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Abstract
Although immune checkpoint inhibitors have changed the treatment paradigm for non-small cell lung cancer (NSCLC), not 
all patients benefit from them. Therefore, there is an urgent need to explore novel immune checkpoint inhibitors. Neuropi-
lin-1 (Nrp-1) is a unique immune checkpoint capable of exerting antitumor effects through CD8+ T cells. It is also a T-cell 
memory checkpoint that regulates long-term antitumor immunity. However, its role in NSCLC remains unclear. The aim of 
this study was to develop a fully human anti-Nrp-1 antibody with therapeutic effects against NSCLC in vitro and in vivo. We 
screened and constructed of a high-affinity anti-Nrp-1 IgG antibody from a constructed high-capacity fully human single-
chain fragment variable (scFv) phage library. This novel anti-Nrp-1 IgG antibody partially restored the killing function 
of exhausted CD8+ T cells in malignant pleural fluid in vitro. Co-culture of peripheral blood mononuclear cells (PBMC) 
with A549 and the addition of anti-Nrp1-IgG enhanced the killing of A549 target cells, leading to an increase in late-stage 
apoptosis of target cells. Importantly, anti-Nrp1-IgG treatment significantly reduced tumor volume in a mouse model of 
lung cancer with humanized immune system. These findings suggest that 53-IgG has a promising application as a potent 
Nrp-1-targeting agent in NSCLC immunotherapy.
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Abbreviations
ECD	� Extracellular segment gene fragment
HNSCC	� Head and neck squamous cell carcinoma
ICIs	� Immune checkpoint inhibitors
KD	� Equilibrium dissociation constant
Nrp-1	� Neuropilin-1
NSCLC	� Non-small cell lung cancer
PBMCs	� Peripheral blood mononuclear cells
PEMCs	� Pleural effusion mononuclear cells
scFv	� Single-chain fragment variable
SDS-PAGE	� Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis
SOE PCR	� Splicing by overlap extension PCR
TILs	� Tumor-infiltrating lymphocytes; PCR: poly-

merase chain reaction
VEGF	� Vascular endothelial growth factor
VEGFR2	� Vascular endothelial growth factor receptor 
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Introduction

Lung cancer is the leading cause of cancer-related deaths 
globally. Despite employing surgical resection, radio-
therapy, platinum-based chemotherapy, and targeted 
therapy, the overall effectiveness of these existing treat-
ments remains severely limited [1, 2]. The discovery of 
immune checkpoints and the subsequent Nobel Prize-win-
ning development of immune checkpoint inhibitors (ICIs) 
brought about a complete revolution in the treatment of 
lung cancer [3]. While nivolumab and pembrolizumab 
have emerged as extensively studied ICIs for lung cancer, 
the beneficiaries are still in the minority—only 20–30% 
of cancer patients respond to ICIs treatment [4, 5]. Con-
sequently, there is a pressing need for the exploration of 
novel ICIs.

Nrp-1 emerges as a type I transmembrane protein [6]. 
Originally identified in neuronal and endothelial cells, its 
crucial roles encompass normal embryonic development, 
axon guidance, and vascular system formation [7–9]. Nrp-1 
is also expressed by various immune cells and actively par-
ticipates in immune function [10]. Within the realm of can-
cer immunotherapy, Nrp-1 represents a promising immune 
checkpoint. In the tumor microenvironment, Nrp-1 exerts 
co-suppressive effects on antitumor immunity by modu-
lating CD8 T cells and Treg cells, often coexisting with 
multiple other immune checkpoints [11, 12]. Furthermore, 
Nrp-1 functions as a T-cell memory checkpoint, restrict-
ing long-term antitumor immunity and influencing T-cell 
memory development specific to tumor antigens [13]. This 
pivotal role of Nrp-1 in tumor immunity renders it an entic-
ing immune checkpoint, thereby underscoring the research 
potential of monoclonal antibodies targeting Nrp-1.

Currently, there are no U.S. Food and Drug Adminis-
tration–approved anti-Nrp-1 antibody drugs, and clinical 
studies of Nrp-1 antibody have focused on its role in tumor 
angiogenesis through interaction with VEGFR2 co-recep-
tors. A phase I study of a human monoclonal anti-Nrp-1 
antibody (MNRP1685A) in patients with advanced solid 
tumors confirmed its tolerability as a stand-alone agent, 
albeit with limited clinical efficacy [14]. A dual-targeted, 
bispecific antibody against VEGFA and Nrp-1 (IDB0076) 
was preliminarily evaluated for pharmacotoxicity in crab-
eating monkeys and showed no significant adverse effects, 
but has not yet been subjected to clinical studies for further 
development [15]. Only one anti-Nrp-1 monoclonal anti-
body is currently undergoing clinical evaluation to assess 
its inhibitory effect on Treg cell function in combination 
with nivolumab in patients with advanced solid tumors 
(NCT03565445), and the results have not been reported.

This study elucidated the upregulation of Nrp-1 gene 
expression on tumor-infiltrating lymphocytes (TILs) CD8+ 

T cells within tumor tissues of patients with lung adeno-
carcinoma. Employing a large-capacity full-human scFv 
phage library, we successfully screened high-affinity scFv 
molecules targeting Nrp-1. Subsequently, we constructed 
a full-length IgG antibody and achieved stable expression 
and purification. In vivo and in vitro experiments unequiv-
ocally demonstrate the anti-Nrp-1 IgG antibody's capacity 
for tumor suppression, laying a solid foundation for future 
tumor immunotherapy endeavors.

Materials and methods

Cell lines and cell culture

HEK293F cells and CHO-S cells were procured from 
Thermo Fisher Scientific (USA), while Jurkat T cells and 
A549 cells were obtained from ATCC (USA). HEK293F 
cells were maintained as suspension cells in the HEK 293F 
complete medium (Sino Biological Inc., China), while 
CHO-S cells were cultured in suspension using ExpiCHO™ 
Expression Medium (Gibco, USA). Jurkat T cells and A549 
cells were cultured in RPMI-1640 medium (Gibco, USA) 
supplemented with 10% FBS (HyClone, USA) and 1% peni-
cillin and streptomycin (Solarbio, Beijing, China). All cell 
cultures were maintained at 37 °C in a 5% CO2 cell culture 
incubator.

Specimen handling and flow cytometry

PBMCs and pleural effusion mononuclear cells (PEMCs) 
were isolated from patients with lung adenocarcinoma (the 
patient information is summarized in supplementary Infor-
mation Table 1) using a human peripheral blood lympho-
cyte isolation solution (Cytiva, USA). Fresh lung adeno-
carcinoma tumor tissues were dissociated into single cells 
using a combination of enzymes and a fully automated tissue 
single-cell processor (Miltenyi, USA).

For human cell surface staining, we used FITC anti-
Human CD3 antibody, APC/Cyanine7 anti-Human CD8 
antibody, PE/Cyanine7 anti-human CD304 (Neuropilin-1) 
antibody, APC anti-human PD1 antibody, and PE anti-
human TIM3 antibody (all from Biolegend, USA). We 
employed 7AAD (BD, USA) to exclude dead cells, and flow 
cytometry (ACEA, USA) was utilized for analysis.

Nrp‑1 antigen protein construction and expression

The Nrp-1 gene sequence (GenBank accession number: 
NM_001024629.2) was retrieved from the NCBI database. 
We selected the amino acid sequence spanning positions 
22–644 of the extracellular segment (SEQ ID No. 16). The 
gene fragment of the extracellular segment of Nrp-1 was 
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amplified through PCR under the following conditions: 
98 °C for 10 s, 60 °C for 30 s, and 68 °C for 2 min, with 
a total of 30 cycles. Subsequently, it was ligated into the 
pcDNA3.4 vector, and the endotoxin-free plasmid was 
extracted. The antigen was expressed in HEK293F cells 
following transient transfection using polyethyleneimine 
(PEI), and the supernatant was collected after seven days. 
Purification was carried out using a nickel affinity chroma-
tography column (GE, USA), and the purification was veri-
fied through SDS-PAGE.

Construction of phage antibody immunolibrary

Extraction of total RNA from lymphoid tissues of non–small 
cell lung cancer patients and PCR amplification of light 
and heavy chains

Total lymphocyte RNA from NSCLC (the patient informa-
tion is summarized in supplementary Information Table 1) 
lymphoid tissues was extracted using TRIzol reagent 
(TaKaRa, Japan), and first-strand cDNA was synthesized 
through reverse transcription using oligodeoxynucleo-
tides (dT) as primers. Primer sequence combinations were 
designed based on the heavy and light chain framework 
regions of human antibody sequences (for primer sequences, 
see [15]). The coding regions of the heavy chain variable 
structural domains (VH) and light chain variable structural 
domains (VL, including Vλ and Vκ) of the antibody frag-
ments were amplified using the PCR. PCR reaction condi-
tions were as follows: 94 °C for 30 s, 55 °C for 30 s, and 
72 °C for 30 s, for a total of 30 cycles. Purified VH or VL 
DNA from different patients was combined for subsequent 
VH and VL splicing.

Construction of a fully human scFv phage library

Purified VH and VL were utilized as templates for splicing 
into scFv through overlapping PCR amplification. The scFv 
fragment included Sfi I and Not I restriction sites. The first 
round of overlapping extension PCR was conducted under 
the following conditions: no primer, 94 °C for 1 min, 68 °C 
for 1 min, for 20 cycles. The product from the first round 
of PCR was used as the template for the second round of 
PCR, using the upstream primer VHFvF and the downstream 
primer VλFvR or VκFvR. The second round of PCR was 
performed at 94 °C for 1 min, 55 °C for 1 min, and 72 °C 
for 1 min, for 30 cycles.

The scFv library genes were generated by combining 
VH-linker-Vκ and VH-linker-Vλ. These scFv library genes, 
along with the pCANTAB5E vector plasmid, were digested 
with the Sfi I and Not I restriction endonucleases, respec-
tively. Subsequently, they were ligated and transformed 
into TG1 receptor cells, followed by overnight incubation 

at 37 °C on LBAG solid medium to assess library capacity. 
To evaluate the diversity of the scFv library, we randomly 
selected 20 single colonies from the library for PCR identi-
fication. The PCR products were then digested with BstN I 
to create DNA fingerprints.

Anti‑Nrp‑1‑scFv three rounds of enrichment 
and affinity screening

Next, the amplified library phages were incubated with 
containment buffer (containing 3% fetal bovine serum albu-
min [BSA]) for 1 h at room temperature. We added 2 µg of 
biotinylated Nrp-1 protein to the closed library phage and 
incubated it for 2 h at room temperature. The phage anti-
gen–antibody complexes were captured using streptavidin-
labeled Dynabeads M-280 and washed with 5 × phosphate-
buffered saline with Tween 20 (PBST). Phages were eluted 
with 0.1 M glycine–HCl (pH = 2.2), followed by neutraliza-
tion to pH 7.0 with 1 M Tris. These eluted phages were sub-
sequently infected into logarithmically growing TG1 cells 
and spread on LBAG plates, after which the colonies were 
harvested the next day for the next round of screening, for a 
total of three rounds.

After three rounds of screening, single colonies were 
randomly selected from the enriched scFv phage library, 
and phages were amplified to express scFv in small quanti-
ties. We used an ELISA to detect the expressed phage scFv. 
The purified Nrp-1 protein was diluted to 2 µg/mL with 
coating buffer (0.1 M NaHCO3/Na2CO3) and then coated 
on the plastic surface of a 96-well microtiter plate at 4 °C 
overnight. After washing three times with washing buffer 
(1 × phosphate-buffered saline [PBS] containing 0.05% 
Tween-20) for 5 min each time, ELISA blocking solution 
(containing 5% skim milk powder) was added to the wells, 
and the plate was incubated at 37 °C for 1 h. After wash-
ing, phage supernatant containing the containment solution 
was added to the wells, and the plate was incubated for 1 h 
at 37 °C. After additional washing, an anti-M13/horserad-
ish peroxidase (HRP) antibody (1/5000; Abcam, UK) was 
added, and the mixture was left at room temperature for 1 h. 
The color development reaction was initiated by adding 
tetramethylbenzidine substrate (Thermo Fisher Scientific, 
USA) to each well, and the reaction was halted with 2 N 
H2SO4. The results were read at OD450 using a microplate 
reader (Thermo Fisher Scientific, USA).

Construction and expression of anti‑Nrp‑1 IgG

The screened anti-Nrp-1-scFv with good binding activity 
and specificity was used as a template to amplify VH and 
VL by PCR. The primer sequences in Table 2 were used 
in this study. VH and VL were then inserted through PCR 
homologous recombination into the pcDNA3.4/SP-CH and 
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pcDNA3.4/SP-CL vectors, both of which were constructed 
in our laboratory (pcDNA3.4/SP-CH is a plasmid that con-
tains the human IgG1 heavy chain constant region gene, 
and pcDNA3.4/SP-CL contains the human κ light chain 
constant region gene.). These constructs were subsequently 
transformed into E. coli TOP 10 receptor cells. The plas-
mids were extracted using an endotoxin-free pellet kit after 
correct sequencing (Tiangen, China), and anti-Nrp-1-IgG1 
protein was expressed in CHO-S eukaryotic cells following 
transfection using a transfection kit (Thermo Fisher Scien-
tific, USA). On day 14 of expression, the supernatant was 
collected and centrifuged at 8,000 rpm for 10 min, after 
which the antibody was purified from the supernatant using 
a protein A affinity chromatography column (GE, USA).

Detection of antigen–antibody affinity

To determine the binding affinity of anti-Nrp-1 IgG antibody 
to Nrp-1 protein, we employed the BioLayer Interference (BLI) 
technique. Biotinylated Nrp-1 protein (10 µg/mL) was coupled 
to a SA biosensor (Pall ForteBio, USA). Subsequently, 200 µL 
of purified anti-Nrp-1 IgG antibody (0, 5, 10, and 20 µg/mL) 
was added to the biosensor to assess antigen–antibody interac-
tions. KD values were calculated by systematically analyzing 
antigen–antibody binding and dissociation.

Detection of anti‑Nrp1 IgG1 binding to cells by flow 
cytometry

Establishment of A549 and Jurkat cells overexpressing 
the Nrp‑1 gene

Lentiviruses containing the Nrp-1 gene (MOI = 40, Obio 
Technology, China) were used to infect A549 and Jurkat T 
cells in logarithmic growth phase. Polybrene was added at a 
final concentration of 5 µg/mL, and the cells were cultured 
at 37 °C in a 5% CO2 cell culture incubator. After 12–16 h of 
infection, the medium was replaced. Following 72–96 h of 
infection, the cells were observed using fluorescence micros-
copy (Olympus, Japan), and the infection rate was verified 
through flow-through analysis.

Nrp-1 lentivirus-infected A549 and Jurkat T cells were 
used, and empty carrier cells were utilized as the control 
group. The cells were lysed using cell lysis solution (Beyo-
time, China) and separated via 12% SDS-PAGE. The sepa-
rated products were then transferred to PVDF membranes 
and sealed with a sealing solution (PBST containing 5% 
skim milk powder) at room temperature for 1 h. Subse-
quently, anti-Nrp-1 antibody (1/1500; Abcam, UK) and 
anti-GAPDH antibody (1/800; Abcam, UK) were added and 
incubated at room temperature for 1 h. The membranes were 
washed five times with PBST for 5 min each. HRP-labeled 
sheep anti-rabbit antibody (1/8000; Bioss, China) and sheep 

anti-mouse antibody (1/1000; Beyotime, China) were added, 
and the membranes were incubated at room temperature for 
1 h. After another five washes with PBST, color develop-
ment was initiated using ECL (Beyotime, China).

Detection of anti‑Nrp‑1‑IgG1 and cell binding activity 
by flow cytometry

Stable cell lines (Jurkat T and A549) expressing Nrp-1 on 
the cell membrane surface were cultured. When the cells 
reached the logarithmic growth phase, they were either 
digested with 0.25% trypsin or directly centrifuged and 
washed with a PBS solution. The cell count was adjusted to 
1 × 105 cells per tube. Anti-Nrp1 IgG1 was diluted to 40 µg/
mL, and 100 µl of anti-Nrp-1 IgG at different concentrations 
was prepared through pairwise dilution and added to the cor-
responding cells. The cells were then incubated at 4 °C for 
30 min. Alexa Fluor 647 antibody (1/500; Bioss, China) was 
added, and the mixture was incubated at 4 °C for another 
30 min. After two washes, the cell suspension was collected 
in 1 × PBS for flow cytometry analysis.

Effect of anti‑Nrp1 IgG1 on memory T cells 
and antitumor activity detected from cellular level

Effect of anti‑Nrp1 IgG on depleted CD8+ T cells 
in malignant pleural effusion detected by flow cytometry

PEMCs isolated from the malignant pleural fluid of patients 
with lung adenocarcinoma were stimulated with a final 
concentration of 1 µg/mL anti-CD3/CD28 antibody (Ultra-
LEAFTM Purified anti-human CD3, Ultra-LEAFTM Puri-
fied anti-human CD28, Biolegend, USA) for 3 days [16] 
[17] [18]. These cells were then seeded in 48-well plates, 
either with or without the addition of a final concentra-
tion of 40 µg/mL 31-IgG, 53-IgG, or anti-PD-1 antibody 
(Nivolumab, Selleck, USA). Each well contained 1 mL of 
the cell suspension, and incubation took place at 37 °C in a 
5% CO2 cell incubator for 3 days. The cells were collected 
for flow cytometry analysis of apoptosis. In the same way, 
cells were collected for immune memory analysis of CD8+ 
T cells. BV510 anti-human CD45RA Antibody and BV421 
anti-human CCR7 Antibody were from Biolegend, USA.

CCK8 assay

A549 cells were evenly seeded into 96-well plates at a den-
sity of 6 × 104 cells/mL at 100 μL per well. The experimental 
wells, blank control wells, and negative control wells were 
established according to the CCK8 reagent instructions. The 
96-well plate was incubated in an incubator at 37 °C with 
5% CO2 for 24 h. After the medium was discarded, the final 
concentration of 53 IgG1 antibody at 25 μg/mL, 50 μg/mL, 
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and 100 μg/mL was added to the experimental wells at 100 
μL per well. Next, 10 μL of CCK8 reagent (APE × BIO, 
Houston, USA) was added to each well at 24 h, 48 h, and 
72 h post-incubation. The absorbance at 450 nm was meas-
ured using an enzyme marker after a 1 h incubation.

Flow cytometry detection of anti‑Nrp‑1 IgG1 killing 
of target cells using PBMCs

A549 cells were used as target cells. When the cells were 
in the logarithmic growth phase, they were detached from 
the culture dish and resuspended in RPMI 1640 medium 
containing 10% FBS. The cells were labeled by adding a 
final concentration of 2.5 µM CFSE (BioLegend, USA) and 
seeded in a 96-well cell culture plate at a density of 2 × 104 
cells per well. The plate was placed in a cell incubator for 
24 h. Meanwhile, PBMCs isolated from healthy donors were 
used as effector cells and stimulated with anti-CD3/CD28 
antibody for three days. Effector and target cells were added 
to the 96-well cell culture plates at a ratio of 10:1, with 
the final concentration of effector cells being 2 × 105 cells 
per well, with or without the addition of a final concentra-
tion of 40 µg/mL of 31-IgG, 53-IgG, or anti-PD-1 antibody 
(nivolumab) [17] [19] [20] [21]. Each well contained 200 µL 
of the solution. The 96-well plates were placed in a 37 °C, 
5% CO2 cell incubator for 48 h. Cells were collected for flow 
cytometry analysis of apoptosis in the target cells.

Detection of antitumor activity of anti‑Nrp1 IgG1 
in vivo

Female NTG mice (derived from the CB-17/Icr mouse 
(BALB/c homolog), severe combined immunodeficient 
mice lacking mature T cells, B cells and NK cells, at 
6 weeks of age were maintained in an SPF environment 
for 1 week to acclimate. A549 cells were injected into 
the right rib cage of the mice at a density of 2 × 106 cells 
per injection. The tumor volume was measured every 
2–3 days and calculated using the formula: tumor volume 
(mm3) = 1/2 × length × width2. When the tumor volume 
reached approximately 80 mm3, human PBMCs were 
injected into the tail vein at a density of 2 × 107 cells per 
mouse [22] [23] [24]. Subsequently, 53-IgG1 was injected 
intraperitoneally on the following day of the PBMC injec-
tion. Human IgG1 was used in the control group, with an 
antibody dosage of 10 mg/kg and 100 µL per mouse. The 
mice received intraperitoneal injections of the antibody 
every 2 days for a total of five injections. The mice were 
euthanized after blood was collected from their eye sock-
ets on the day following the last administration. Tumors 
were dissected, weighed, and photographed to extract 
TILs, which were analyzed by flow assay using PE anti-
human CD45 Antibody (BD, USA), FITC anti-Human 

CD3 Antibody (Biolegend, USA), and APC/Cyanine7 
anti-human CD8+ antibody (Biolegend, USA) fluorescent 
antibodies. 7AAD (BD, USA) was used to exclude dead 
cells, and TILs in tumor tissues were analyzed using flow 
cytometry.

Statistical analysis

Statistical analysis was conducted using Prism 8 (GraphPad 
software). The data are expressed as the mean ± standard 
deviation, and t-tests were employed for between-group 
comparisons of normally distributed data. The Mann‒
Whitney U test was used for non-normally distributed 
data. A significance level of P > 0.05 was considered not 
statistically significant (ns), while *P < 0.05, **P < 0.01, 
and ***P < 0.001 were considered to indicate statistical 
significance.

Results

Construction of a fully human scFv phage 
immunization library

Total RNA was extracted from lymphoid tissues of 20 
patients with NSCLC to perform reverse transcription to 
cDNA. The amplified gene bands of VH, Vλ, and Vκ librar-
ies were approximately 400 base pairs in size (Fig. 1a–c). 
The purified amplification products of VH, Vλ, and Vκ 
from different patients were then mixed in equal propor-
tions. To create the VH-linker gene library, a Sfi I site was 
added to the upstream primer, and the splice sequence was 
added to the downstream primer. Similarly, the Vλ-linker 
and Vκ-linker gene libraries were constructed by adding the 
splice sequence to the upstream primer and the Not I site 
to the downstream primer, respectively. The VH-linker-VL 
gene library, approximately 800 base pairs in size (Fig. 1d), 
was obtained through gene splicing by overlap extension 
PCR (SOE PCR), resulting in the successful construction of 
a fully human scFv phage immunization library.

Subsequently, DNA from the scFv library was ligated 
with the phage vector pCANTAB5E and transformed into 
Escherichia coli TG1. We randomly selected 20 monoclonal 
colonies for the identification of the scFv insert fragments 
using polymerase chain reaction (PCR). The results dem-
onstrated that all monoclonal colonies contained the full-
length scFv gene (Fig. 1e). DNA fingerprinting by BstN I 
enzyme cleavage of scFv DNA revealed distinct patterns for 
each scFv (Fig. 1f). These constructed human scFv phage 
immune libraries are diverse, and the gene sequences within 
the antibody libraries are enriched.
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Nrp‑1 expression in lung adenocarcinoma 
and healthy donor CD8+ T cells

Upon analyzing the expression of Nrp-1 on PBMCs and 
TIL CD8+ T cells from patients with lung adenocarcinoma, 
we discovered that Nrp-1 was expressed at a significantly 
higher frequency on TIL CD8+ T cells compared to PBMCs 
(P < 0.01; Fig. 2a). Meanwhile, we compared the correlation 
of Nrp-1 expression with PD1 and TIM3 in peripheral blood 
PBMCs and CD8+ T cells in tissues from tumor patients, 
respectively. The results showed that Nrp-1+CD8+ T cell 
frequency was positively correlated with PD1+CD8+ T cells 
and TIM3+CD8+ T cells (Fig. S1a and b). Furthermore, we 
evaluated the expression of Nrp-1 on CD8+ T cells in an acti-
vated state of PBMCs from healthy donors. The results indi-
cated that anti-CD3/CD28 monoclonal antibody-stimulated 

PBMCs displayed an increased cell frequency compared to 
the unstimulated group (P < 0.01; Fig. 2b). These findings 
suggest that Nrp-1 expression is elevated on activated and 
exhausted CD8+ T cells but low on unactivated CD8+ T 
cells, suggesting that the Nrp-1 gene is a promising target 
for exploration.

Construction of Nrp‑1 extracellular segment 
protein expression vector and purification of Nrp‑1 
expression

The Nrp-1 gene sequence (NM_001024629.2) was retrieved 
from the NCBI database. The amino acid sequence spanning 
positions 22–644 of the extracellular segment was selected, 
with a His tag added at the C-terminus. The Nrp-1 extracel-
lular segment gene fragment (ECD) was obtained through 

Fig. 1   Construction and diversity analysis of scFv phage antibody 
immunolibrary. a M represents a DNA marker of DL2000 base pairs, 
and bands 1–20 indicate amplified VH gene bands. b M represents a 
DNA marker of DL2000 base pairs, and bars 1–12 represent ampli-
fied Vκ gene bands. c M represents a DNA marker of DL2000 base 
pairs, and 1–15 indicate amplified Vλ gene bands. d M represents a 
DNA marker of DL2000 base pairs, where 1 is the amplified VH-Vκ 

gene band, and 2 is the amplified VH-Vλ gene band. e Insertion rate 
of the full-length scFv gene in the phage library, M represents the 
DL1000 base pairs DNA marker, and 1–20 indicate different mono-
clonals randomly selected from the phage library. f DNA fingerprint-
ing of scFv in the phage library. M represents the DL2000 base pairs 
DNA marker, and 1–20 represent different monoclonal colonies in the 
phage library
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PCR amplification, with agarose gel electrophoresis con-
firming a fragment size of approximately 1900 base pairs 
(Fig. 3a). Subsequently, the Nrp-1 gene fragment was ligated 
with the pcDNA3.4 vector and transformed into E. coli TG1. 
Colony PCR amplification of randomly selected single clone 
colonies indicated a gene fragment size of about 2000 base 
pairs (Fig. 3b), and gene sequencing confirmed the success-
ful construction of the Nrp-1 extracellular segment protein 
expression vector.

The constructed expression vector was transiently trans-
fected into HEK293F eukaryotic cells, and the supernatant 
containing the recombinant protein was collected on day 7 

of expression. The protein was purified using nickel col-
umn affinity chromatography. Sodium dodecyl sulfate–pol-
yacrylamide gel electrophoresis (SDS-PAGE) results con-
firmed the successful purification of the target protein, with 
the Nrp-1 extracellular segment protein measuring approxi-
mately 75 kDa in size (Fig. 3c).

Screening of anti‑Nrp‑1 scFvs and construction 
of anti‑Nrp‑1 IgG1 and its expression

The biotinylated Nrp-1 ECD protein was introduced to 
an amplified scFv immune library using a liquid-phase 

Fig. 2   Expression of Nrp-1 in lung adenocarcinoma and healthy 
donor CD8+ T cells. a Left: Cell flow scatter plot analysis of Nrp-1 
expression on the upper surface of CD8+ T cells from PBMCs and 
TILs in patients with lung adenocarcinoma. Right: Percentage of 
Nrp-1 in CD8+ T cells. Patients with lung adenocarcinoma, n = 7 b 
Left: Cell flow scatter plot analysis of Nrp-1 expression on the sur-

face of CD8+ T cells in the PBMC unstimulated, anti-CD3/CD28 
antibody-stimulated FMO control and anti-CD3/CD28 antibody-
stimulated groups of healthy donors. Right: Percentage of Nrp-1 in 
CD8+ T cells, where healthy donors n = 8. * P < 0.05, **P < 0.01, 
***P < 0.001
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screening approach. The resulting phage antigen–antibody 
complexes were captured using streptavidin-coated Dyna-
beads M-280. Following three rounds of enrichment through 
phage display technology, monoclonal colonies were ran-
domly selected from the libraries screened during the third 
round. The scFv DNA was subsequently digested using the 
BstN I enzyme, and DNA fingerprinting demonstrated a 
decrease in diversity and an increase in specificity of scFvs 
targeting the anti-Nrp-1 ECD antigen after three rounds of 
enrichment and affinity screening (Fig. 4a–b).

After the completion of three rounds of enrichment 
screening, 248 monoclonal colonies were randomly chosen 
for small-scale expression of scFv. The binding activity of 
the secondary phage antibody library to the target antigen 
Nrp-1 ECD, following three rounds of enrichment affinity 
screening, was assessed using enzyme-linked immunosorb-
ent assay (ELISA). A total of 30 monoclones displayed 
optical density (OD) values exceeding 1.4 (Fig. 4c). These 
monoclones exhibited high-affinity binding to the target 
antigen Nrp-1 ECD, with OD values for positive reactions 
surpassing two times the negative values.

The anti-Nrp-1 scFvs, characterized by correctly 
sequenced genes and distinct sequences, were designed 
with specific primers. Subsequently, the VH and VL 

fragments of the anti-Nrp-1 scFvs were amplified using 
PCR, with the VH fragment measuring approximately 
350 base pairs and the VL fragment about 325 base 
pairs (Fig. 4d). These fragments were then inserted into 
a pcDNA3.4 vector containing human IgG CH, Cλ, and 
Cκ regions, as previously constructed in the laboratory, 
through homologous recombination. The resulting recom-
binant products were transformed into E. coli and cultured 
overnight, followed by the selection of single clones for 
PCR identification. The amplification results were con-
firmed through agarose gel electrophoresis. It was deter-
mined that the amplified VH, Vλ, and Vκ fragments, 
including some vector sequences, measured approximately 
700 base pairs (Fig. 4e). This confirmed the successful 
amplification of VH and VL fragments of the anti-Nrp-1 
scFv and the generation of the anti-Nrp-1-IgG1 antibody.

The constructed H-chain and L-chain expression vec-
tors were transiently cotransfected into CHO-S eukaryotic 
cells, and the supernatant containing recombinant protein 
was collected on day 14 of expression. The supernatant 
was subsequently purified and recovered using protein 
A agarose gel. SDS-PAGE analysis confirmed the suc-
cessful purification of the target protein. The sizes of 

Fig. 3   Construction of Nrp-1 extracellular segment protein expres-
sion vector and purification of Nrp-1 expression. a M is the DNA 
marker of DL2000 base pairs, and 1 and 2 represent the amplified 
Nrp-1 extracellular segment gene bands. b M is the DNA marker of 

DL2000 base pairs, PCR verification of Nrp-1 gene fragment inserted 
into pcDNA3.4 vector, and 1–5 represent the positive amplification of 
colony PCR c M is the protein marker, and 1 represents the purified 
band of Nrp-1 extracellular segment protein
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Fig. 4   Screening of high-affinity scFvs and expression of anti-Nrp-1 
IgG1. a Insertion rate of phage library anti-Nrp-1 scFv gene, M is the 
DNA marker of DL2000 base pair, and 1–24 represent the numbers 
of different monoclonal colonies in the phage library. b Fingerprints 
of the phage library for the anti-Nrp-1 scFv gene, M is the DNA 
marker of DL1000 base pair, and 1–25 represent the numbers of 
different monoclonal colonies in the phage library. c Positive scFvs 
from a three rounds screened anti-Nrp-1 scFv phage library were 
subjected to ELISA to detect binding to antigen. d Amplification of 
VH and VL fragments of anti-Nrp-1 scFvs, M is the DNA marker of 
DL1000 base pair, 1–2 represent the amplified fragments of VH and 

Vλ for 31 scFv, respectively. 3–4 represent amplified fragments of 
VH and Vκ for 53 scFv, respectively. e VH and VL were inserted into 
SP-CH/pcDNA3.4, SP-CL/pcDNA3.4 vectors, and M was a DL1000 
base pair DNA marker. 1–5 are 31-CH (containing part of the vector 
sequence), 6–10 are 31- Cλ (containing part of the vector sequence), 
11–15 are 53 CH (containing part of the vector sequence), and 16–20 
are 53-Cκ (containing part of the vector sequence) for PCR-validated 
insertion of the vector. f SDS-PAGE results of anti-Nrp-1-IgG1 
recombinant protein. M is the protein marker, 1–2 are 31-IgG1, and 
53 -IgG1 bands after purification, respectively
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the anti-Nrp-1-IgG1 full antibody heavy chain and light 
chain were approximately 55 kDa and 25 kDa, respectively 
(Fig. 4f).

Anti‑Nrp‑1‑IgG1 antigen binding affinity assay

The binding and dissociation of the antigen–antibody inter-
actions were analyzed using biofilm interferometry. Affin-
ity dissociation constants (KD = Kd/Ka) were calculated, 
revealing that both strains of fully human single-chain 
antibodies (31-IgG1 and 53-IgG1) exhibited high-affinity 
binding to the Nrp-1 target antigen. The results (Fig. 5a–b) 
indicated that the equilibrium dissociation constant (KD) 
value for 31-IgG1 was 9.207e-9, while that for 53-IgG1 was 
2.68e-8. Consequently, 31-IgG1 and 53-IgG1 displayed a 

strong binding affinity to the Nrp-1 target antigen at the pro-
tein level, with 31-IgG1 exhibiting a higher binding affinity 
to the antigen.

Jurkat T and A549 cell lines were infected by Nrp-1 
lentivirus for 48 h FCM results showed that Nrp-1 lentivi-
rus successfully infected Jurkat T and A549 cell lines (Fig. 
S2a-S2b). At the same time, Western-blot results showed 
that Nrp-1 protein was expressed in Jurkat T cell line and 
A549 cell line (Fig. S3a-S3b). We conducted a detailed 
examination of the binding activity of anti-Nrp-1-IgG1 to 
Jurkat T and A549 cell lines, which were overexpressing 
Nrp-1, at the cellular level using flow cytometry. The bind-
ing results with Jurkat T cells overexpressing Nrp-1 are 
shown in Fig. 5c–d: 31-IgG1 exhibited a maximum bind-
ing rate of 40.2% to Jurkat T cells overexpressing Nrp-1, 
while 53-IgG1 showed a higher maximum binding rate 

Fig. 5   Anti-Nrp1-IgG1 affinity assay for antigen binding. a Binding 
and dissociation curves of 31-IgG1 and 53-IgG1 with biotin-labeled 
Nrp-1 protein detected by biofilm interferometry. b Affinity analysis 
of 31-IgG1 and 53-IgG1 binding to biotin-labeled Nrp-1 proteins. 
“kd” stands for equilibrium dissociation constant; “Ka” stands for 
binding constant; “Kd” stands for dissociation constant. c The left 
panel displays the binding of different concentrations of 31-IgG1 to 
Nrp-1 on Nrp-1 overexpressing Jurkat T cells. The right panel shows 
the change in its average fluorescence intensity. d The left panel dis-
plays the binding of different concentrations of 53-IgG1 to Nrp-1 

on Nrp-1 overexpressing Jurkat T cells. The right panel shows the 
change in its mean fluorescence intensity. e The left panel displays 
the binding of different concentrations of 31-IgG1 to Nrp-1 on Nrp-1 
overexpressing A549 cells. The right panel shows the change in its 
average fluorescence intensity. f The left panel displays the binding 
of different concentrations of 53-IgG1 to Nrp-1 on Nrp-1 overex-
pressing A549 cells. The right panel shows the change in its average 
fluorescence intensity. The data came from three independent experi-
ments
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of 75.2%. Similarly, the binding results with A549 cells 
overexpressing Nrp-1 are depicted in Fig. 5e–f: 31-IgG1 
displayed a maximum binding rate of 24.6% to A549 cells 
overexpressing Nrp-1, whereas 53-IgG1 achieved a maxi-
mum binding rate of 53.3% to A549 cells overexpressing 
Nrp-1. These findings demonstrate the effective binding 
of both anti-Nrp-1 antibodies to Nrp-1 on the cell surface, 
with the binding rate and average fluorescence intensity 
positively correlated with antibody concentration.

Effects of anti‑Nrp‑1 IgG1 on memory T cells 
and analysis of antitumor activity in vitro

To evaluate the effect of anti-Nrp-1 IgG1 antibody on CD8+ 
memory T cells, we performed a cell memory assay using 
CD8+ T cells from malignant pleural effusions of lung 
adenocarcinoma patients. The gating strategy of memory T 
cell subpopulations in CD8+ T cells was determined by flow 
cytometry (Fig. 6a). The results showed that naïve T cells 

Fig. 5   (continued)
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were higher in the CD8 subpopulation of the experimental 
group treated with 53 Nrp1-IgG1 than in the negative con-
trol group, and central memory T cells were higher in the 
CD8 subpopulation of 31 Nrp-IgG1 and 53 Nrp1-IgG1 than 
in the negative control group (Fig. 6b). Then, we conducted 

an apoptosis assay using CD8+ T cells from malignant pleu-
ral fluid obtained from patients with lung adenocarcinoma. 
The experimental results, as shown in Fig. 6c–d, revealed 
that the Annexin V+ 7-AAD– cell frequencies for both 31 
Nrp1-IgG1 and 53 Nrp1-IgG1 were significantly lower in 

Fig. 6   Analysis of antitumor 
function and T cell memory 
of anti-Nrp-1 IgG1 antibody. 
a Gating strategy for memory 
T cell subsets in CD8+ T cells 
in malignant pleural effu-
sions from patients with lung 
adenocarcinoma. Memory T cells 
were defined as naïve T cells 
(CD45RA+ CCR7+), central 
memory T cells (CD45RA− 
CCR7+), effector memory T cells 
(CD45RA− CCR7−), and termi-
nally differentiated effector mem-
ory T cells (CD45RA+ CCR7−). 
b Percentage of naïve T cells 
(TN), central memory (TCM), 
effector memory (TEM), and 
effector memory RA (TEMRA) 
T cells in pleural effusions of 
lung adenocarcinoma patients by 
anti-Nrp-1 IgG1 (40 µg/mL). c 
Effect of anti-Nrp-1 IgG1 (40 µg/
mL) on apoptosis of CD8+ T 
cells in pleural fluid from patients 
with lung adenocarcinoma, as 
analyzed by cell flow scatter plot. 
d Percentage of Annexin V+ 
7-AAD– cells (early apoptosis) 
among CD8+ T cells. Patients 
with lung adenocarcinoma n = 8. 
e Effect of anti-Nrp-1 IgG1 
(40 µg/mL) on apoptosis of A459 
cells in the co-culture system, as 
analyzed by a flow scatter plot of 
apoptotic target cells. f Percent-
age of Annexin V+ 7-AAD+ 
cells (late apoptosis) among 
A549 cells. Healthy donors 
n = 6. *P < 0.05, **P < 0.01, 
***P < 0.001
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the experimental group compared with the Annexin V+ 
7-AAD– cell frequencies in the negative control group. Nota-
bly, the experimental group exhibited similar frequencies to 
the positive control group treated with nivolumab Annexin 
V+ 7-AAD–. These results indicate that the anti-Nrp1-IgG1 
antibody had a restorative effect on the early apoptosis of 
exhausted CD8+ T cells, and 53 Nrp1-IgG1 was more effec-
tive than 31 Nrp1-IgG1.

The CCK8 method was used to detect the direct effect of 
the anti-Nrp1-IgG1 antibody on A549 cells, and it was found 
that the antibody could not directly inhibit the proliferation 
of tumor cells (Fig S4a-S4b), and there was no obvious trend 
of change in the survival rate of tumor cells with the increase 
in antibody concentration. Previously, we observed Nrp-1 
expression on activated CD8+ T cells. Therefore, we exam-
ined the apoptosis of A549 target cells after PBMCs from 
healthy donors were stimulated with anti-CD3/CD28 anti-
bodies for 3 days. Stimulated PBMCs were subsequently co-
cultured with A549 tumor cells in the presence or absence of 
anti-Nrp1-IgG1 antibody for 48 h. The results, as displayed 
in Fig. 6e–f, indicated an increased Annexin V+ 7-AAD+ 
cell frequency in the experimental groups treated with both 
31 Nrp1-IgG1 and 53 Nrp1-IgG1 compared with the nega-
tive control group. These findings suggest that anti-Nrp1-
IgG enhanced the killing effect of PBMCs on A549 target 
cells in the co-culture system, leading to increased late-stage 

apoptosis of target cells. Furthermore, 53 Nrp1-IgG1 dem-
onstrated a stronger killing effect than 31 Nrp1-IgG1.

In vivo analysis of antitumor activity 
of anti‑Nrp1‑IgG1 antibody

In in vitro cell function assays, Jurkat T and A549 cells over-
expressing Nrp-1 displayed superior binding activity with 
53 IgG1 antibody and exhibited stronger antitumor activity. 
Therefore, we selected 53 IgG1 for in vivo antitumor activity 
analysis. Given that 53 IgG1 is a fully human antibody, its 
in vivo functionality was initially verified using an immune 
system-humanized lung cancer mouse model. This model 
involved subcutaneously injecting A549 cells, followed by 
the intravenous injection of human PBMCs when the tumor 
volume reached 80 mm3. Antibody administration began the 
next day, with a total of five administrations. Blood samples 
obtained from mouse orbits were assessed for humanization 
of the mouse immune system. The results (Fig. 7a) indicated 
that the percentage of hCD45+ cells in the peripheral blood 
of PBMC humanized tumor transplant mouse model ranged 
from 34.9% to 76.4% (Successful humanized immune sys-
tem of mice is defined as 25% or more human CD45+ cells 
in mouse peripheral blood mononuclear cells) (25) [26], 
confirming the successful construction of a mouse model 
with a humanized immune system.

Fig. 6   (continued)
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Analyzing the changes in tumor weight and volume in 
mice, we observed a significant reduction in tumor vol-
ume and tumor weight in the 53-IgG1 experimental group 
(Fig. 7b–c). In addition, we observed a slight loss of body 
weight of mice, but there was no significant difference, and 
no significant adverse effects were observed. (Fig. 7d) This 
suggests that the 53-IgG1 antibody had a certain inhibi-
tory effect on the growth of mouse lung cancer tumors. 

Subsequently, we analyzed TILs from tumor tissues in the 
mouse model with a humanized immune system. Flow 
cytometry results (Fig. 7e–f) revealed significantly higher 
counts of CD8+ T cells and CD3+CD45+ cells in the tumor 
tissues of the 53-IgG1 experimental group compared to the 
human IgG1 control group.

Fig. 7   Establishment of a humanized lung cancer model of the 
immune system and tumor inhibition by anti-Nrp-1 IgG1 antibody. a 
Left: Peripheral blood hCD45+ flow scatter plot analysis in the mouse 
immune system-humanized lung cancer model; Right: Percentage of 
hCD45 in peripheral blood cells. b Left: Changes in mice tumor solid 
mass; Right: Analysis of mouse tumor weight. c Changes in tumor 
volume in mice inoculated with A549 tumor cells d. Changes in body 
weight of mice inoculated with A549 tumor cells e Left: Flow scat-

ter plot analysis of hCD8+ T cells in the TILs of tumor tissues from 
a mouse immune system-humanized lung cancer model; Right: Per-
centage of CD8+ cells in the TILs. f Left: Flow scatter plot analy-
sis of hCD45+ T cells in the TILs of tumor tissues from a mouse 
immune system-humanized lung cancer model; Right: Percent-
age of CD45+ cells in the TILs. The experimental and control mice 
were n = 6, respectively. *P < 0.05, **P < 0.01, and ***P < 0.001, 
****P < 0.0001
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Discussion

In recent years, immune checkpoint blockade therapy has 
gained widespread usage in the clinical treatment of malig-
nant tumors. Yet, the antitumor potential of Nrp-1, func-
tioning as an immune checkpoint in conjunction with fully 
human IgG antibodies, remains a subject awaiting compre-
hensive exploration. In our current study, we initiated our 
investigation by establishing that the expression of the Nrp-1 
gene exhibited significantly higher levels within TIL CD8+ 
T cells derived from patients with lung adenocarcinoma 
compared with its prevalence in PBMCs. Simultaneously, 
we leveraged 20 lymphoid tissues from distinct patients 
with NSCLC as the foundational elements for constructing 
scFv libraries with ample capacity and substantial diversity. 
Subsequently, we meticulously screened the library to iden-
tify scFv molecules demonstrating high affinity for Nrp-1 
as our target of interest, ultimately transforming them into 
full-length IgG1 antibodies. Through in vitro experimenta-
tion, we observed that the anti-Nrp-1 IgG1 antibody was 
effective in restoring the partial killing function of exhausted 

CD8+ T cells isolated from the malignant pleural fluid of 
lung adenocarcinoma patients. Furthermore, in co-culture 
experiments, the same antibody remarkably enhanced the 
cytotoxicity of PBMCs against target cells. Finally, we estab-
lished an immune system-humanized lung cancer mouse 
model, where 53-IgG1 demonstrated substantial tumor inhi-
bition. Within the realm of cancer immunotherapy, 53-IgG1 
is poised to become a promising agent for targeting Nrp-1.

Numerous studies have established a close correlation 
between elevated Nrp-1 expression and key aspects of tum-
origenesis, including progression, invasion, metastasis, and 
prognosis [27–31]. Nrp-1 not only promotes tumor angio-
genesis and progression [32], but it is also widely expressed 
in a variety of tumor cell types, including malignant mela-
noma, malignant glioma, lung cancer, and gastric cancer, 
and its expression is often associated with poor prognosis 
[27, 33–35]. Moreover, Nrp-1 was found to be more preva-
lent in TIL CD8+ T cells derived from patients with lung 
adenocarcinoma compared with their PBMCs counterparts, 
potentially indicating a link between Nrp-1 and CD8+ T cell 
exhaustion. Thus, in this study, we constructed a fully human 

Fig. 7   (continued)
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phage single-chain antibody library from lymphoid tissues 
originating from lung cancer. These antibodies underwent 
affinity maturation within patients, simplifying the screen-
ing process for high-affinity anti-Nrp-1 scFv within the 
library. The scFvs we screened are fully human antibodies, 
and therefore may be less immunogenic in vivo than the 
mouse or chimeric antibodies. Notably, while scFv possesses 
a short half-life and is susceptible to inactivation, full-length 
IgG boasts a molecular weight of approximately 150 kDa 
and enjoys a blood clearance half-life of 21 days in vivo [36, 
37]. Most therapeutic antibody drugs available today have 
been developed based on an IgG framework, with the major-
ity belonging to the IgG1 subtype [38, 39]. IgG1 isoforms 
account for 60% of serum distribution, binding to protein 
antigens with remarkable stability and minimal polymeri-
zation tendencies [40, 41]. Hence, the anti-Nrp-1 scFv was 
converted into a full-length IgG1 antibody for application 
in this study.

Studies had shown that anti-Nrp-1 immunotherapy was 
effective in preventing melanoma progression in C57BL/6 
mice. Additionally, combining anti-Nrp-1 antibody with 
anti-PD-1 antibody demonstrated superior efficacy in 
inhibiting tumor growth, with no cumulative effect on T 
cell-mediated cytotoxicity in isolated cells. Inhibition of 
Nrp-1 may be a potential therapeutic strategy to improve 
anti-PD1 efficacy [42]. The antibodies developed in our 
study were fully humanized and their antitumor capabilities 
were assessed by constructing a mouse model of lung cancer 
with a humanized immune system to avoid potential immune 
rejection. The results showed that the reduction in tumor 
growth in vivo was associated with an increased in CD8+ 
effector T cells infiltration into the tumor, which may be 
related to the ability of the anti-Nrp-1 antibody to promote 
T cell migration and recruitment in the tumor microenviron-
ment. It has been suggested that Nrp-1 expression in CD8 
T cells may affect the persistence of CD8 T cell-mediated 
tumor immunosurveillance, and Nrp-1 may impede the 
development of long-lasting tumor-specific T cells; thus, 
blocking Nrp-1, a unique “immune memory checkpoint,” 
may promote the development of long-lasting tumor-specific 
memory T cells [13]. Furthermore, no significant weight 
loss or adverse effects were observed in mice following the 
administration of anti-Nrp-1 IgG1 antibody in the in vivo 
model. To mitigate potential antibody-dependent cell-medi-
ated or complement-dependent cytotoxicity that may result 
from long-term dosing, follow-up work will involve the 
development of anti-Nrp-1 IgG4 antibodies and compara-
tive studies of its antitumor function and side effects with 
the anti-Nrp-1 IgG1 antibody. Despite our antibodies were 
developed as mAbs, these antibodies could also be used as 
antibody platforms for generating bispecific antibody or 
combination therapies for the effective treatment of NSCLC 
patients. In conclusion, the 53-IgG antibody generated in 

our study holds promise as a monoclonal antibody for the 
treatment of lung cancer. However, we must also acknowl-
edge the limitations of our study, as the molecular mecha-
nisms underlying the antitumor activity of 53-IgG antibody 
remains unresolved and needs to be further explored in 
future studies.

Conclusion

Collectively, this study has identified novel anti–Nrp-1 anti-
body candidate molecule 53-IgG1, which has been tested 
and shown to have excellent in vitro biologic activity. At 
the same time, therapy offers a certain level of in vivo anti-
tumor activity. 53-IgG1 is expected to be the most prom-
ising potential candidate for targeting Nrp-1 for NSCLC 
treatment.
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