Experimental Animals

Exp. Anim. 70(3), 333-343, 2021
Original

Generation of avian-derived anti-B7-H4 antibodies exerts
a blockade effect on the immunosuppressive response
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Abstract: For highly conserved mammalian protein, chicken is a suitable immune host to generate antibodies.
Monoclonal antibodies have been successfully targeted with immunity checkpoint proteins as a means of cancer
treatment; this treatment enhances tumor-specific immunity responses through immunoregulation. Studies have
identified the importance of B7-H4 in immunoregulation and its use as a potential target for cancer treatment. High
levels of B7-H4 expression are found in tumor tissues and are associated with adverse clinical and pathological
characteristics. Using the phage display technique, this study isolated specific single-chain antibody fragments
(scFvs) against B7-H4 from chickens. Our experiment proved that B7-H4 clearly induced the inhibition of T-cell
activation. Therefore, use of anti-B7-H4 scFvs can effectively block the exhaustion of immunity cells and also
stimulate and activate T-cells in peripheral blood mononuclear cells. Sequence analysis revealed that two isolated
scFv S2 and S4 have the same VH complementarity-determining regions (CDRs) sequence. Molecule docking
was employed to simulate the complex structures of scFv with B7-H4 to analyze the interaction. Our findings
revealed that both scFvs employed CDR-H1 and CDR-H3 as main driving forces and had strong binding effects
with the B7-H4. The affinity of scFv S2 was better because the CDR-L2 loop of the scFv S2 had three more hydrogen
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bond interactions with B7-H4. The results of this experiment suggest the usefulness of B7-H4 as a target for
immunity checkpoints; the isolated B7-H4-specific chicken antibodies have the potential for use in future cancer

immunotherapy applications.
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Introduction

Immunotherapy has changed conventional cancer
therapy strategies. Therapeutic antibodies that inhibit
programmed death ligand 1 (PD-L1)/ programmed cell
death protein 1 (PD-1) interactions can reactivate anti-
tumor immunity responses [1]. In cancer therapy, less
than 30% of patients demonstrate responses to treatments
that inhibit PD-L1/PD-1 interactions. PD-L1 expression
on cancer cells is an effective and commonly used as-
sessment indicator for immunotherapy. However, most
patients have low PD-L1 protein expression on cancer
cells, which results in poor immunotherapy responses
[2]. Therefore, research on the development of other
potential immune checkpoint protein inhibitors is neces-
sary. The V-set domain containing T-cell activation in-
hibitor 1 (VTCN1) is generally referred to as B7-H4,
B7-S1, or B7x; it is a key B7 family member [3]. B7-H4
proteins in humans and mice are 90% similar, indicating
B7-H4 is a highly conserved protein [4]. The protein has
been found capable of affecting cytokine secretion, T-cell
activation, and cytotoxicity abilities [5, 6]. B7-H4 has
been found in human tumors; in addition to serving as a
potential treatment indicator [ 7—10], soluble B7-H4 has
been recognized as a possible biomarker for cancer di-
agnosis [11, 12]. Clinical research also revealed that
relative to B7-H4+ tumors, B7-H4— tumors are larger
(on average) and occur in patients with higher TNM
stages [13]. In general, B7-H4 expression is low in im-
mune cells. The in vitro expression of B7-H4 can be
induced through stimulation (e.g., LPS, IFN-y), implying
that B7-H4 might play a key role in the tumor microen-
vironment. Research has revealed that the tumor-asso-
ciated macrophages in clinical patients with ovarian
carcinoma exhibited high B7-H4 protein level and an
increase in Treg cells. These patients had low survival
rates [14]. In renal cell carcinoma, B7-H4 mRNA and
protein expression were increased due to stimulation by
inflammatory mediators [ 15]. This indicates that in tumor
microenvironments, the cytokine network may regulate
B7-H4 expression in cancer cells and in infiltrating im-
mune cells. Similar findings have been published in
research on lung cancer in humans. TAMs secrete IL-10,
TNF-a, and IFN-y to induce B7-H4 expression in lung
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cancer cells, thereby generating an immune escape re-
sponse [5]. Accordingly, studies have supported the
importance of B7-H4 in cancer development and in im-
munotherapy.

Hybridoma is a conventional monoclonal antibody
production protocol. Despite being a widely known and
mature experimental method, the protocol has a compli-
cated production process, is time-consuming, and pres-
ents many challenges [16]. The first recombinant anti-
body library was established in 1989, which involved
the use of phage display to create an effective, conve-
nient, and rapid path to produce monoclonal antibodies.
This effective in vitro screening method allows for the
enrichment of specific antibodies from complicated
phage antibody libraries [17]. Clinical applications and
research have employed this technique to develop vari-
ous antibodies as target therapy medicines [18, 19]. To
facilitate such development, small mammals such as
mice and rabbits are commonly used as immune animals
to induce humoral antibody response. However, mammal
proteins, which have highly conserved sequences, often
cannot induce highly potent immune responses due to
tolerance developed in the immunity process. This prob-
lem has limited and obstructed the progress of research.
Because of the species difference, chickens can induce
stronger-than-usual humoral responses. Thus, the use of
chickens as immune hosts can overcome typical experi-
mental challenges. Unlike mammals, which have two
light chains isotypes (kappa and lambda), chickens only
have the lambda light chain, which is conducive to the
construction of antibody libraries and effective screening
[20]. Additionally, single-chain variable fragments
(scFvs) with the immunoglobulin scaffold of chickens
generally have high expression levels in the bacterial
expression system [21]. Studies have proven that chick-
en scFv antibodies have various potential applications
[22, 23]. In the future, chicken scFv antibodies must be
humanized for clinical applications, which is an obstacle
that can be overcome with antibody construction technol-
ogy [24].

In the present study, high-specificity chicken scFv
antibodies were manufactured with binding specificity
to B7-H4 protein, which has highly conserved sequenc-
es in mammals. The blockade effect of the antibody was



ANTIBODY BLOCKADE B7-H4 EFFECT

validated; these antibodies successfully bonded with
B7-H4 protein to protect the activation responses of im-
munity cells. Additionally, we used molecule docking to
predict the docking position of the antibodies with the
B7-H4 protein, and in this paper, we discuss the potential
antigenic determinants on B7-H4 proteins and the po-
tential interactions between antibody complementarity-
determining region (CDR) loops and B7-H4 protein. The
results of this research can contribute to the development
of antibody medicines for immune checkpoint protein
B7-H4 and can be further applied to future clinical ap-
plications.

Materials and Methods

Chicken immunization and library construction

Female white leghorn chickens were immunized
through intramuscular injection of 50 ug of recombinant
B7-H4 protein (Phe29 to Ala258) (Sino Biological Inc.,
Beijing, China) mixed with an adjuvant (Sigma-Aldrich,
Inc., St. Louis, MO, USA). Three additional immuniza-
tions were performed at intervals of 7 days. During the
immunization, we used Freund’s Complete Adjuvant
(FCA) for the first time and Freund’s Incomplete Adju-
vant (FIA) for the other times. The spleens of the chick-
ens were harvested 7 days after the final immunization
to construct an scFv antibody library. The library con-
struction method followed published protocols with
minor modifications (20). The chickens were maintained
with care, and all animal experiments complied with
ethical standards; protocols were reviewed and approved
by the Animal Use and Management Committee of Tai-
pei Medical University (IACUC number: LAC-2018-
0391).

Biopanning

The clone in the constructed scFv antibody library
with binding specificity to B7-H4 protein can be enriched
and isolated through panning. The recombinant B7-H4
protein was coated in the well of a microtiter plate at
4°C overnight. The next day, the B7-H4 protein was
removed, and the well was blocked with 3% bovine se-
rum albumin (BSA) at room temperature for 1 h. Then,
recombinant phage particles (10!") from the library were
added to the well and incubated at room temperature for
2 h. Unbound phages were subsequently removed, and
the well was washed through pipetting with PBST (phos-
phate buffered saline with 0.05% Tween 20) 10 times.
Bound phages were eluted with 0.1 M HCl-glycine (pH
2.2)/0.1% BSA elution buffer and neutralized with 2 M
Tris base buffer. The eluted phages were used to infect
Escherichia coli strain ER2738 immediately for recom-

binant phage amplification. Amplified phages were pre-
cipitated and recovered according to the described
method and used in the next round of panning [17]. The
panning procedure was repeated four times. After pan-
ning, all library DNA was purified and transformed into
E. coli strain TOP 10F’ (Invitrogen, a nonsuppressor
strain) for scFv expression. The expressed scFv were
further purified with Ni**-charged sepharose according
to the manufacturer’s instructions (GE Biosciences,
Pittsburgh, PA, USA).

Sequence analysis

To sequence the scFv clones of interest, a primer
ompseq (5’-AAGACAGCTATCGCGATTGCAGTG-3’)
complementary to the outer membrane protein A (ompA)
signal sequence in front of the light chain variable region
was used. International ImMunoGeneTics information
system/V-QUEry and Standardization (http://imgt.org)
were used to compile and analyze the sequence data in
accordance with the germline genes.

Enzyme-linked immunosorbent assay

The wells of the microtiter plate were coated with
recombinant B7-H4 protein (0.5 ug/well) at 4°C over-
night. After blocking with 5% skim milk, the scFv or
phage was added to the wells and incubated for 1 h at
room temperature. The wells were washed with PBST,
and the bound scFv or phage was then detected and de-
veloped using horseradish peroxidase (HRP)-conjugated
goat antichicken light-chain antibodies (Bethyl Labora-
tories, Inc., Montgomery, TX, USA) or HRP-conjugated
anti-M 13 antibodies (GE Healthcare Life Science, Pitts-
burgh, PA, USA). Finally, 3,5,5-tetramethubezidine di-
hydrochloride substrate (TMB) was added for signal
development. The reaction was stopped by adding 1 N
HCI, and absorbance was measured at 450 nm.

For peptide enzyme-linked immunoabsorbent assay
(ELISA), the biotin-conjugated peptides BS1pep-p8
(KNVQLTDA) and BS2pep-p17 (VIQWLKEGVL-
GLVHEFK), representing the two linear epitopes of
B7-H4, were synthesized (Kelowna International Scien-
tific Inc., New Taipei City, Taiwan). Anti-B7-H4 scFv
S2 and S4 antibodies were individually coated on a 96-
well microplate at 4°C overnight. After blocking with
3% BSA, BS1pep-p8 and BS2pep-pl17 were added to
scFv S2 and scFv S4 for incubation, respectively. Next,
peroxidase-conjugated streptavidin (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA, USA) was
used to bind biotin-conjugated peptides for detection.
Finally, a TMB substrate was added for development,
and the reaction was stopped by adding 1 N HCI. The
absorbance was measured at 450 nm.
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Western blotting

The recombinant B7-H4 protein was transferred onto
nitrocellulose membranes (GE Healthcare Life Sciences)
after sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) to determine binding reactiv-
ity, which was measured using purified scFv antibodies.
The membranes were blocked with 5% skim milk and
then incubated with scFv at room temperature for 1 h.
After a PBST wash process, the membranes were de-
tected and developed with HRP-conjugated goat antich-
icken light-chain antibodies. Finally, diaminobenzidine
substrate was added for color development until the
desired color intensity was reached.

T cell activating assay

In the assay, a commercial anti-CD3 antibody (eBio-
science, Inc., Houston, TX, USA) was used to conduct
T-cell activation and proliferation. The peripheral blood
mononuclear cells (PBMCs) of healthy persons used in
the experiment were purchased from a commercial sup-
plier (STEMCELL Technologies Inc., Cambridge, MA,
USA). Before the experiment, anti-CD3 monoclonal
antibodies were coated on 96-well tissue culture plates
at 4°C overnight. The next day, PBMCs were labeled
with 0.5 uM CFSE (eBioscience, Inc.) and incubated
with a testing scFv at room temperature for 30 min. Then,
the anti-CD3 antibodies were removed, and the treated
PBMCs were distributed in the antibody-coated wells
for incubation. T-cell responses were analyzed 5 days
after activation through flow cytometry. This analysis
was based on the cell-labeling CSFE signals to reflect
T-cell activation responses.

Molecular docking

To investigate how chicken scFvs interact with B7-H4,
scFv 2S and 4S structural models were developed in
accordance with the protocols of the Antibody Modeling
Cascade modules in Discovery Studio v. 2020 (BIOVIA
Inc., San Diego, CA, USA). The light chain of the scFv
S2 and S4 models were generated using the crystallo-
graphic structure of the anti-ptau (PDB ID: 4GLR) and
the anti-Bla g1 (PDB ID: 40UO) as scFv structural
templates, respectively. Moreover, the same heavy chain
of the scFv models was used to construct the x-ray struc-
ture of antiprostate specific antigen antibodies (PDB ID:
4P49). In addition, the framework of the scFv S2 and S4
models was built using the x-ray structures of the PDB
IDs of 4GLR and 4P49, respectively. We developed our
complex structural model of the scFv—B7-H4 interaction
on the antibody—antigen docking program ZDOCK [25]
by using default parameters and evaluating shape com-
plementarity and desolvation energy to obtain an scFv—
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B7-H4 complex. We selected the PDB ID of 4GOS to
be the antigen of the three-dimensional x-ray crystal-
lographic structure of B7-H4. To obtain a reliable com-
plex structure, we used an RDOCK program to refine
the docked protein poses of cluster 1 from ZDOCK by
performing energy minimization in CHARMm. Finally,
the rational antibody—antigen complex model satisfied
the CDRs of the scFv S2 and S4 antibodies interacting
with the B7-H4 binding site at the antigen-antibody in-
terface.

Chicken immunization with recombinant B7H4
protein

Comparison of protein sequences revealed that the
B7-H4 proteins in humans (AAH74729.1) and mice
(AAH32925.1) are 90% similar. For highly conserved
proteins, such as B7-H4, we selected chickens for
specific humoral immune responses. Figure 1 indicates
that the poly-IgY antibody purified from egg yolks of an
immunized chicken, after serial dilution, has high-po-
tency binding with recombinant B7-H4 protein (Fig. 1A).
For the control group, recombinant B7-H4 protein was
used for mouse immunization, and an immunity response
was not induced (Fig. 1B). Figure 1 details the limita-
tions of highly conserved proteins in animal immunity
and highlights the advantage of using chickens as im-
mune hosts due to the species difference; this allows for
the successful generation of high-potency antibody re-
sponses in chickens.

ScFv antibody library construction and biopanning
To produce an anti-B7-H4 monoclonal antibody with
neutralizing capabilities, we used the recombinant B7-
H4 protein for chicken immunization. After high-poten-
cy antibody responses had been induced, the chicken
was sacrificed, and a highly complicated phage display
scFv antibody library (2 x 10%) was established and sub-
jected to panning against the B7-H4 protein. Figure 2A
indicates that relative to the wild-type M13 phage, the
eluted phage titer significantly increased with the num-
ber of panning rounds during the experiment conducted
with library phage. After the fourth round of panning,
the eluted phage titer had a 290-fold increase, indicating
that anti-B7-H4-specific phage had been enriched in the
library. The phage library was amplified after each round
of panning and subjected to the phage ELISA test against
the B7-H4 protein. Relative to the initial phage library,
which did not exhibit binding responses, the results re-
vealed that after the second round of panning, the library
phage generated significant binding signals (Fig. 2B).
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Fig. 1. Humoral antibody response in chicken after immunization of recombinant B7-H4 protein. (A) Chicken
immunization using recombinant B7-H4 protein and testing the binding effect of poly-IgY antibody
purified from egg yolks of an immunized chicken with the recombinant B7-H4 protein under each se-
rial dilution concentration. (B) Mouse immunization using recombinant B7-H4 protein to test the bind-
ing effect of the B7-H4-specific antibody in the mouse serum under each serial dilution concentration.
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Fig. 2. Biopanning and single colony analysis. (A) Eluted phage number of the anti-B7-H4 library phage calcu-
lated after each panning round, which represents the number of specific phages binding to B7-H4 protein
in each panning round. M13 represents wild-type phages and is the negative control. (B) Phage ELISA
testing on the amplified phage library after each panning round to test binding to B7-H4 protein. (C) Serial
dilution on the three representative scFvs to test the binding reactivity to B7-H4 protein. (D) Western blot-
ting test of the binding effect of the three representative scFvs on recombinant B7-H4 protein. The red arrow
indicates that the molecular weight of recombinant B7-H4 protein is approximately 50 kDa.

Single colony analysis

After panning, 15 clones were randomly selected for
single-colony analysis. The sequencing results revealed
that similar sequences were repeated, which was the
result of the enriched expression of the specific phage

in the panning process. The 15 clones exhibited three
sequences, which are represented as clones S2, S4, and
S6; Fig. 2C depicts the situation following expression
of the representative scFvs, specifically when serial dilu-
tion was performed on the clones to test the B7-H4 bind-
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ing effect of each concentration of scFv. Results revealed
that clone S6 had a poor binding effect; clones S2 and
S4 had higher binding effects, accounting for ECs, of
approximately 22 and 33 nM, respectively. After the
recombinant B7-H4 protein had been subjected to elec-
tric transfer, a Western blotting test was performed on
the protein to test the binding reactivity of scFvs. The
results revealed that all three represented scFvs were
capable of identifying denatured B7-H4 proteins (Fig.
2D); this indicates that the three scFvs identified B7-H4
by recognizing the liner epitope structure in B7-H4.

ScFv S2 and S4 can block the effect of B7H4-
induced T-cell exhaustion in PBMC

To confirm whether the extracted anti-B7-H4 scFv
fragment exhibited the blockade effect on the immuno-
suppression response induced by B7-H4 protein, we
selected scFvs S2 and scFv S4, both of which exhibit
high binding capabilities, for antibody testing. During
testing, human PBMCs were activated with anti-CD3
antibodies, and B7-H4 proteins and antibodies were
added to determine their effects and observe the T-cell
response. Figure 3A displays the groups to which were
added anti-CD3 antibodies that exhibited significant T-
cell activation and cluster responses; after B7-H4 protein
had been added, the clustering response was inhibited.
Additionally, the activation and clustering of regenera-
tive T-cells were observed in the results of groups to
which scFv S2 and scFv S4 had been separately added.
This implies that scFv S2 or scFv S4 bound to B7-H4
protein can effectively neutralize the immunosuppression
response induced by B7-H4 proteins, thus enabling T-

cells to retain their activation status. Similar responses
were observed in another cell experiment, as presented
in Fig. 3B. CSFE-stained PBMCs to which were added
anti-CD3 antibodies effectively induced the activation
of T-cells, which further prompted cell proliferation. This
response was inhibited when B7-H4 proteins were
added. In the experiment, separately adding scFv S2 and
scFv S4 effectively blocked the effect of the B7-H4 pro-
tein, thereby preventing the activation of T-cells from
being inhibited. After calculation and normalization, we
determined that the effects of scFv S2 and scFv S4 en-
abled the retention of 56% and 51% of the original T-cell
activity after activation, respectively (Fig. 3C).

Epitope prediction and analysis of B7H4

To predict possible epitopes on the B7-H4 protein
surface, we compared the protein structure of the B7-H4
protein (PDB ID: 4GOS) with the B7-H1 (PD-L1) pro-
tein (PDB ID: 4ZQK), which is in the same protein fam-
ily. By superimposing the protein structures, as pre-
sented in Fig. 4A, it was observed that despite only
having 50.8% similarity, the two proteins had highly
similar basic structures because they were from the same
family. Due to the lack of clear data on the B7-H4 com-
plex structure, we employed the Binding Site Prediction
software of Discovery Studio to predict possible posi-
tions where protein binding may occur on B7-H4 pro-
teins. Analysis revealed that the amino acid on the sur-
face of B7-H4 protein tends to generate two aggregation
sites (in red boxes), which are represented as BS1 and
BS2. These two predicted aggregation sites are highly
likely to generate protein—protein interactions. However,
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Fig. 3. Anti-B7-H4 scFv has a blockade effect on T-cell exhaustion caused by B7-H4 protein. (A) Inclusion of B7-H4 protein and the
assigned scFv in the cultivation of PBMCs of healthy persons for 5 days, as observed under a microscope. Anti-CD3 antibody
was used to stimulate the activation of T-cells, and activated T-cells then proliferated and clustered. (B) Inclusion of B7-H4
protein and the assigned scFv in the cultivation of CSFE-stained PBMCs for 5 days, followed by flow cytometry assay for
analysis. Activated T-cells proliferated and caused fluorescent signal changes. An unrelated scFv (NC), under the same cultiva-
tion conditions, was included as the negative control for the antibody response. (C) Quantified activation response results for
T-cells in the CSFE-stained PBMCs after scFv processing using normalized percentages.
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to further validate whether scFv S2 and scFv S4 bind to
the predicted key sites, we designed two peptides ac-
cording to the corresponding amino acid sequence of the
two sites, respectively BS1pep-p8 and BS2pep-pl7, to
simulate the reaction loop on B7-H4 molecules and test
their binding with both scFv S2 and scFv S4. The ex-
periment results revealed that scFv S2 and scFv S4 both
bound to BS2pep-p17 but did not bind to BSIpep-p8
(Fig. 4B). Therefore, after using molecule modeling to
construct the protein structure of scFv S2 and scFv S4,
we used molecule docking to predict the binding model
between scFv S2 and scFv S4 with B7-H4. From the
predicted binding model, it was observed that despite
the binding sites being near each other, the binding direc-
tion of scFv S2 and scFv S4 to B7-H4 was different due
to differing scFv sequences. In both scFvs, B7-H4 pro-
teins mainly interacted with the heavy chain variable
domains. Through this binding effect, antibodies effec-
tively blocked the interaction between B7-H4 and the
corresponding proteins.

Molecule docking of scFvs with B7H4 molecule
Amino acid sequence analysis revealed that scFv S2
and scFv S4 have nearly identical VH sequences
(121/122, 99.2% similarity), with the only difference
being the amino acid positioned at FR1 (G18A). In the
VL region, the key difference was evident in the CDR
position, particularity at CDR3 (Fig. 5A). To construct
the binding model for scFv S2 and scFv S4, we selected
two published antibody sequences in chicken with the
highest similarity from the Protein Data Bank as the
structure model. The model of scFv S2 was obtained
from the structures of PDB IDs 4GLR and 4P49, and the

model of scFv S4 was obtained from the structures of
PDB IDs 4P49 and 40UO. By using homology modeling
analysis, we simulated the structural model of scFv S2
as well as that of scFv S4. Based on the Peptide ELISA
results, we determined that scFv S2 and scFv S4 recog-
nized the possible epitopes on B7-H4 (Fig. 4), and by
using molecule docking prediction analysis, we sepa-
rately established the complex structures of scFv with
B7-H4, and superimposed the structures (Fig. 5B). We
discovered that the epitopes for scFv S2 and scFv S4 on
B7-H4 are similar and that both scFvs have largely iden-
tical VH sequences. However, their difference in VL
sequence resulted in the two scFvs binding to B7-H4 in
different directions.

Interaction analysis between scFv S2 and B7H4
molecule

Antibody-antigen docking revealed that the CDRs of
scFv S2, namely CDR-L1, CDR-L2, CDR-L3, CDR-HI,
CDR-H2, and CDR-H3, were involved in the interaction
of the epitope on B7-H4 with scFv S2 (Fig. 6). The Gly28
main chain on the CDR-L1 loop was involved in the
Glu92 side chain of the B7-H4 epitope by a hydrogen
bond. The side chains of Asn56, Asn57, and Asn65 of
the CDR-L2 loop interacted with the B7-H4 epitope on
three residues, namely Glu92, Ser91, and Glu89, through
respective hydrogen bond. In addition, the CDR-L3 loop
had a hydrophobic interaction between the side chains
of Leu77 and Trp107. The main chain of Gly27 and the
side chains of Thr29, Ser35, Ser36, and Tyr37 on the
CDR-HI1 loop interacted with those of Asn140, Asn142,
and Lys129 through four hydrogen bonds and a hydro-
phobic interaction. The CDR-H2 loop did not interact
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Fig. 5. Sequence analysis of scFv S2 and scFv S4 and their molecule docking with B7-H4. (A) Sequence analysis and com-

parison of scFv S2 and scFv S4 including VL and VH regions. The background of the residues is colored according to
sequence similarity. The deep color shows the conserved residues in all sequences. The color scheme is from deep to
light, corresponding to identity, highly conserved residues, and low-conserved residues, respectively. The residue back-
grounds colored in white are not similar. Residues of the CDRs are indicated by bold letters with arrow marks (purple
in VL and red in VH). (B) Molecule docking of scFv S2 and scFv S4 with B7-H4 according to the confirmed epitope
position on B7-H4 for overlay analysis.

scFv S2

Fig. 6. Molecular modeling of scFv S2 and B7-H4 interaction and secondary structure for scFv S2 antibody—B7-H4 antigen model. The
B7-H4 antigen and scFv S2 are colored light cyan and gray, respectively. Schematic of all interactions between scFv S2 and the
B7-H4 epitope. The interface residues of scFv S2 and B7-H4 were concentrated on the CDR-L1 (red), CDR-L2 (orange), CDR-
L3 (yellow), CDR-HI (green), CDR-H2 (blue), and CDR-H3 (magenta) loops. The interaction between scFv S2 and B7-H4 is
illustrated using green, yellow, and magenta dotted lines to indicate hydrogen bonds, hydrophobic interactions, and cation-pi

interactions, respectively.
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with the B7-H4 epitope. The side chain of Alal110 on the
CDR-H3 loop interacted with those of Val76 and Leu72
through hydrophobic interactions. The side chains of
Lys106 and Asp116 on the CDR-H3 loop interacted with
that of Tyr131 through cation-pi interaction and a hy-
drogen bond. Moreover, the Alal10A and Pro111Y side
chains on the CDR-H3 loop interacted with the side chain
of Leu77 through hydrophobic interactions. The side
chains of Trp114 and Asn109 also interacted with those
of Glu92 and Glu82 through two hydrogen bonds.

Although clinical therapeutic strategies using immune
checkpoints have already been proven effective, most
patients may have primary resistance and fail to benefit
from the treatment. Additionally, users of certain medi-
cation may experience tumor recurrence after the initial
response; this may be a response caused by the body
generating systemic acquired resistance [26, 27]. There-
fore, various uncertainties remain in regulating immu-
notherapy, and they require resolutions. Because it is
highly complicated, the tumor microenvironment causes
the regulation of immune checkpoints to vary. Even in
the same patient, treatment of metastatic meningioma in
various body parts may yield heterogeneous treatment
effects. Tumor microenvironments consist of various
factors that are conducive to resistance development; for
example, the expression of other inhibitory immune
checkpoint molecules enables tumors to escape immune
responses [27, 28]. Therefore, the development of new
immune checkpoint indicators for immunotherapy is
urgent. Studies have reported that expression of B7-H4
protein in cancer tissues is highly correlated with cancer
stage, patient survival rate, and the invasiveness of T-
cells in the tumor [14]. Notably, the number of B7-H4
molecules on the surface of cancer strains significantly
drops after long durations of artificial culturing. Chang-
es in the cultivation conditions to enhance the severity
of the growth environment can induce the expression of
B7-H4 protein [29]. Additionally, researchers discovered
that the surfaces of cancer cells in the ascites and on
solid tumors of patients with cancer exhibited high B7-
H4 expression. However, after short sessions of in vitro
cultivation, B7-H4 expression on the cell surface sig-
nificantly dropped [30]. These findings suggest that the
expression of B7-H4 protein on cell surfaces is influ-
enced and regulated by the environment and may be
related to in vivo tumor cells enhancing their resistance
to avoid immune recognition [31].

Individual differences among species have resulted in
uncertainties concerning the treatment responses of im-

mune checkpoints. Therefore, being able to predict im-
mune response prior to treatment is key. However, un-
certainties in the efficacy of using specific biomarkers
to predict treatment effects and treatment-induced toxic
reactions remain unresolved. Despite the fact that mul-
tiple novel immune checkpoint molecules have been
determined to be potential indicators, most agents do not
have specific accompanying biomarkers for validation.
Currently, the two biomarkers employed for predicting
immune reactions, namely PD-L1 and mismatch repair
(MMR), have already been approved by the U.S. FDA
and can be applied alongside checkpoint inhibitor agents.
However, PD-L1 expression and MMR deficiency can-
not encompass all reactions to predict the response of
patients with physical tumors to immune checkpoint
inhibitor agents and cannot be used to predict the medi-
cation effect on a patient or the response duration. Stud-
ies have indicated that in addition to the abnormal ex-
pression of B7-H4 on cancer cell surfaces, soluble B7-H4
(sB7-H4) molecules are present in the serum of patients
with cancer [11, 12]. Additionally, the presence of sB7-
H4 was correlated with tumor size, lymphatic metastasis,
and tumor invasion depth [11]. Indeed, we discovered
an increase in sB7-H4 in the culture medium of cancer
cells that expressed B7-H4 (data not shown). These find-
ings are highly conducive to the development of B7-H4-
specific inhibitor agents, which may be applied in clini-
cal practice alongside diagnosis to achieve optimal
treatment results.

In the present study, the isolated anti-B7-H4 antibody
successfully inhibited the B7-H4 protein-induced im-
munosuppression effect and enabled the successful ac-
tivation of T-cells in PBMCs through effective stimula-
tion. Therefore, we conclude the isolated antibody bound
to effective epitopes on B7-H4 proteins to block the
binding between B7-H4 and receptor proteins. Through
molecule docking analysis, we discovered that scFv S4
mainly relies on the VH domain to bind to B7-H4 pro-
tein. This finding is similar to the effect of the anti-PDL1
clinical antibody drug Atezolizumab in complex struc-
tures [32]. This implies that in the antibody response of
some immune checkpoint inhibitor agents, the VH do-
main could be the main binding site and VL domain plays
the role of stabilizing the antibody structure. In our ex-
periment, we discovered that immunized mice cannot be
induced to generate effective humoral antibody respons-
es because B7-H4 proteins in mammals have high se-
quence similarity (Fig. 1). Therefore, for our immune
animal hosts, we used chickens instead of mice. Due to
difference in species, mammalian proteins can generate
higher immunity responses in chicken and are more
likely to stimulate more instances of somatic mutation.
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After genetic sequence analysis, in which the germline
sequences in chicken were compared, we discovered that
the somatic mutations that occurred in the sequence of
isolated antibodies S2 and S4 were mainly caused by the
insertion mutation (Supplementary Fig. 1). This finding
is similar to that of our previous research [23]. This oc-
currence of mutation with high variability generates
longer CDR3-H3 loops, which are capable of entering
deeper regions of the antigen epitope.

The use of immunotherapy to treat cancer has achieved
some positive results, but remains for improvement. The
anti-B7-H4 antibody which is specific to immunity
checkpoint protein has the potential to be applied with
existing treatment strategies to enhance the treatment
effect. Therefore, this antibody can be used as an auxil-
iary measure to overcome the problem of immune cell
failure during tumor immune escape and thus provides
more treatment options for the future development of
anticancer medicine.
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