis were purchased
from Servare Biotech Inc. (Wuhan, China).

Plasmid constructs

The recombinant bispecific intrabody FAPIV2 gene
sequence containing anti-PD-L1 Vy; (FAPI), EGFP and
anti-VEGFR2 Vi (FAV2) gene sequences was achieved
by nucleotide polymerization (Sangon Biotech Co.,
Ltd., Shanghai, China). It was cloned into the mam-
malian expression vector pEGFP-CI, where EGFP as a
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fluorescence indicator was fused between the FAPI and
FAV?2 for tracking transient (24—96 h) transgene expres-
sion of the intrabody. V; genes and EGFP were connected
via a short gene sequence encoding a flexible linker pep-
tide (GGGGS);. The N-terminal of FAPI was fused with
an IL-2 signal peptide (GenBank: AAD48509.1) and
the C-terminal of FAV2 was fused with a GPI anchor
sequence (hPLAP, exonl0, GenBank: M19159.1). This
recombinant plasmid containing anti-PD-L1 and anti-
VEGEFR2 V|; sequences was named as pEGFP-CI-APIV2.
As the comparison with pEGFP-CI-APIV2 contain-
ing two Vy; sequences, plasmid pEGFP-CI-API har-
boring only API gene sequence and pEGFP-CI-AV2
harboring only AV2 gene sequence were designed and
constructed. The V|; sequences of the anti-PD-L1 anti-
body (PDB: 5XJ4) and the anti-VEGFR2 antibody (Gen-
Bank: ACH41918.1), respectively, were retrieved from
the publicly available National Center for Biotechnology
Information (https://www.ncbi.nlm.nih.gov/) database.
The gene (FAP1V2) sequence of the dual targeting fusion
Vy peptides specific for PD-L1 and VEGFR2, the primer
sequences and the amino acid sequences of all fusion
intrabodies used in this study are provided in Supple-
mentary Tables 1-3.

Protein modeling and molecular docking

Homology models of the three-dimensional (3D) struc-
tures of FAP1V2 were obtained by submitting the
FAP1V2 amino acid sequence to the Tencent iDrug plat-
form (https://drug.ai.tencent.com/cn). The highest qual-
ity model was selected for further analysis. PD-L1 model
structure was selected from PDB database (5X8M). We
selected an existing 3D model from the ModBase as
VEGFR2-ECD (extracellular domain) model (https://
modbase.compbio.ucsf.edu/ Number: P35968.2). Dock-
ing analyses were performed focusing on PD-L1 or
VEGER?2 as ligand binding to FAP1V2 model using the
HDOCK program (http://hdock.phys.hust.edu.cn/). We
selected the top 10 through the docking energy scores
and overall root mean square deviation (RMSD). Next,
the most appropriate docking models were selected
according to the minimum distance between FAP1V2
Vy region and PD-L1 or VEGFR2-ECD, respectively.
PyMOL software (The PyMOL Molecular Graphics Sys-
tem, Version 1.7, Schrodinger, New York, NY, USA) and
PDBePISA (https://www.ebi.ac.uk/pdbe/) were used to
visualize the modeled complexes, and the FAP1V2 resi-
dues that presumptively formed contact interface with
the targets were identified.

Transfection
The cells were transfected according to the manufac-
turer’s instructions of LipoFiter 3 (HANBIO, Shanghai,
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China). HeLa cells were seeded one day before trans-
fection, and the plasmid/ LipoFiter " 3 complexes were
added to the cell culture without serum when confluence
of cells reached 70% the next day. After the cells were co-
cultured with plasmid/ LipoFiter'" 3 complexes for 6 h,
the serum-free medium containing plasmid/ LipoFiter "
3 complexes was removed, and fresh medium containing
10% FBS serum was added. In this study, the dosage ratio
of plasmid to LipoFiter " 3 was 1:1 (w/v). For each well of
the six-well plate, the dosage of plasmid was 4 pg and the
dosage of LipoFiter ' 3 was 4 pL. After transfection, the
cells were cultured for 48 h for subsequent experiments.

Transient expression of the FAP1, FAV2 or FAP1V2
intrabody

By the 48th h after transfection with recombinant plas-
mid, HeLa cells were lysed and sampled for PCR analy-
sis of the FAPI, FAV2 or FAPIV2 gene, to determine
whether the transfection was successful. HeLa cells were
seeded in confocal petri dishes, transfected with recom-
binant plasmid and cultivated for 48 h. Fluorescence of
EGFP was observed under laser confocal microscope
(OLYMPUS Fluo View TMFV1000, Japan). By the 48th
h after transfection with recombinant plasmid, HeLa
cells were collected and lysed for Western blot analysis of
EGEFP expression that reported the expression of single-
target or the dual-target Vy; intrabody, using rabbit anti-
GFP polyclonal antibody as the primary antibody and
HRP-conjugated goat anti-Rabbit IgG as the secondary
antibody.

Analysis of the ability of cell surficial PD-L1 or VEGFR2

to bind commercial antibodies

HeLa cells were seeded into 6-well plate at a density of
2% 10°/ mL medium. The plasmids used in Group 1 were
PEGFP-C1 (control), pEGFP-C1-AP1, and pEGFP-CI-
APIV2, and the plasmids used in Group 2 were pEGFP-
C1 (control), pEGFP-CI1-AV2, and pEGFP-CI-APIV2.
The non-transfected HeLa cells were used to evaluate the
background. Cells were treated by trypsin and collected
by the 48th h of cell culture after transfection, fixed with
4% paraformaldehyde and washed with PBS for 3 times.
The cells were incubated with the primary antibodies
at room temperature for 1-2 h. The primary antibody
used in Group 1 and Group 2 were rabbit anti- PD-L1
and anti-VEGFR?2, respectively. After being washed with
PBS for 3 times, the cells in both groups were incubated
with RBITC-conjugated goat anti-rabbit IgG (the second-
ary antibody) at room temperature for 1 h. After wash-
ing with PBS for 3 times, the fluorescence of PD-L1 and
VEGFR2 on HeLa cell surface were detected by flow
cytometry through PE-A determination channel.
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Analysis of the ability of intracellular PD-L1 or VEGFR2

to bind commercial antibodies

HeLa cells were seeded into confocal petri dishes at a
density of 2% 10°/ mL medium, and two same experi-
mental groups as have been described in the above
method for flow cytometry were transfected according
to the manufacture’s instruction. The cells were then
fixed with 4% paraformaldehyde, carefully washed with
PBS three times, and blocked with 5% BSA (in PBS).
Then the cells were incubated with primary antibody
(1:1000 in PBS containing 5% BSA and 0.1% Triton
X-100), washed 3 times with PBS, followed by incuba-
tion with RBITC-conjugated secondary antibody. The
cells were washed 3 times with PBS, stained with DAPI
(10 pg/mL), added with 1 mL PBS observed under a
confocal laser scanning microscope (CLSM) and pho-
tographed for analysis of the fluorescence distribution
and intensity.

Co-immunoprecipitation

HeLa cells were seeded into the 6-well plate at a den-
sity of 2x10°/mL medium for transfection. By 48th h
after transfection, pre-cooled cell lysate buffer (Beyo-
time, China) was added. Cells were scraped with a cell
scraper and the cell lysate suspensions were collected.
Then the mouse originated normal IgG (to exclude non-
specific binding) and Protein A+ G agarose (Beyotime,
China) were added to the cell lysate suspensions. After
1 h incubation at 4 °C on the mixer, the supernatant
was centrifuged at 2,500X g for 5 min and collected for
immunoprecipitation. Protein A+ G agarose at the bot-
tom of the tube was precipitated and set as the control.
The incubated cell suspension was transferred into a new
1.5 mL EP tube, and mouse anti-EGFP IgG was added
into the tube and incubated on the mixer at 4 °C over-
night. Protein A+ G agarose was then added into the EP
tube and incubated on the mixer at 4 °C for 4 h, centri-
fuged at 2,500xg for 5 min, and the supernatant was
removed. The Protein A+G agarose precipitate at the
bottom of the tube was washed with cell lysate buffer for
5 times, then SDS-PAGE loading buffer was added to the
precipitates and the mixture was boiled for 5 min, and
then the samples were separated on by SDS-PAGE gel
electrophoresis. The proteins within the gel were then
transferred to a 0.22 um PVDF membrane using Trans-
Blot Turbo Transfer System (BioRad) and the membrane
was pre-incubated with 5% fat-free milk (in TBST) for 2
h at RT. The membranes were then incubated with pri-
mary antibody at 4 °C overnight followed by thorough
wash with TBST and incubation with HRP-conjugated
secondary antibodies at room temperature for 2 h. Pro-
tein bands were visualized by AI600 RGB imaging system
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(Amersham Imager 600, GE, USA) after incubation with
BeyoECL Star (Beyotime, China).

Analysis of the ability of cell surficial PD-L1 to bind
PE-labeled human PD-1 protein

HeLa cells were seeded into 6-well plate at a density of
2x10°/mL medium. The plasmids for transfection were
PEGFP-CI (the control), pEGFP-CI-API and pEGFP-CI-
AP1V2, and the non-transfected HeLa cells were used to
evaluate the background. Cells were collected by the 48th
h of culture after transfection, fixed with 4% paraformal-
dehyde and washed with PBS for 3 times. The cells were
incubated with the PE-Labeled Human PD-1 Protein on
the mixer at 4 °C overnight. After washing with PBS for
3 times. The fluorescence intensity showing abundance
of PD-L1 on HeLa cell surface was determined by flow
cytometry through PE-A determination channel.

Cell viability assays

For cell viability assay, cells (3% 10° cells per well) were
seeded into 96-well plates and transfected accord-
ing to the method described above. The plasmids for
transfection were pEGFP-CI, pEGFP-C1-AP1, pEGFP-
C1-AV2 and pEGFP-CI-AP1V2. After 44 h, the medium
was replaced with new fresh medium containing 3-(4,
5-dimethylthiazol-2-yl)—2, 5-diphenyltetrazolium bro-
mide (MTT) solution (Beyotime, China) and cultured for
an additional 4 h at 37 °C. Subsequently, the medium was
removed, and DMSO was added into the medium to dis-
solve the purple crystals at 37 °C. Finally, the absorbance
was determined in Synergy = H4 Multi-Mode Microplate
Reader (BioTek, USA) at a wavelength of 490 nm.

Detection of competitive binding of FAP1V2 to LLC mouse
cells (expressing PD-L1 and VEGFR2) in the presence

of commercial antibodies

Two hundred and ninety-three T cells were seeded at
a density of 3x10° cells per well in a 6-well plate and
allowed to adhere overnight, and transfected with plas-
mids pEGFP-FAP1, pEGFP-FAV2, and pEGFP-FAPIV2
without endotoxin using lipid transfection reagent
(HANBIO, Shanghai, China). The cells were lysed using
RIPA lysis buffer containing Protease Inhibitor Cocktail
(Selleck) and Phosphatase Inhibitor Cocktail II (MCE),
centrifuged at 12,000 x g (4 °C) for 15 min, and the super-
natant was then collected.

The LLC cells in logarithmic growth phase were fixed
with 4% paraformaldehyde at room temperature for 30
min, centrifuged at 2,000X g for 2 min, and the superna-
tant was discarded. The cells were then blocked with 5%
BSA (dissolved in PBS) at room temperature for 1 h, cen-
trifuged at 2,000 g for 2 min, and the supernatant was
discarded. The cells were incubated with 293T cell lysate
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containing FAP1, FAV2 or FAP1V2 at room tempera-
ture for 30 min, followed by incubation with commercial
rabbit-derived Anti-mouse PD-L1-APC or Anti-mouse
VEGFR2-APC (Elabscience, Wuhan, China) at room
temperature for 30 min. After centrifugation at 2,000x g
for 4 min and removal of the supernatant, 200 pL of fresh
medium was added for flow cytometry analysis (using
APC detection channel).

In vivo study of the immune resistance to LLC tumors
Since the intrabodies also showed the ability to target and
bind mice originated PD-L1 and VEGFR2 which have
high similarity to those of human, in vivo experiments
were carried out in C57BL/6 as tumor-bearing model
mice according to the following methods. In detail,
C57BL/6 mice were randomly divided into 4 groups with
6 mice in each group. LLC cells were transparently trans-
fected with plasmids containing FAPI, FAV2 and FAP1V2
genes and empty plasmids according to the manufac-
turer’s instructions., using lipofiter (HANBIO, Shanghai,
China) as transfection reagent. The transfected LLC cells
(1x 107) were subcutaneously injected into the right arm-
pit of C57BL/6 mice in each group to construct tumor
bearing model. Four days later, the transfected LLC cells
(1x107) were re-inoculated into the left armpit of each
group of mice. The total transgene expression sustained
for approximately 7-8 days, so that immune response
could be promoted. Throughout the experiment, each
mouse in different groups was labeled and tracked sepa-
rately. Tumor size and animal weight were recorded once
a day, and tumor volume was calculated with the follow-
ing formula: V tumor = Length x Width x Height x /6.
After total 4 weeks, the mice were sacrificed by disloca-
tion, and the tumors were stripped and photographed. In
addition, important organs (heart, liver, spleen, lung, kid-
ney and stomach) were cut into small pieces, fixed with
4% formalin and embedded in paraffin. Then the paraf-
fin embedded tissues were sectioned and H&E staining
was performed, and the histopathological analysis of
important organs was carried out. Immunofluorescence
microscopy was used to analyze distribution and levels of
PD-1" and TCR B" immune cells in tumors and spleens.
The variance of activated T cells (CD25") numbers in
spleen was determined using Anti-Mouse CD25 APC
(Clone: PC61.5) combined with flow cytometry analysis
after the spleen had undergone grinding and treatment
with collagenase, hyaluronidase and DNase I (Tansoole
Platform, Fuzhou, China).

Determination of cell migration and metastasis

HeLa and LLC cancer cells expressing both high lev-
els of PD-L1 and VEGFR-2 were seeded into the 6-well
plate and transfected as described. The plasmids for
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transfection were pEGFP-C1 (the control), pEGFP-
C1-API1, pEGFP-C1-AV2 and pEGFP-CI-AP1V2, and
the non-transfected cells were used to evaluate the back-
ground. By the 24th hour after cell transfection, a 200 pL
pipette tips (Titan, China) was used to scratch the verti-
cal orifice plate, and the scratch time was recorded as 0 h.
Subsequently, PBS was carefully added to wash the cells
for 2-3 times. The cell medium was then replaced with
low serum (2%) medium and photographed. The cell cul-
ture was sustained at 37 °C with 5% CO,. The cell status
was observed and photographed every 12 h until the gaps
of non-transfected cells were healed. Image ] was used to
process the Image, and 7 horizontal lines were drawn ran-
domly to calculate the migrated distance. Metastatic LLC
cells were determined in the lungs and livers from each
mice model group using VEGFR2 (overexpressed in LLC
cells) as a biomarker. Migration distance was calculated
according to formula D=(A,,,;.;1— A, casurea)! W> Where D
represents distance of migration, A, represents ini-
tial unhealed area (before healing); A, ..req T€Presents
unhealed area at the time of measurement; W represents
width of the photograph at the same magnification. This
experiment was conducted at least three times.

Transcriptome sequencing and differential expression
analysis

Total RNA was extracted from HeLa cells of each group
using the TRzol® Reagent (Invitrogen, USA) accord-
ing to the manufacturer’s protocols. Bioanalyser 2100
(Agilent Technologies, PaloAlto, CA, USA) was used to
evaluate the quality of RNA and ND-2000 (NanoDrop
Technologies, Inc. Wilmington, DE, USA) was used to
quantify RNA. The RNA-seq transcriptome library was
constructed using the RNA samples (5 pg). The messen-
ger RNA (mRNA) was fragmentated using fragmentation
buffer and isolated by polyA selection with oligo (dT)
beads. According to Illumina’s library construction pro-
tocol, cDNA originated double-stranded DNA (dscDNA)
fragments were synthesized, and the target cDNA frag-
ments of 200—300 bp were selected for PCR amplification
(15 PCR cycles) using Phusion DNA polymerase (NEB)
after end-repair, phosphorylation and ‘A’-base addition.
lumina HiSeq 4000 (2x 150 bp read Length) was used
for sequencing (Majorbio Biotech Co., Ltd, Shanghai,
China). After map reading [46], differential expression
genes (DEG) between two different samples were identi-
fied according to the fragments per kilobase of exon per
million mapped reads (FRKM) method [47].

Data acquisition and statistical analysis

Immunofluorescence analysis was acquired using confo-
cal fluorescence microscopy at identical settings for each
of the experimental conditions. All data are presented
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as the Mean+SEM. Comparisons between two groups
were performed by unpaired, two-tailed t-test. For more
than two groups, one-way ANOVA followed by two-
way ANOVA analysis was performed using Prism 6.0
software (GraphPad). Results with p<0.05 were consid-
ered significant. P values are summarized as: *P<0.05,
**P<0.01, and ***P<0.001, unless stated otherwise.

Results and discussion

Structural base for V,; based FAP1V2 nanobody to bind
PD-L1 and VEGFR2

By simultaneously blocking PD-L1 and inhibiting
VEGEFR?2 signaling, this approach aims to activate T-cell
function and suppress cancer cell metastasis. To address
limitations associated with conventional antibodies,
such as inefficient intracellular delivery, the nanobody
design omits the Fc fragment and V| light chain, which
traditionally stabilizes the Vi heavy chain. This modifi-
cation minimizes immunogenicity and size [48], enabling
intracellular expression of an engineered chimeric gene.
While most single-chain antibodies include both V; and
Vy fragments, we hypothesize that single Vy; chains, due
to their smaller size, might exhibit sufficient flexibility
for antigen binding. Furthermore, the specificity of these
intrabodies to tumor-associated antigens (TAAs) holds
potential for investigating signaling pathways regulated
by intracellular TAAs.

The bispecific intrabody FAP1V2 targeting PD-L1 and
VEGEFR2 comprised IL-2 signal, anti-PD-L1 Vy; region,
(GGGGS); linker, EGFP section, (GGGGS); linker,
anti-VEGFR2 Vy; region, and GPI anchor (Fig. 1A). The
IL-2 signal was designed at the N-terminus for guiding
FAP1V2 to the outer cell space. The GPI anchor pep-
tide was linked to the C-terminus for anchoring FAP1V2
on cell surface, allowing them to interact with the sur-
face PD-L1 and VEGFR2 antigens. EGFP was designed
as reporter for the transient expression of AP1V2 and
as an indicator for tracking the cellular location of
FAP1V2; it also functioned as spacer between AP1 and
AV2. To investigate the potential of FAP1V2 to bind its
targets, PD-L1 and VEGFR2, the three-dimensional
(3D) models of FAP1V2 were computerized, and the
binding sites were calculated by docking analysis. The
FAP1V2 model showed a “clip” form composed of two Vi,
regions, EGFP section (Fig. 1B). The interaction between
FAP1V2 and PD-L1 potentially included five hydrogen
bonds (FAP1V2 Arg" with PD-L1 Val®!, FAP1V2 Arg"’
with PD-L1 Glu®, FAP1V2 Ser'”® with PD-L1 Tyr!%,
FAP1V2 Ser!” with PD-L1 Tyr*’, and FAP1V2 GIn®** with
PD-L1 GIn®), two salt bridges (Between FAP1V2 Arg"?
and PD-L1 Glu**, FAP1V2 Arg'® and PD-L1 Asp®),
whereas no disulfide bonds or covalent bonds were found
(Fig. 1C, Supplementary Table 4). The interface between
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FAP1 : anti-PD-L1-V, gene (Durvalumab-V,,, PDB: 5XJ4_H)

FAV2 : anti-VEGFR2-V, gene (GenBank:ACH41918.1)
EGFP : Enhanced green fluorescent protein gene

2D Anti-VEGFR2-V,,

antibody gene (FAP1V2) sequence contains IL-2 signal, anti-PD-L1 V,, gene (APT) and anti-VEGFR2 V|, gene (AV2), EGFP reporter, and GPI anchor.
PEGFP-C1-APT harbors FAPT and pEGFP-CT-AV2 harbors FAV2. B The 3D model of FAP1V2. The orange region depicts anti-PD-L1 V, (AP1), and the dark
blue region depicts anti-VEGFR2 V,; (AV2). The green region depicts EGFP, which was fused with anti-PD-L1V,; and anti-VEGFR2 V,, via (GGGGS),
linkers (shown in light blue), respectively. C and (D) Molecular docking and binding site prediction for FAP1V2 in complex with PD-L1 (red)

and VEGFR2-ECD (pink), respectively. E The contact potential between FAP1V2 and PD-L1. F The contact potential between FAP1V2 and VEGFR2. The
positively charged region was pointed out by black circle and the negatively charged region was pointed out by green circle. Blue and red colors

in the electrostatic surface diagrams correspond to positive and negative electrostatic potentials at neutral pH, respectively

FAP1V2 and VEGFR2-ECD (extracellular domain)
(Fig. 1D, Supplementary Table 5) was maintained by
four hydrogen bonds (FAP1V2 Val*” with PD-L1 Tyr**,
FAP1V2 Phe®!® with PD-L1 Asp'®l, FAP1V2 Ala*** with
PD-L1 Lys'*, and FAP1V2 GIn**® with PD-L1 Tyr**),
whereas no salt bridges or disulfide bonds or covalent
bonds were revealed. Analysis of surface electrostatic
potential energy (Fig. 1E) shows the contact potential
between FAP1V2 and PD-L1. The charge of the positively
charged region of FAP1V2 (Arg', Lys'®® and Lys'®%) pro-
vided electricity base for FAP1V2 to bind the negatively
charged region of PD-L1 (Glu*, Glu®, Asp%, Glu** and
Asp™®). Figure 1F shows the contact potential between
FAP1V2 and VEGFR2. The negatively charged region

of FAP1V2 (Glu®%, Asp315, Asp376, Glu*”7 and Asp514)
has strong electrostatic interaction with the positively
charged VEGFR2 region (His'®, Lys'*, Lys'®$, Arg’?
Lys®!® and Lys®"7).

Hela cells expressed intrabodies by cell transfection

Two cell lines, HeLa human cervical cancer cells and LLC
mouse Lewis lung carcinoma cells, were selected for this
study due to their expression of PD-L1 and VEGER-2,
which are actively studied in the development of target-
ing therapeutic agents [49-53]. HeLa cells were used as
a model cell line for in vitro experiments, while LLC cells
were used as a model cell line for immune-related experi-
ments in tumor-bearing mice. The predicted molecular
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weights of FAP1 and FAV2 were about 42 kDa, and that
of FAP1V2 was approximately 57 kDa. PCR analysis of
the cell lysates indicated successful transfection of the
intrabody genes FAP1V2, FAPI, and FAV2 in HeLa cells
(Supplementary Fig. 1). Confocal laser scanning micros-
copy (CLSM) analysis showed the cellular expression
and distribution of the recombinant intrabodies FAPI,
FAV2, and FAP1V2 (Fig. 2A; magnified in Supplemen-
tary Fig. 1). Western blot analysis results indicated suc-
cessful expression of these fusion Vy; intrabodies in
HeLa cells (Fig. 2A, Supplementary Fig. 1). According to
these results, we conclude that the recombinant plasmid
was transfected into HeLa cells and induced successful
expression of FAP1, FAV2, and FAP1V2.

Specificity of FAP1V2 against PD-L1 and VEGFR2

To demonstrate the specificity of FAP1V2 against PD-L1
and VEGFR2, co-immunoprecipitation (co-IP) analy-
sis was performed. In-put results showed that EGFP (or
FAP1V2 containing EGFP), PD-L1 and VEGFR2 could be
detected in total lysates of HeLa-EGFP or HeLa-FAP1V2
cells, respectively (Fig. 2B). Co-IP results showed that
only EGFP but not PD-L1 or VEGFR2 was captured from
the lysates of HeLa-EGFP cells due to lack of FAP1V2
expression. However, PD-L1 and VEGFR2 were cap-
tured from the lysates of HeLa-FAP1V2 cells express-
ing FAP1V2 (Fig. 2B). These results demonstrated that
FAP1V2 was expressed by HeLa-FAP1V2 cells and can
specifically bind to PD-L1 and VEGFR2.

FAP1V2 blocked the target-binding ability of PD-L1

and VEGFR2

The Vy sequences of the anti-PD-L1 antibody (PDB:
5XJ4) and that of the anti-VEGFR2 antibody (GenBank:
ACH41918.1) have been reported with demonstrated
high specificity for their respective antigens. Nonethe-
less, as we have integrated EGFP into the Vy; regions,
and considering that EGFP does not bind to majority
of known proteins, it is important to verify whether the
newly formed fusion intrabodies maintain high-affinity
binding to their targets after the incorporation of EGFP.
In additional, if the new intracellular antibody exhibits
comparable or improved affinity for the antigens relative
to commercial antibodies, it may offer significant poten-
tial for efficient antigen blockade, thereby establishing
a foundation for the efficacy of subsequent combined
therapies targeting PD-L1 and VEGFR2 simultaneously.
We then used the commercial RBITC-labelled anti-PD-
L1 or RBITC-labelled anti-VEGFR2 antibody, respec-
tively, to compete the PD-L1 or VEGFR2 from binding
with FAP1V2. Flow cytometry analysis showed that, as
compared with the control group transfected with vec-
tor plasmid pEGFP-CI, the ability of PD-L1 to bind

Page 8 of 28

commercial antibodies in the cells expressing FAP1 or
FAP1V2 was significantly inhibited (Fig. 2C and D). Simi-
larly, the ability of VEGFR2 to bind commercial antibod-
ies also remarkably declined in the cells expressing FAV2
or FAP1V2 compared with the control group (Fig. 2E and
F). Table 1 shows quantitative data for cell surficial PD-L1
and VEGFR2 to bind fluorescent antibodies after the cells
were transfected with the above plasmids. CLSM analy-
sis further confirmed that much fewer commercial anti-
bodies could bind intrinsic PD-L1 or VEGFR2, which
was caused by the binding between FAP1V2 and PD-L1
or the binding between FAP1V2 and VEGFR2, which led
to the occupation of the smaller intrabody (FAP1V2) at
the epitopes of PD-L1 or VEGFR2 that could originally
bind the commercial antibodies (Fig. 2G-J). It should
be noted that when we analyzed the blockage of the cell
surficial PD-L1 or VEGFR2 by FAP1V2, the cells were
not treated with Triton, which was frequently applied
to increase permeation of the cell membranes. In CLSM
analysis, the cells were treated with Triton, and the ability
of whole cellular PD-L1 or VEGFR2 to bind FAP1V2 was
demonstrated. Taken together, these data demonstrate
that FAP1V2 can directly bind and block the cell surfi-
cial and intracellular PD-L1 and VEGFR2. Which led to
inhibition of their ability to bind commercial antibodies.
The results of this experiment indicate that with incor-
poration of EGFP, the intrabodies keep high affinity and
strong blockade effect of toward their antigens, while also
excluding the possibility of EGFP to reduce their binding
ability to the antigens and potential background fluores-
cence of EGPFE.

FAP1V2 inhibited the PD-L1/PD-1 checkpoint
and enhanced T-cell-mediated immune inhibition in vivo
The ability of cell surficial PD-L1 to bind commercial
fluorescent human PD-1 [labeled by phycoerythrin (PE)]
was determined in HeLa cells by flow cytometry (Fig. 3).
Compared with the control HeLa cell group transfected
with pEGFP-CI, the ability of PD-L1 on HeLa-FAP1 or
HeLa-FAP1V2 cell surface to bind PE-labeled commercial
PD-1 remarkably decreased. This inhibition occurred on
HeLa-FAP1 cell surface was a bit more obvious (Fig. 3B).
This phenomenon suggests that the V;-originated fusion
intrabodies FAP1V2 and FAP1 expressed by HeLa cells
can block PD-L1 and inhibit the binding of PD-L1 and
PD-1 effectively. This could be caused by the inhibited
ability of PD-L1 to bind PD-1 during binding to the intra-
bodies, accompanied by the inhibited transmembrane
transportation of PD-L1 to the cell surface caused by
structural blockage by the intrabodies.

Cell flow cytometry and antibody competition assays
demonstrated that intracellular antibodies FAP1 and
FAP1V2 could selectively block mouse PD-L1 expressed
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Fig. 2 Specific binding of FAP1V2 to PD-L1 and VEGFR2 led to efficient inhibition of tumor progress. A CLSM and Western blot analysis of transient
expression of the intrabody genes in Hela. B Co-immunoprecipitation assay of the dual-specificity of FAP1V2 against PD-L1 and VEGFR2. In the left
panel, the schematic diagram was shown. In the right panel, PD-L1 and VEGFR2 in the input and co-immunoprecipitated components were
analyzed by Western blot. The MW of PD-L1 was 36 kDa, and the MW of VEGFR2 was 152 kDa. The MW of EGFP was 29 kDa. C Schematic diagram
and (D) flow cytometry assay showed that the blockage of cell surficial PD-L1 by FAP1V2 caused the reduced activity of PD-L1 to bind commercial
antibodies. The cells were not treated with Triton. E Schematic diagram and (F) flow cytometry assay showed that the blockage of cell surficial
VEGFR2 by FAP1V2 caused reduced activity of VEGFR2 to bind commercial antibodies. The cells were not treated with Triton. G Schematic diagram
and (H) CLSM analysis showed that the blockage of intracellular PD-L1 by FAP1V2 caused reduced activity of PD-L1 to bind commercial antibodies.
The cells were treated with 0.1% Triton. | Schematic diagram and (J) CLSM analysis showed that the blockage of intracellular VEGFR2 by FAP1V2
caused reduced activity of VEGFR2 to bind commercial antibodies. The cells were treated with 0.1% Triton. For all the above experiment, the red
fluorescence showed RBITC-labeled commercial antibody specific for PD-L1 or VEGFR2, and the blue fluorescence showed cell nuclei stained

by DAPI. The ability of PD-L1 and VEGFR2 to bind the commercial antibodies was determined after transient transfection of Hela cells with plasmids
PEGFP-C1, pEGFP-CI-AP1, pEGFP-C1-AV2 or pEGFP-C1-AP1V2, respectively
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Table 1 Mean fluorescence intensity showing the binding
between cell surficial PD-L1 or VEGFR2 to commercial antibodies?

Primary Mean fluorescence intensity of RBITC
Antibodies
HeLa-EGFP Hela-FAP1 Hela-FAV2 Hela-FAP1V2
Anti-PD-L1 Ab  391,871.0 51,3944 - 77,166.0
(+)
Anti-VEGFR2 111,562.1 - 72,5723 81,1186
Ab (+)

2 Flow cytometry was used to determine the fluorescence after Hela cells

were transfected with pEGFP-C1, pEGFP-C1-AP1, pEGFP-C1-AV2 or pEGFP-C1-
AP1V2, respectively. RBITC-conjugated secondary antibody was then used. The
fluorescence intensity showing abundance of commercial antibodies on cell
surface was determined by flow cytometry through PE-A determination channel

by mouse Lewis Lung Carcinoma (LLC) cells (Fig. 3C, D),
and these intracellular antibodies separately expressed
in 293 T cells could remarkably compete the blockade of
commercial anti-mouse PD-L1 antibodies [conjugated
with allophycocyanin (APC)] on PD-L1 in LLC cells
(Fig. 3C, D). Similarly, competition blockade on mouse
VEGEFR2 against commercial anti-mouse (VEGFR2) anti-
bodies was observed with FAV2 and FAP1V2 (Fig. 3E, F).

In vitro experiment demonstrated that, when HeLa
or non-tumor cells were tested under non-immune

(See figure on next page.)
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conditions, the intracellular expression of these intra-
bodies showed decent biocompatibility (Supplementary
Fig. 2). In vivo, immune enhanced inhibition on tumors
was subsequently performed based on the mouse model.
Following two transient intrabody expressions (each sus-
tained for 24-96 h) in LLC cells, the anti-PD-L1-anti-
VEGFR2 chimeric intrabody FAP1V2 demonstrated
superior immune suppression of LLC cell tumorigen-
esis and growth in C57BL/6 mice. FAP1 exhibited a less
pronounced inhibitory effect. FAV2 expression brought
about medium effects, i.e., the tumor growth rate was
inhibited to approximately 50% compared with the con-
trol, which did not express the intrabodies. Secondary
tumors, which transiently expressed the intrabodies and
were established four days after primary tumor inocula-
tion, exhibited significantly enhanced immune inhibition
compared to primary tumors, and intracellular expres-
sion of FAP1V2 in LLC cells achieved best performance
to inhibit tumor growth. Among the 6 tested mice inocu-
lated with LLC cells which expressed FAP1V2 transiently,
one mouse was not detected with LLC tumor growth
completely. Mice that did not express intrabodies were in
the control group (Fig. 3G-I).

TCR B is crucial for the activation of T cells and
the specificity of the immune response [54, 55].

Fig. 3 Efficacy of FAP1V2 transient expression in mediating PD-1 checkpoint blockade immune inhibition of LLC progress in mice models. A
Schematic diagram and (B) flow cytometry assay showed that the blockage of cell surficial PD-L1 by FAP1V2 or FAP1 caused reduced activity

of PD-L1 to bind commercial PE-labeled human PD-1.The cells were transfected with pEGFP-C1, pEGFP-C1-APT or pEGFP-C1-AP1V2, respectively. The
cells were not treated with 0.1% Triton before cell cytometry analysis. C to (F) Cell flow cytometry and antibody competition assays demonstrated
that intracellular antibodies FAP1 and FAP1V2, or FAV2 and FAP1V2 could selectively bind to PD-L1 or VEGFR2 expressed by LLC cells. Initially, 293
T cells were separately transfected with pEGFP-C1-AP1, pEGFP-AV2 or pEGFP-C1-AP1V2. Following co-incubation of their lysates with LLC cells (fixed
with paraformaldehyde), competitive binding assays were performed using commercial anti-mouse PD-L1 and VEGFR2 antibodies (conjugated
with APC) against the corresponding antigens. Panel (C) shows LLC cells in four conditions, from left to right: Control: No co-incubation with 293
T lysates or commercial antibody. Anti-PD-L1 antibody: Co-incubated with commercial anti-mouse PD-L1 antibody. Single-target intrabody
(FAP1) plus anti-PD-L1 antibody: Co-incubated with 293 T lysate expressing single-target intrabody FAP1, followed by addition of commercial
anti-mouse PD-L1 antibody. Double-target intrabody (FAP1V2) plus anti-PD-L1 antibody: Co-incubated with 293 T lysate expressing double-target
intrabody FAP1V2, followed by addition of commercial anti-mouse PD-L1 antibody. D Column graph illustrates the average fluorescence values
of results shown in (C). Panel (E) shows LLC cells in four conditions, from left to right: Control: No co-incubation with 293 T lysates or commercial
antibody. Anti-VEGFR2 antibody: Co-incubated with commercial anti-mouse VEGFR2 antibody. Single-target intrabody (FAV2) plus anti-PD-L1
antibody: Co-incubated with 293 T lysate expressing single-target intrabody FAV2, followed by addition of commercial anti-mouse VEGFR2
antibody. Double-target intrabody (FAP1V2) plus anti-VEGFR2 antibody: Co-incubated with 293 T lysate expressing double-target intrabody
FAP1V2, followed by addition of commercial anti-mouse VEGFR2 antibody. F Column graph presents the average fluorescence values of results
shown in (E). This experiment was independently repeated three times. Based on three mean fluorescence values (MFV) of the cell populations
from each sample, as reported by flow cytometer (Channel APC-A), the data for the mean fluorescence values detected at Channel APC-A are
presented as Mean = SEM. ¥, ** *** represent significant differences compared to the control group at the levels of P<0.05, P<0.01, P<0.001,
respectively. #, ##, ### indicate significant differences between treatment groups at the levels of P<0.05, P<0.01, P<0.001, respectively. G to (1)
The effect of anti-PD-L1-anti-VEGFR2 chimeric intrabody FAP1V2 on enhancing immune activity of suppressing tumorigenesis and growth of LLC
cells in C57BL/6 mice. G Timeline for studying transient FAP1V2 expression mediated anticancer therapy via immune activation and antimetastatic
effects. H Tumor size varied in the mice injected with LLC cancer cells which transiently expressed FAP1, FAV2 or FAP1V2 intrabody, respectively.
The group of mice inoculated with LLC cells transiently transfected with blank plasmid (pEGFP-CT1) were set as a control. The LLC cells were
respectively subcutaneously injected to the right armpits first and then to the left armpits 4 days later, which can maintain the transient expression
of the intrabodies for total 6-8 days in the beginning. The data on tumor sizes for each group, which included tumors located in the same side

of armpits from 6 mice, are presented as the Mean 1,0 size £ SEM. (1) Images of the tumors separated from the right and left armpits of the mice
which were sacrificed at Day 28
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Fig. 3 (Seelegend on previous page.)

Immunofluorescent microscopy was performed to
analyze the recruitment of TCR [ high-expressing
(TCR BM) T-cells and PD-1 high-expressing (PD-1M)
immune cells within the tumors. Tumors from the
FAP1, FAV2, and FAP1V2 groups exhibited increased
infiltration of T cells with high TCR P expression,
as well as elevated tumor cell elimination, with the

Time (Day)

AP1V2 treatment group showing the most pro-
nounced effect (Fig. 4A to D).

In the tumors from the FAP1V2 dual-targeting intra-
body treatment group, there were almost no immune
cells with high expression of PD-1. In the FAP1 treatment
group, there were a few immune cells expressing high
levels of PD-1, while the FAV2 treatment group recruited
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Fig. 4 Immunofluorescence and flow cytometric analysis of intrabody-induced immune system activation against LLC tumors. A-H Immune
fluorescence analysis of the infiltration of activated T cells (TCR ™) and immune cells overexpressing PD-1 into the tumor. The tumors were formed
by LLC cells transiently expressed the intracellular antibody (A) FAP1, (B) FAV2, or (C) FAP1V2. D Control tumors formed by LLC which transiently
expressed EGFP but did not express the intrabody. Green fluorescence (indicated by yellow arrows representing TCR 3) reveals the distribution

of activated T cells, while red fluorescence (indicated by pink arrows representing PD-1) tracks the recruitment and distribution of immune cells

exhibiting high levels of PD-1 expression in tumor tissues. E to (H) Distribution of activated T-cells (antibody labeled with Alexa Fluor488) and PD-1"

immune cells (antibody labeled with CY3) in the marginal and central regions of the spleens in mice bearing LLC tumors expressing single-chain
intrabody. The spleens were harvested from mice bearing LLC cells that transiently expressed (E) FAP1, F FAV2, G FAP1V2, or served as (H) a control
with only EGFP transiently expression, respectively. I to (L) Flow cytometry detection and analysis of the changes in the proportion of CD25™
immune T cells in the spleen of mice 24 days after the first inoculation of tumor cells transiently expressed intracellular antibodies. The left panel
gate shows the total population of CD25M T cells, while the right panel gate displays a population predominantly consisting of small-sized CD25" T

cells

more PD-1 overexpressing immune cells than the for-
mer. However, in the tumor tissue which did not tran-
siently express intrabody, PD-1" immune cells invaded
the tumor tissue much more; few TCR B™ T cells and
more tumor cells were detected in this group (Fig. 4D).
Overall, tumor tissues that early expressed single-chain
antibodies of PD-L1, including FAP1V2 and FAP1, more

effectively recruit TCR pM T cells rather than PD-1M
immune cells, suggesting that along with high expressing
of TCR B, activation of T cells and the specificity of the
immune response may lead to specific immune inhibition
on LLC tumors.

Interestingly, mice inoculated with LLC tumor cells
transiently expressing the intrabodies exhibited increased
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TCR BM T cell production in the spleen. Conversely, the
control and FAV2 groups displayed much highest levels
of PD-1" immune cells in the spleen (Fig. 4E-H). These
findings suggest that transient expression of intrabodies,
particularly the dual-specific intrabody FAP1V2 followed
by the PD-L1-targeting intrabody FAP1 in LLC tumor
cells, significantly enhances the immune response against
these tumors, as reported by the activation of T cells.

As a place for activating T cells and as a reservoir for T
cells, spleen plays a crucial role in T cell activation, stor-
age, and immune response. Because CD25 (IL-2 recep-
tor alpha chain) is highly expressed on activated T-cells,
we determined CD25™ T cells which might vary in the
spleen from mice groups with transient expression of
the intrabodies. According to the Fluorescence Intensity-
Forward scatter area (FSC-A) curve resulting from flow
cytometry analysis of the spleen lymphocytes (mainly
comprising B and T cells), the immune cells expressing
mid-to-high levels of CD25 increased in number in all
groups expressing intrabodies, among which the FAP1V2
and FAP1 groups demonstrated the greatest growth, with
an increase from 17.7% to 23.4%. CD25" T cells with
relatively smaller sizes remarkably increased in number
for all the treatment groups, in which the FAP1V2-tran-
siently expressing group enhanced much more, which
was 2.2 folds of that in the control group (Fig. 4I-L). As
CD25, which high levels of TCR ligands can induce, is
highly expressed on activated T-cells (mainly Teff and
Treg cells) and represents active immune regulation
and immune response [56], together with the increased
generation of TCR B T cells, these results further dem-
onstrated enhanced immune response in the FAP1V2-
transiently expressing groups. Meanwhile, the increased
number of smaller CD25" T cells (which may be more
permeable through tumor tissues) in spleen lymphocytes
may imply body systematic regulation and optimiza-
tion during anticancer immune response. The elevation
of CD25 is associated with several physiological effects,
one of which involves its association with the IL-2Rp and
IL-2Ry chains to form a complete IL-2 receptor complex
[57], which transmits IL-2 signals to the T-cell, leading to

(See figure on next page.)
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cell activation and proliferation, and consequently direct-
ing tumor suppression mechanisms.

FAP1V2 and FAV2 inhibited cancer cell migration

The cell viability analysis indicated that FAP1, FAV2, and
FAP1V2 had no obvious impact on the tumor cell viabil-
ity (Fig. 5A). In HeLa or LLC cells, those expressing FAV2
or FAP1V2 showed the most significant inhibition of cell
migration ability, as compared with the non-transfected
cells (Fig. 5B). FAP1 expression inhibited cell migration
to some degree which is weaker compared to FAV2 or
FAP1V2 expression (Fig. 5B). Therefore, we propose that
intrabodies FAP1V2 and FAV2 primarily inhibit cancer
cell migration by blocking VEGFR2, a key regulator of
cell migration, rather than inhibiting cell viability.

In vivo analysis indicated that intact LLC tumor cells
in the mice live tissues were not detectable in the FAV2
or FAP1V2 (anti-VEGFR2) intrabodies group. In FAP1
(anti-PD-L1) and the control group (without transient
expression of the intrabodies), similar migration in the
livers was observed (Fig. 5D). In lung tissues, intact LLC
tumor cells were not detected in the FAP1V2 group. The
migration was most severe in the control group, followed
by the FAP1 group, and then the FAV2 group (Fig. 5E).
The results indicated that FAP1V2 as a dual-functional
intrabody, could effectively inhibit migration of LLC cells
in the test model mice. The binding of vascular endothe-
lial growth factor (VEGF) to VEGFR2 triggered the for-
mation of VEGFR2 receptor dimers and the activation of
downstream signaling pathways, playing a crucial role in
angiogenesis, vascular development, and cancer metas-
tasis. Consequently, the direct inhibition of VEGFR2 by
FAP1V2 resulted in the suppression of cancer metastasis.

FAP1V2-mediated differential gene expression in HeLa
cells

To date, there is a lack of information regarding the reg-
ulation of genome transcription by an intrabody, par-
ticularly those based on Vy; domains. With the aim to
better understand how the FAP1V2 V| regions impact
signaling pathways, we conducted a transcriptomic

Fig. 5 The migration ability of cancer cells expressing different V, intrabodies. A MTT assays indicated that the expression of single-chain
antibody genes did not significantly impact cell viability in vitro. B Migration images of Hela and LLC cells transiently transfected with different
single-chain antibody genes at various time points (showing effective expression of exogenous genes) in scratch assays. The orange box
represents the unhealed area. The black dashed lines indicate the edge lines of adherent cells; the green double arrows indicate the distance
between the edge lines. C Schematic diagrams showing the inhibitory effects of the intrabodies against Hel.a and LLC cell migration in scratch
assays. The cells without transfection (Hela-Blank or LLC-Blank) and the cells transfected only with vector plasmids (HelLa-EGFP or LLC-EGFP) were
used as controls. *, **, *** represent significant differences compared to the control group at the levels of P<0.05, P<0.01, P<0.001, respectively.
D Invasion of LLC tumor cells (in mice models) transiently expressing single-chain intrabody to mouse liver tissues. VEGFR2 was determined

as a tumor cell biomarker protein. E Invasion of LLC cells transiently expressing V,; intrabody to mice lung tissues. Lung sections were from mice
inoculated with LLC tumor cells which transiently expressed FAPT (a), FAV2 (b), FAP1V2 (c) and those transfected with vector plasmid (d)
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analysis comparing gene expression on transcription
level in HeLa-FAP1V2 cells and HeLa-EGFP (control)
cells, which were used as PD-L1"-VEGFR2M human
model cells for in vitro analysis in this study. Our analysis
revealed significant differences in gene transcription pat-
terns between the two groups.

Through Gene Ontology (GO) analysis, we identified that
genes related to cell migration, cell adhesion, tissue develop-
ment (such as PCDH family, UCN, EGFR-AS1, CAMSAP3,
MXRA8, COL8A2, ARC, DDR2, AMH), cell prolifera-
tion, differentiation (including STIMATE, TBX-6, INHBA,
CEMPI, PI16, SLX1B, SPRED3, HTR6, GSTM2, HECW1,
H2BC4, HOXA10-AS, ENSG00000263809, H4CI5), and
immune system processes (such as CD160, EBI3) were sig-
nificantly altered in the HeLa-FAP1V2 group.

Figure 6 illustrates the GO enrichment analysis of the
top 37 genes exhibiting significant differential transcrip-
tion level. Among them, 26 genes like PCDHA6, PCDH1,
UCN, EGFR-AS1, and CDI160 related to cell migration
and immune system response, were significantly upregu-
lated, while 11 genes including DDR, HOXA10-AS, and
PI16 important for cell migration and adhesion, respec-
tively, were downregulated.

In Fig. 6 and Table 2, we highlighted the signaling
pathways linked to the major differentially expressed
genes, such as Wnt/p-catenin, ERK1/2, TNEB, PI3K/
AKT, and mTOR signaling pathways. Interestingly, we
observed a significant upregulation of CD160 in HeLa-
FAP1V2 cells, which plays a crucial role in regulating
the immune system by activating natural killer cells and
inhibiting T cells [58]. Additionally, the Wnt/p-catenin
signaling pathway, known to promote cancer cell migra-
tion [59, 60], was inhibited. These signaling changes
may play a critical role in immune system activation and
inhibition of cell migration caused by FAP1V2 expres-
sion in HeLa cells. These pathways may be downstream
of the inactivation of PD-L1 and VEGFR2 through
intrabody blockage.

Notably, serial genes associated with cell migration
were downregulated (Supplementary Fig. 3). Recent stud-
ies have shown that as a separate cell migration-related
pathway, MET communicates with PI3K to drive cell
migration [61]. Through transcriptome sequencing and
quantitative analysis, we found that FAP1V2 mediated
dual-specific inhibition of VEGFR-2.

and PD-L1 significantly downregulated the transcrip-
tion level of MET, as well as PIK3CA (encoding P110a,
a major catalytic subunit of PI3K) (Supplementary
Fig. 3). Therefore, FAP1V2 can inhibit MET-PI3K signal-
ing which is necessary for cell migration. Furthermore,
MET is activated by hepatocyte growth factor (HGF)
[62], and transient expression of FAP1V2 reduced HGF
level to 0 TPM (Supplementary Fig. 3), which suggested
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suppression of the MET-mediated cell migration and
invasion-related pathways, such as interruption of the
Met/B1 integrin complex formation which promotes
adhesion of cancer cells to the extracellular matrix and
plays a crucial role in cancer cell invasion [63].

In primary glioblastoma, MET overexpression was
associated with STAT4/PD-L1 signaling activation [64].
Studies have shown that MET amplification inhibited the
STING pathway, weakening the effectiveness of immuno-
therapy [65]. This suggests that MET and PD-L1 may play
important roles in tumor immune suppression simulta-
neously. In our study, the STAT4 level was significantly
downregulated to 50% of the control (Supplementary
Fig. 3), while PD-L1 was blocked, leading to downregu-
lated transcription of MET, which collectively contrib-
uted to tumor immune activation.

Furthermore, significant downregulation of the
gene transcription levels of Matrix metalloproteinases
(MMPs), including MMPI1, MMPI12, and MMPI13 (Sup-
plementary Fig. 3). Genes expression of microtubule
affinity regulating kinase genes MARK1 and MARK2,
which influence cell movement and positioning by alter-
ing the organization and connections of microtubules,
were also downregulated. It was also known that MMPs
can disrupt tissue barriers by degrading the extracel-
lular matrix, and can regulate various cellular signal-
ing pathways, potentially contributing to tumor growth,
migration, and metastasis, differentiation, and apoptosis
[66-68]. MARKI and MARK?2 have been found to sig-
nificantly influence cancer cell migration [69]. MARK2
exhibits frequent disruptions at both the DNA and RNA
levels, which can lead to the acquisition of oncogenic
properties such as increased survival and anchorage-
independent growth [70]. These results suggest that
FAP1V2 not only has the ability to inhibit cancer cell
migration and invasion but also has potential to suppress
the acquisition of malignant properties by cancer cells.

The impact of dual-targeting intracellular antibodies
on transcription of oncogenes
Compared to the HeLa cell line that does not express
intracellular antibodies (control), the majority of onco-
genes in the cell population expressing dual-target
intracellular antibodies exhibited transcription levels
comparable to the control. Only four oncogenes—HGF,
HICI, CDHI, and ESRI—were significantly downregu-
lated below 70% of the control levels. Conversely, four
genes—JUN, RUNX3, ROS1, and FHIT—were signifi-
cantly upregulated, with transcription levels ranging
from 1.3 to 2.3 times that of the control.

Among the significantly downregulated oncogenes,
hepatocyte growth factor (HGF) is a signaling molecule
that activates the MET receptor, promoting cancer cell
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Table 2 Transcriptome analysis of differentially expressed genes (DEGs) as representatives in transcriptional modulation

Gene id Gene name FC(AP1V2/C1) P value P adjust Regulate C1i AP1V2
ENSG00000142208 AKT1 1.010756650 6.69174935E-01 1.000000000 no change 8348 85.85
ENSG00000104899 AMH 2.101739676 3.12064230E-07 0.000036197 up 26 567
ENSG00000245148 ARAP1-AS2 5.899645768 5.27901852E-03 0.111896010 up 0.08 046
ENSG00000198576 ARC 2372215767 6.44440346E-06 0.000515077 up 0.79 19
ENSG00000186897 c1QL4 2.026849060 149343911E-04 0.007083502 up 133 2.74
ENSG00000110931 CAMKK2 0.975856404 5.77199240E-01 1.000000000 down 14.92 14.13
ENSG00000076826 CAMSAP3 7814357821 5.44558913E-04 0.020045584 up 0.03 0.39
ENSG00000117281 CD160 4406592756 4.22929963E-04 0.016352214 up 017 1.08
ENSG00000171812 COL8A2 2353187298 4.05983044E-04 0.015787536 up 032 0.76
ENSG00000237775 DDR1-DT 0.659336441 5.13149552E-01 1.000000000 down 0.1 0.07
ENSG00000162733 DDR2 0.495087739 3.38570175E-04 0.013692681 down 0.54 0.23
ENSG00000107404 DVL1 1.073618863 5.99012786E-03 0.122558218 up 7542 81.55
ENSG00000105246 EBI3 0.186056139 3.18038016E-04 0.013062599 down 14 0.26
ENSG00000146648 EGFR 0.972867788 2.05135767E-01 1.000000000 down 27.04 27.12
ENSG00000224057 EGFR-AST 23.618896513 4.54819516E-04 0.017287701 up 0 0.28
ENSG00000170345 FOS 1.065223220 1.20666651E-03 0.037082683 up 281.32 292.03
ENSG00000049768 FOXP3 2930384183 3.17040059E-01 1.000000000 up 0.06 0.09
ENSG00000213366 GSTM?2 2.137829891 3.34931512E-07 0.000038701 up 258 5.76
ENSG00000180596 H2BC4 0.464377821 4.35290049E-04 0.016702363 down 9.52 438
ENSG00000270276 H4C15 0.073754054 7.65360114E-32 0.000000000 down 6.9 0.76
ENSG00000002746 HECW1 2.045739901 9.30636233E-06 0.000707470 up 4.07 9.88
ENSG00000253187 HOXAT0-AS 0.365077289 1.33520870E-04 0.006464413 down 435 1.67
ENSG00000158748 HTR6 2656881659 9.12827422E-06 0.000696550 up 043 1.15
ENSG00000122641 INHBA 2148948401 9.87679508E-04 0.031938481 up 0.28 0.71
ENSG00000177606 JUN 1.333945243 1.17391641E-14 0.000000000 up 26.39 36.54
ENSG00000171223 JUNB 1.191014653 7.84853730E-22 0.000000000 up 209.92 2533
ENSG00000130522 JUND 0.909652195 1.05063650E-02 0.185063336 down 81.47 77.09
ENSG00000169032 MAP2K1 1.005906018 8.72022312E-01 1.000000000 up 3937 4337
ENSG00000076984 MAP2K7 1.073743731 1.34210557E-01 0.998620043 up 19.46 2457
ENSG00000073803 MAP3K13 1.076345786 2.57402714E-01 1.000000000 up 1453 121.76
ENSG00000236682 MAP3K2-DT 0.792105386 7.45624592E-02 0.690573592 down 2331 20.64
ENSG00000085511 MAP3K4 0.929430316 2.12023621E-01 1.000000000 down 993 1333
ENSG00000156265 MAP3K7CL 0.805855650 3.57562421E-01 1.000000000 down 3.08 1.53
ENSG00000104814 MAP4K]T 2441986819 1.12348743E-01 0.893253494 up 048 04
ENSG00000231312 MAP4K3-DT 1.307552156 4.43486603E-02 0490763795 up 3.76 524
ENSG00000185386 MAPKTT 1.234122371 2.35184257E-03 0.061285300 up 11.86 14.86
ENSG00000259438 MAPK6-DT 2930384183 4.53796485E-02 0496467267 up 0.39 1.16
ENSG00000119487 MAPKAPT 0.963895344 2.24534485E-01 1.000000000 down 50.53 46.77
ENSG00000089022 MAPKAPKS5 0.978515941 6.70633326E-01 1.000000000 down 3352 30.36
ENSG00000101367 MAPRET 0.905643892 1.51709300E-04 0.007167674 down 79.76 7321
ENSG00000183019 MCEMPT 1.000000000 1.00000000E + 00 1.000000000 no change 0 0
ENSG00000087245 MMP2 0.979427597 6.23617900E-01 1.000000000 down 2157 2249
ENSG00000100985 MMP9 1.000000000 1.00000000E +00 1.000000000 no change 0 0.09
ENSG00000162576 MXRA8 2423898028 7.72471177E-09 0.000001253 up 324 8.86
ENSG00000156453 PCDH1 2.718037503 1.18876357E-05 0.000865728 up 046 1.18
ENSGO00000138650 PCDH10 1.000000000 1.00000000E +00 1.000000000 no change 0 0.01
ENSG00000102290 PCDH11X 1476793868 2.69439763E-01 1.000000000 up 0.12 0.18
ENSG00000099715 PCDHI1TY 1327137932 1.20703240E-01 0.933376843 up 55.95 65.92
ENSG00000113555 PCDH12 1.202208895 6.20915807E-01 1.000000000 up 0.15 043
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Table 2 (continued)

Gene id Gene name FC(AP1V2/C1) P value P adjust Regulate Cc1 AP1V2
ENSG00000150275 PCDH15 1.000000000 1.00000000E 4+ 00 1.000000000 no change 0.18 0
ENSG00000118946 PCDH17 1.526241762 5.86345820E-02 0.585805053 up 0.24 038
ENSG00000204970 PCDHA1 4013079623 2.12342469E-04 0.009450876 up 0.08 034
ENSG00000250120 PCDHA10 2.065254937 1.50727417E-03 0.043770838 up 049 1
ENSG00000249158 PCDHAT1 1.066188888 7.45037253E-01 1.000000000 up 0.9 1.25
ENSG00000251664 PCDHA12 0.705889181 2.55156722E-02 0.343287367 down 1.14 0.81
ENSG00000239389 PCDHAT13 0439714668 6.05662084E-02 0.598987360 down 0.18 0.09
ENSG00000081842 PCDHA6 41474704133 1.98817652E-06 0.000189342 up 0 0.25
ENSG00000204963 PCDHA7 0.720408138 2.15213652E-01 1.000000000 down 04 0.29
ENSG00000204962 PCDHA8 0.549057222 1.05320173E-02 0.185138886 down 057 0.32
ENSG00000120324 PCDHBI10 2.195173590 3.74845160E-02 0.445962086 up 0.19 042
ENSG00000197479 PCDHB11 1.957930765 8.98925300E-02 0.777257759 up 0.14 033
ENSG00000120328 PCDHB12 1.346351289 5.65220559E-01 1.000000000 up 0.1 022
ENSG00000113248 PCDHB15 2441986819 3.84849298E-04 0.015130588 up 033 0.81
ENSG00000272674 PCDHBI16 0448437579 1.21565003E-01 0.937411894 down 0.19 0.08
ENSG00000255622 PCDHB17P 1.000000000 1.00000000E 4+ 00 1.000000000 no change 0 0.06
ENSG00000146001 PCDHB18P 2232673663 6.46477740E-02 0.627286078 up 0.14 033
ENSG00000262096 PCDHB19P 1.000000000 1.00000000E + 00 1.000000000 no change 0 0.05
ENSG00000112852 PCDHB2 1.918344285 2.82732009E-01 1.000000000 up 0.06 0.29
ENSG00000081818 PCDHB4 0.542663738 2.62917120E-01 1.000000000 down 0.15 0.08
ENSG00000113209 PCDHB5 19.535894552 2.86745025E-03 0.071408457 up 0.04 052
ENSG00000113211 PCDHB6 1.000000000 1.00000000E +00 1.000000000 no change 0.08 0
ENSG00000113212 PCDHB7 2441986819 2.61569012E-01 1.000000000 up 0.03 0.09
ENSG00000120322 PCDHBS8 1.000000000 1.00000000E + 00 1.000000000 no change 0 0.1
ENSG00000204956 PCDHGAT 3.209468391 3.31112321E-03 0.079237072 up 0.11 0.36
ENSG00000253846 PCDHGAT10 1.907075421 1.34046364E-02 0.219778071 up 03 0.59
ENSG00000253159 PCDHGA12 1.000000000 1.00000000E + 00 1.000000000 no change 0 0.08
ENSG00000081853 PCDHGA2 1.000000000 1.00000000E +00 1.000000000 no change 0 0.06
ENSG00000262576 PCDHGA4 0.066903748 8.20819240E-03 0.154832644 down 0.13 0
ENSG00000253485 PCDHGA5 11.807095393 1.39022553E-04 0.006677485 up 0.02 0.22
ENSG00000253731 PCDHGA6 1480401698 3.64760604E-01 1.000000000 up 0.1 0.15
ENSG00000253537 PCDHGA7 0461419224 3.77232073E-02 0447660534 down 042 0.15
ENSG00000253767 PCDHGAS8 2526421617 1.53437343E-01 1.000000000 up 0.04 0.08
ENSG00000261934 PCDHGA9 0.792760938 7.14208958E-01 1.000000000 down 0.09 0.06
ENSG00000254221 PCDHGB1 1.001757260 9.97009425E-01 1.000000000 up 0.23 0.12
ENSG00000253910 PCDHGB2 1.513343944 3.83773455E-01 1.000000000 up 011 0.28
ENSG00000253305 PCDHGB6 0.054447867 2.74363523E-03 0.068890682 down 0.13 0
ENSG00000164530 PlT6 0.195358946 5.53735809E-04 0.020321736 down 0.74 03
ENSG00000105808 RASA4 1.246351886 6.38686721E-04 0.022737847 up 11.18 15.04
ENSG00000233297 RASA4DP 1.218948194 4.69614198E-01 1.000000000 up 233 4.25
ENSG00000111344 RASALT 1.781213915 5.04747712E-02 0.532151811 up 039 1.01
ENSG00000075391 RASAL2 0.938629750 2.46392078E-01 1.000000000 down 432 448
ENSG00000100302 RASD2 5.860768365 5.03484290E-02 0.532950113 up 0.02 0.11
ENSG00000165105 RASEF 1.067965749 6.82245514E-01 1.000000000 up 1.12 1.64
ENSG00000113319 RASGRF2 0596780381 2.15161940E-02 0.306183062 down 0.54 0.25
ENSG00000172575 RASGRP1 0.792247632 4.74315278E-01 1.000000000 down 0.66 0.31
ENSG00000068831 RASGRP2 0.195358946 8.42289709E-02 0.748011461 down 053 0.03
ENSG00000152689 RASGRP3 1.300639749 4.71580069E-01 1.000000000 up 0.49 1.45

ENSG00000171777 RASGRP4 0.201463913 9.43842008E-02 0.795018489 down 0.12 0.03
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Gene id Gene name FC(AP1V2/C1) P value P adjust Regulate Cc1 AP1V2
ENSG00000270885 RASLT0B 0.811904608 1.02164587E-03 0.032792130 down 11.66 9.2
ENSG00000122035 RASLTITA 1.354192691 1.22772829E-01 0.944085552 up 1.38 328
ENSG00000103710 RASLT2 1.000000000 1.00000000E + 00 1.000000000 no change 0 011
ENSG00000281358 RASSF1-AST 0.666014609 1.97115803E-01 1.000000000 down 272 1.83
ENSG00000181625 SLX1B 6.185361675 1.85855260E-10 0.000000040 up 0.81 4.27
ENSG00000188766 SPRED3 2.890498398 6.49260475E-04 0.023060151 up 0.16 0.65
ENSG00000213533 STIMATE 0935214775 3.90334291E-01 1.000000000 down 6.82 7.16
ENSG00000267280 TBX2-AS1 3.581580668 3.05963649E-02 0.387980327 up 0.62 1.26
ENSG00000135111 TBX3 1.052276669 4.75400796E-01 1.000000000 up 6.55 8.05
ENSG00000149922 TBX6 4151377592 5.54516152E-07 0.000061051 up 042 1.77
ENSG00000239732 TLR9 1.000000000 1.00000000E + 00 1.000000000 no change 0.04 0
ENSG00000163794 UCN 24498011768 3.44759051E-04 0.013869007 up 0 137
ENSG00000145040 UCN2 0513364763 1.49725205E-04 0.007096039 down 4.34 225
ENSG00000178473 UCN3 1.000000000 1.00000000E + 00 1.000000000 no change 0 0
ENSG00000162923 WDR26 1.058814227 3.92190573E-02 0456920471 up 39.24 38.05
ENSG00000125084 WNT1 0.976794728 9.81267740E-01 1.000000000 down 0.06 0.12
ENSG00000085741 WNTT11 0.651196485 1.15378448E-01 0.908884326 down 1.95 1.28
ENSG00000002745 WNT16 0.300552224 2.24465511E-02 0313682925 down 8.78 097
ENSG00000108379 WNT3 0.924466439 4.77701468E-01 1.000000000 down 336 3.15
ENSGO00000114251 WNT5A 0.917217035 2.64525305E-09 0.000000466 down 210.1 187.79
ENSG00000075290 WNT8B 5.860768365 5.03484290E-02 0.532950113 up 0.03 0.19
ENSG00000263809 novel protein gene 0.281828153 5.18096376E-04 0.019211368 down 0.6 0.17

proliferation, migration, and angiogenesis [71]. Hyper-
methylated in cancer 1 (HIC1) is a transcription factor
that regulates genes involved in cell cycle arrest, apop-
tosis, and differentiation, suppressing tumorigenesis
[72]. Cadherin 1 (CDH1, E-cadherin) is a cell adhesion
molecule that mediates cell-cell interactions, maintain-
ing tissue integrity and suppressing tumor invasion and
metastasis by promoting cell adhesion and prevent-
ing cell migration [73]. Estrogen receptor 1 (ESR1) is a
nuclear receptor that binds to estrogen and regulates
gene expression involved in cell growth, differentiation,
and proliferation, thus promoting or suppressing tumori-
genesis depending on the context [74].

Among the upregulated oncogenes, the Jun proto-
oncogene (JUN), a subunit of the AP-1 transcription
factor often regulating tumor growth, apoptosis and
metastasis, is associated with immune cell recruit-
ment [75]. Runt-related transcription factor 3 (RUNX3)
regulates genes involved in cell cycle arrest, apoptosis,
and differentiation, thereby suppressing tumorigenesis
by preventing uncontrolled cell growth; meanwhile, it
has a role in immune response by regulating transcrip-
tion of natural cytotoxicity receptor 1 (NCR1/NKp46),
an activating natural killer (NK) cell receptor [76]. ROS
proto-oncogene 1 (ROS1) product is a receptor tyrosine
kinase as well as a type I integral membrane protein that

activates downstream signaling pathways involved in cell
growth and survival; a significant increase in survival
was observed in ROSI1-electrovaccinated mice against
tumors, and immune memory was achieved [77]. Frag-
ile histidine triad diadenosine triphosphatase (FHIT) is a
tumor suppressor gene that codes for a protein involved
in DNA repair and cell cycle control [78].

These results indicate that cancer cells may respond
to intracellular antibody expression and adjust their
gene transcription patterns, as detected through tran-
scriptome sequencing. Therefore, when implementing
dual-target immunotherapy aimed at activating immune
responses and inhibiting migration, we can incorpo-
rate omics analyses and target the aberrantly expressed
tumor-related proteins for regulatory and anti-cancer
enhancement studies.

Discussion

In physiology, the PD-1/PD-L1 pathway appears to avoid
over activation of the immune system and protect normal
tissues from injury [79]. PD-1 is expressed on the surface
of all activated T cells [80]. When T cells recognize anti-
gens expressed by the MHC complex on the target cells,
inflammatory cytokines are produced, which initiates
the inflammatory process. Meanwhile, these cytokines
lead to the expression of PD-L1 in tissues, which binds
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to PD-1 on the surface of T cells and transmits inhibitory
signals, leading to immune tolerance [81]. This is a pro-
tective mechanism for normal tissues. However, in some
tumors, overexpressed PD-L1 inhibits T cell activity by
recruiting Src homology 2 domain-containing protein
tyrosine phosphatase (SHP) 1/2 to interact with PD-1
and inhibit TCR signaling [82]. As a result, this leads to
escape of tumor cells from recognition by the immune
system [83]. The inhibitors of anti-PD-L1 may reactivate
the immune response of T cells against tumor cells [84].
Interestingly, it has been reported that PD-L1 upregu-
lates the expressions of Slug, Snail and Twist through the
mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) pathway, proving the asso-
ciation between tumor aggressiveness and anti-tumor
immune control [85]. Interfering with PD-L1 binding
represents a potential therapeutic strategy for re-estab-
lishing effective anti-tumor immunity [60, 84, 86, 87]. It
is well known that through angiogenesis the tumor cells
receive a steady supply of adequate nutrients and oxygen
to grow [35], during which VEGF is a key mediator. There
is a positive feedback loop between VEGF and VEGFR2.
When VEGF binds VEGFR2 expressed on vascular
endothelial cells [88], the tumor cells are stimulated to
secrete growth factors that accelerate tumor growth [89].
As demonstrated, the antibodies against VEGFR2 can
inhibit angiogenesis, degrade existing blood vessels, and
rebalance the tumor microenvironment [11, 42, 90]. The
PD-L1 is also regulated by hypoxia-inducible factor-la
(HIF-1a), suggesting a relationship between PD-L1 with
neovascularization [91-93]. While the use of bispecific
antibodies for cancer therapy is gaining attention, the
specific application of PD-L1 and VEGFR2 bispecific Vi,
intrabodies for tumor targeting has yet to be explored.

The current anti-tumor drugs almost all have side
effects to a certain extent, mainly because most of them
lack specificity [94-96]. Recent studies have demon-
strated the potential of combining PD-1/PD-L1 blockade
with anti-angiogenic therapies to enhance anti-tumor
efficacy. However, these combinations exhibit nota-
ble limitations, including well-known immune-related
adverse events and systemic side effects, such as organ
inflammation, alongside variable patient response rates,
often attributed to their immunogenicity [97, 98]. Addi-
tionally, traditional antibodies typically have a short half-
life and limited tissue penetration.

In contrast, intrabodies present a novel approach to
overcoming these challenges. Intrabodies are engineered
biomolecules characterized by high affinity, longer half-
lives, low toxicity and negligible immunogenicity, as they
lack the immunogenic Fc fragment found in conventional
antibodies. Intrabodies can avoid many ethical prob-
lems by targeting intracellular antigen proteins without
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affecting the non-target factors. In addition, bispecific
antibodies (BsAbs), or even triple-specific antibodies
targeting different epitopes of the same antigen or dif-
ferent antigens, can be designed to improve the efficacy
of tumor-targeting treatment [99, 100]. They are spe-
cifically designed to penetrate intracellular spaces, sig-
nificantly reducing recognition by the immune system.
Their smaller size and enhanced flexibility allow them
to effectively target intracellular proteins, facilitating
localized therapeutic action within tumor cells, which
can lead to increased specificity and decreased systemic
toxicity. Furthermore, intrabodies can circumvent resist-
ance mechanisms commonly encountered with conven-
tional monoclonal antibodies by directly interacting with
critical signaling pathways. This unique profile positions
intrabodies as a promising alternative or complementary
strategy to existing combination therapies, particularly
for patients with treatment-resistant tumors [101, 102].

Currently, however, there are no reports regarding
intracellular antibodies targeting PD-1/PD-L1. In this
work, we constructed ultra-small fused nanobodies with
dual-targeting capabilities based on the variable heavy
(V) chains of different anti-PD-L1 and anti-VEGFR2
antibodies that specifically recognize and bind to their
respective antigens. Results from our study confirmed
that both pathways are targeted simultaneously in the
same cancer cells; while a systemically administered anti-
body should include other elements (modification of Fc
fragment, glycosylation, PEGylation, Chemical Crosslink-
ing, polymerization with other proteins, etc.) to increase
the half-life that can cause adverse events [103—105]. We
achieved their intracellular expression and target pro-
tein blockade in tumor cells, enhancing immune therapy
against LLC tumors in mice and suppressing metastasis.
These multi-target nanobody genes can also be trans-
ferred to engineered bacteria for large-scale production
and purification, serving as therapeutic agents that target
different cellular sites for antigen blockade. The devel-
opment and application of these single-chain antibodies
could significantly reduce the economic burden on can-
cer patients. It is essential to ensure the protection and
effective delivery of the intrabody gene to the tumor cells
and their nuclei for expression during the application of
such intrabodies. This necessitates the implementation
of additional targeting molecules or ligands, such as sur-
face antibodies, RGD sequence or folic acid [106—108].
In our undergoing projects, the nanoparticles (NPs) car-
rying extracellular or intracellular nanobodies are being
explored for improving the durability of the treatment
efficacy on the tumor cells.

As shown by the results of WB, the FAV2 signal detect-
able by gel separation is weaker compared to FAP1 and
FAP1V2. This may reflect the cell’s ability to respond
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and adapt to transgene expression. Specifically, when the
intrinsic protein VEGFR2, which has many important
functions, cannot perform its role because of the expres-
sion of exogenous intracellular antibodies, the growth
pressure will select for cells with suitable expression lev-
els. Thus, cells with growth advantage will dominate the
population and be detected as the majority. However,
since the elements for expressing the inserted genes on
the commercial expression plasmids are optimized, and
the cell expressing exogenous intrabodies contain at least
one copy of plasmid, AFV2 expressed by the cells demon-
strates effective antigen blockade efficacy. This has been
validated by experiments including competition with
commercial antibodies (Figs. 2F, ] and 3E, F), cell migra-
tion inhibition assays and in vivo cell metastasis inhibi-
tion experiments (Fig. 5).

In this study, the bispecific intrabody FAP1V2 pre-
sents a similar Y-shape to traditional antibodies, with a
"clip" structure, which may provide space for antigen
binding. The putative binding sites obtained by docking
with PD-L1 or VEGFR2 molecules are also more pre-
sent in this "clip". The electrostatic complementation
between the fusion V| region with PD-L1 or VEGFR2
and the "clip” structure on the protein surface may pro-
vide stability and facilitate better binding of the antibod-
ies to target antigens. In addition to matching the natural
structures of the minimum binding epitopes within the
target antigens quickly and effectively, the intrabod-
ies can also recognize the antigen regions with matched
amino sequences. These two mechanisms provide the
basis for strong interaction between the intrabodies and
the antigens. Because of the small sizes and improved
movability of the intrabodies as compared with the nor-
mal intact antibodies, a novel mode of recognition may
exist for epitope-intrabody interaction, which includes
potential recognition of new binding sites in the antigens
that may promote their interference with the antigens,
resulting in the aggregation, destabilization, structure
changes, and consequently the blockage and inactivation
of the antigens. Meanwhile, the interactions between the
intrabodies and the target antigens may prevent trans-
membrane transportation or secretion of corresponding
membrane or secretory proteins and their downstream
activities. This may lead to the decreased expression level
of PD-L1 and VEGEFR?2 on the cell surface because of the
incorrect folding structure of the proteins during binding
with the intrabodies which may become an obstacle that
prevents transmembrane transportation, meanwhile, the
blockage of PD-L1 or VEGFR2 by the intrabodies could
lead to Flow cytometry results showed that the binding
ability of commercial antibodies to PD-L1 or VEGFR2 on
the cell surface was reduced. This result may be caused
by the binding of FAP1V2 to PD-L1 or VEGFR?2 in the
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cytoplasm, leading to blockage of their transmembrane
transportation to the cell surface. Alternatively, FAP1V2
with IL-2 transmembrane signal peptide and GPI anchor
peptide may be transported to the outer cell membrane
and anchored to the cell surface, which allows them to
bind and block PD-L1 or VEGFR2 on the cell surface
and, consequently, the binding of commercial antibod-
ies to PD-L1 or VEGFR?2 is inhibited. In this study, the
binding between PD-L1 and PD-1 was blocked, indi-
cating immune inactivation caused by the binding of
PD-L1 and PD-1 will be blocked, leading to reactivation
of the immune recognition along with department of
PD-L1 and PD-1 (Fig. 3). This can be the leading cause
of the improved immune inhibition on LLC tumors, dur-
ing which generation of TCR B T-cell were remarkably
promoted and the invasion of which to the LLC tumors
may effectively inhibit tumor growth, partially by specific
killing of the tumor cells, demonstration effectiveness
of the immune protection caused by FAP1V2 mediated
blockade of PD-L1 (Fig. 4). Meanwhile, the blockage of
VEGFR2 by FAP1V2 intrabody induced inhibition of
cancer cell migration.

T cell receptor (TCR) is a critical molecule for T cells
to recognize antigens, and bind to antigen peptide-
MHC complexes, which activate T cells [54]. Acti-
vated effector T cells (including both CD4+T helper
cells and CD8+cytotoxic T cells) begin to prolifer-
ate and migrate to the sites of infection or tumors to
execute their immune functions. CD8+ cytotoxic T
cells kill infected cells by releasing perforin and gran-
zymes, while CD4+helper T cells assist other immune
cells by secreting cytokines. TCR B (T cell receptor beta
chain) is generally highly expressed in afp T cell popula-
tions (including CD4+T cells and CD8+T cells) that
play roles in immune responses and adaptive immunity
against tumor cells [54, 55]. In our experiments, mice
group bearing LLC tumors transiently expressing dual-
target intracellular antibodies were detected with a sig-
nificantly increased population of TCR M T cells within
the tumor tissues, meanwhile, remarkably reduced LLC
tumor sizes were observed as compared with the other
mice groups. The results of this study elucidate how the
transient expression of AP1V2 intrabodies in tumors aids
in activating the immune system, which is well demon-
strated to play a significant role in memory suppression
of tumors.

Previous studies have indicated that upon antigen rec-
ognition, TCR activation initiates intracellular signaling
pathways critical for the expression of CD25 [56]. This
activation leads to an increase in Ca®" levels, triggering
the activation of NFAT, a transcription factor that fur-
ther promotes CD25 expression [109]. This finding aligns
with our observation of an elevated proportion of CD25M
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T cells in the dual-target intracellular antibody-express-
ing tumor model group. CD25 serves as a subunit of the
IL-2 receptor (IL-2R); when expressed on T cell surfaces,
it can associate with the IL-2RB and IL-2Ry chains to
form a complete IL-2R complex [57]. This complex sub-
sequently activates T cells through the IL-2 signaling
pathway and promotes their proliferation. Although the
spleen is not a site of T cell production, it plays a crucial
role in T cell activation, storage, and immune response.
It serves as an important immune organ that monitors
the blood for pathogens and damaged cells, facilitating
the activation and proliferation of T cells in response to
antigens. In addition, the spleen acts as a reservoir for T
cells, releasing them when needed to mount an immune
response and collaborating with B cells and other
immune cells to strengthen the overall immune defense.

By the transcriptome analysis, we found that the genes
related to cell migration, cell adhesion, tissue develop-
ment, cell proliferation, cell differentiation and immune
system processes, were mostly differentially expressed
between the HeLa cells expressing FAP1V2 and the con-
trol HeLa-EGFP group. It is the first time that the V
based intrabodies were applied for analyzing the tran-
scriptome regulation, which we deem could be more
target-specific compared to using inhibitors, miRNA
and other non-antibody-based blocking or knockdown
technologies due to the specificity of the antibodies [11,
110-112]. Transcriptome regulation by intrabodies offers
several advantages in terms of target specificity com-
pared to conventional inhibitors, miRNAs, and other
non-antibody-based blocking methods. Firstly, intrabod-
ies are engineered antibodies that can be designed to rec-
ognize specific intracellular proteins, allowing for precise
modulation of target proteins at a post-translational level.
This specificity minimizes off-target effects commonly
associated with small molecule inhibitors, which can
interact with multiple proteins within a pathway [113].
Secondly, intrabodies can be selectively expressed in spe-
cific cell types or tissues, further enhancing their preci-
sion in targeting specific cellular contexts, which is more
challenging for miRNAs that may impact multiple targets
[114-116]. Lastly, intrabodies provide a unique advan-
tage of targeting proteins in their native environment,
preserving their spatial and temporal regulation on tran-
scriptome, which is vital for maintaining normal cellular
functions and avoiding unintended consequences on the
transcriptome. Overall, the use of intrabodies for tran-
scriptome regulation presents a highly targeted approach
that can improve therapeutic efficacy and safety profiles
in complex biological systems.

Currently, most bispecific antibodies against VEGFR2
and other antigens exist in the form of IgG backbone,
which has large molecular sizes and can only target the
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extracellular antigens [117, 118]. Compared to the above
methods for blocking a target, the intrabodies we devel-
oped with much smaller sizes and could be expressed
both within or outside the cells showed no affection on
normal cell viability or proliferation (Supplementary
Fig. 1). In addition to the advantages that ensure the cel-
lular and systemic biosafety of intrabodies (as mentioned
above) and their effective blockade of target sites, the
integration of advanced targeted delivery technologies
enables intrabodies to selectively target various tumor
tissues, tumor microenvironments, and specific cellular
and subcellular locations. This multifaceted approach not
only enhances the potential for achieving more precise
therapeutic effects in cancer treatment but also under-
scores the importance of efficient targeting mechanisms
for successful in vivo applications. Our laboratory has
also been developing various delivery systems, includ-
ing micelles, liposomes, and polymeric vectors [119],
which provide distinct benefits regarding stability, bio-
availability, and specificity. Therefore, a comprehensive
examination of these delivery strategies, combined with
the unique properties of intrabodies, will strengthen their
overall potential and effectiveness in vivo, reinforcing the
case for their application in targeted cancer therapies.
Thus the intrabodies can be developed to potential tools
with strong biosafety for in vivo applications and for the
exploration of the regulation pathways mediated by the
intra or extracellular target tumor-associated-antigens
(TAAs) more precisely.

In the significantly upregulated genes, protocadherins
(PCDHs) (PCDHA6, PCDHGAS, PCDHBIS, PCDHI,
PCDHAI) belong to the cadherin family associated
with cell adhesion [120]. These transmembrane proteins
regulate Wnt/p-catenin [121], Wnt /planar cell polarity
(PCP) [122], mTOR signaling pathways, et al. Wnt asso-
ciated signaling are transduced by at least two distinct
pathways: the well-established canonical Wnt/B-catenin
pathway and the [-catenin independent noncanonical
Wnt pathway (e.g., the Wnt/PCP Pathway). In general,
the Wnt signaling pathway is thought to play a key role
in tumorigenesis through the canonical Wnt/p-catenin
cascade. Noncanonical Wnt/PCP signaling plays an
important role in cancer progression, invasion, metas-
tasis, and angiogenesis [123]. Notably, PCDHGC3 nega-
tively regulates Wnt/p-catenin and mTOR signaling
[121]. However, in the Wnt/PCP pathway, some PCDHs
(PCDHY9, PCDHA1, PCDHBS3, etc.) act as PCP modula-
tors and are upregulated in some tumor cell lines [122,
123]. It has been reported that PCDH1 combined with
SMAD3 can downregulate TGF-B1 [124]. TGF-B1 regu-
lates cell growth and differentiation, and high levels of
TGE-B can be detected in most tumor cells. Therefore,
some PCDHs (PCDH1, PCDHGC3, etc.) can be used
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as candidate tumor suppressors [125]. In this study, the
Wnt pathway involved in the significant upregulation of
PCDHs in FAP1V2-HeLa cells needs to be further inves-
tigated to determine the specific pathway involved in the
Wnt factor. Urocortin (UCN) peptide shares structural
and functional homology with corticotropin-releasing
factor (CRF). Studies have shown that UCN is a potential
mediator that inhibits the carcinogenic signaling of TGE-
B1 [126]. In addition, UCN modulates tumor angiogen-
esis and inhibits tumor cell growth by regulating VEGF
via CRFR2 [127]. UCN inhibits endometrial cancer cell
migration through binding CRFR2, but its expression is
downregulated in human endometrial cancer [128, 129].
MXRARS is a transmembrane protein that can regulate a
variety of signaling pathways. Its RGD motif interact with
integrin avP3 that plays a critical role in angiogenesis,
inhibits the migration of endothelial cells, and promotes
apoptosis. MXRAS8 suppressed the VEGF-induced acti-
vation of AKT and p38 MAP kinase in endothelial cells
[130, 131]. Epidermal growth factor receptor-antisense
RNA1 (EGFR-ASI) is an oncogenic long noncoding RNA
(IncRNA) recently discovered in several cancers, such
as liver cancer. EGFR-ASI inhibits FOXP3 expression,
which induces epithelial-mesenchymal transformation in
NSCLC by stimulating the Wnt/p-catenin signaling path-
way [132-134]. UCN, MXRAS8 and EGFR-AS1 were sig-
nificantly upregulated in HeLa-FAP1V2.

Among the significantly downregulated genes, domain
receptor tyrosine kinase 2 (DDR2) is a member of the
receptor tyrosine kinase (RTK) family, which is activated
by collagen [, II, III and X. Multiple studies have demon-
strated that DDR?2 is upregulated in many tumor types.
It participates in a variety of signaling pathways and pro-
motes tumor progression including tumor angiogenesis,
cell adhesion, and matrix remodeling [135-137]. For
example, in hepatocellular carcinoma, DDR2 amplifica-
tion mediates sorafenib resistance through enhancing
the NF-kB/C-REL signaling pathway [138]. DDR?2 facili-
tates hepatocellular carcinoma invasion and metastasis
via activating ERK signaling and stabilizing Snaill [139].
DDR2 induces gastric cancer cell activity by activating
the mTORC2 signaling pathway [140]. The downregu-
lation of DDR2 transcription may be important in sup-
pressing cancer cell migration. In addition, studies have
shown that targeting DDR2 can enhance tumor response
to PD-1 immunotherapy, which provides a strong sci-
entific rationale for targeting DDR2 in combination
with PD-1 inhibitors [141]. It should be mentioned that
peptidase inhibitor 16 gene (PI16), which is localized
on chromosome 6p21.2 [142], was downregulated in
HeLa-FAP1V2. Hazell GG, et al. found that PI16 over-
expression inhibits human coronary artery endothelial
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cells (HCAECs) migration and secretion of matrix met-
alloproteinase 2 (MMP2) activity [143], which has long
been known to participate in the invasion and migration
of Endothelial cells (ECs) during sprouting angiogenesis
[144]. Here, we deem that the downregulation of PI16
may be related with the self-adjustability of cancer cells.
The study of genome regulation in cancer cells follow-
ing the expression of the intrabody enhances our under-
standing of genome transcription influenced by the
transient expression of FAP1V2. It provides insights into
the pathways involved in the response to the intrabody
and identifies other potential therapeutic targets. Given
that protein expressions involve indirect factors—such
as post-transcriptional modifications and degradation,
intracellular antigen accumulation and/or degradation
(such as possible ubiquitination), and transport capabili-
ties of antigens—beyond gene transcription regulation.
In this regard, our laboratory is currently investigating
how intracellular antibodies influence regulatory net-
works and mechanisms at the post-transcriptional levels.

Conclusions

In this work, we developed a novel bispecific Vy;-based
intrabody, FAP1V2, for tumor-targeting immune ther-
apy based on checkpoint-blockade combining metasta-
sis inhibition and investigated the regulation of FAP1V2
on genome expression at the transcriptome level. The
bispecific intrabody, FAP1V2 targeting and blocking of
both intracellular or extracellular PD-L1 and VEGFR2
was constructed, which inhibited their biological func-
tions and downstream responses. As the consequence of
its inhibition on the binding of PD-1 (highly expressed by
“inactivated” immune cells) to PD-L1, the PD-1/PD-L1
checkpoint was blocked. TCR p" T-cell mediated specific
immune inhibition of LLC tumors was greatly enhanced
in both first- and secondary tumors which were formed
by LLC cells that had transiently expressed FAP1V2
intrabody. Metastasis of the tumor cells was inhibited
by FAP1V2. Relevant factors associated with Wnt/f-
catenin, TGF-B1 and PI3K/AKT signaling pathways were
analyzed in HeLa cells transiently expressing FAP1V2.
PCDHs, UCN and MXRAS factors that suppress cancer
cell migration were upregulated, and MET, PI3K 110a,
DDR2 and PI16 that promote cancer cell migration were
downregulated. This study presents a potential strat-
egy for enhancing immune activation while inhibiting
metastasis in tumor therapy. Based on this research, we
also achieved enhanced anti-CLC tumor efficacy through
AP1V2-NP-mediated immune responses in our labora-
tory. Lastly, this study introduces a new framework for
investigating the intracellular regulation of signaling
pathways through the application of Vi intrabodies.
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MXRA8
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Protein kinase B
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Activity-regulated cytoskeleton-associated protein
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Calcium-modulating ligand of calcineurin 3

CD160 molecule

Cluster of differentiation 25

Cadherin 1

Centromere protein 1

Confocal laser scanning microscopy
Co-immunoprecipitation

Collagen, type VIII, alpha 2

Protein encoded by c-Rel proto-oncogene, NF-kB subunit
Corticotropin-releasing factor receptor 2

Discoidin domain receptor 2

Epstein-Barr virus-induced gene 3

Endothelial Cell

Extracellular domain

Enhanced green fluorescent protein

Epidermal Growth Factor Receptor Antisense RNA 1
Extracellular signal-regulated kinase

Estrogen receptor 1

Fragile histidine triad

Forkhead box protein P3

Gene ontology enrichment analysis
Glycosylphosphatidylinositol anchor peptide
Glutathione S-transferase Mu 2

Histone H2B type 4

H4 clustered histone 15

Human Coronary Artery Endothelial Cells

HECT, C2 and WW domain containing E3 ubiquitin pro-
tein ligase 1

Hepatocyte growth factor

HIC ZBTB transcriptional repressor 1

Homeobox A10 antisense RNA

5-Hydroxytryptamine receptor 6

Interleukin-2
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Lewis Lung Carcinoma

Mitogen-activated protein kinase

Microtubule affinity-regulating kinase 1

Microtubule affinity-regulating kinase 2

Met proto-oncogene product, receptor tyrosine kinase
Matrix Metalloproteinase

Matrix metalloproteinase 2

Mechanistic target of rapamycin kinase

Matrix remodelling associated 8
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Nanoparticle

P38 mitogen-activated protein kinase

Protocadherin (family of proteins)

Protocadherin 1

Protocadherin alpha 6

Protocadherin gamma subfamily C, member 3
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Programmed cell death 1

Programmed cell death 1 ligand 1

Phycoerythrin
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Phosphoinositide 3-kinase

Phosphoinositide-3-kinase catalytic subunit alpha
Rhodamine B isothiocyanate
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ROS1 Protein encoded by ROS proto-oncogene 1
RTK Receptor tyrosine kinase

RUNX3 Runt-related transcription factor 3/RUNX family tran-
scription factor 3

SLX1B SLXT homolog B, structure-specific endonuclease subunit

SMAD3 SMAD family member 3/Mothers against dpp (MAD)
family member 3

SPRED3 Sprouty-related, EVH1 domain-containing protein 3

STAT4 Signal transducer and activator of transcription 4

STIMATE Stromal interaction molecule (STIM) activating enhancer

STING Stimulator of interferon response cGAMP interactor

TAA Tumor-associated antigen

TBX-6 T-box transcription factor 6

TCRB T cell receptor beta chain

TGF-B1 Transforming growth factor beta 1

TIL Tumor-infiltrating lymphocytes

TNFB Tumor necrosis factor beta

UCN Urocortin

VEGFR2 Vascular endothelial growth factor receptor 2
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Vi Light chain variable region

Wnt Wingless-type MMTV integration site family
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