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Abstract
The development of immune checkpoint inhibitors has changed treatment strategies for some patients with non-small cell 
lung cancer (NSCLC). However, resistance remains a major problem, requiring the elucidation of resistance mechanisms, 
which might aid the development of novel therapeutic strategies. The upregulation of CD155, a primary ligand of the immune 
checkpoint receptor TIGIT, has been implicated in a mechanism of resistance to PD-1/PD-L1 inhibitors, and it is therefore 
important to characterize the mechanisms underlying the regulation of CD155 expression in tumor cells. The aim of this 
study was to identify a Nectin that might regulate CD155 expression in NSCLC and affect anti-tumor immune activity. In this 
study, we demonstrated that NECTIN4 regulated the cell surface expression and stabilization of CD155 by interacting and co-
localizing with CD155 on the cell surface. In a syngeneic mouse model, NECTIN4-overexpressing cells exhibited increased 
cell surface CD155 and resistance to anti-PD-1 antibodies. Of note, combination therapy with anti-PD-1 and anti-TIGIT 
antibodies significantly suppressed tumor growth. These findings provide new insights into the mechanisms of resistance to 
anti-PD-1 antibodies and suggest that NECTIN4 could serve as a valuable marker in therapeutic strategies targeting TIGIT.

Keywords  Poliovirus receptor (PVR) · Nectin-like molecule-5 (Necl5) · T-Cell immunoreceptor with Ig and 
immunoreceptor tyrosine-based inhibitory domains (TIGIT) · Non small cell lung cancer (NSCLC)

Introduction

Immune checkpoint inhibitors, which target the inhibitory 
signaling in T cells mediated by the interaction of PD-1 with 
its ligand PD-L1, have shown unprecedented clinical activ-
ity for the treatment of non-small cell lung cancer (NSCLC) 
and have become a standard of care (1–4). However, the 
efficacy of immune checkpoint inhibitors is still insufficient 
because of challenges related to primary and acquired resist-
ance (5). Several mechanisms of resistance to PD-1/PD-L1 
inhibitors have been reported, including the suppression of 
T cells by immune checkpoint molecules other than those in 
the PD-1/PD-L1 axis (6–9). Among these molecules, T-cell 
immunoreceptor with Ig and immunoreceptor tyrosine-based 

inhibitory domains (TIGIT) is an immune checkpoint recep-
tor that is regarded as a potential new therapeutic target (7, 
10–12).

CD155, also known as Poliovirus receptor (PVR) or Nec-
tin-like molecule-5 (Necl-5), is involved in tumor immu-
nity as a ligand for the co-inhibitory molecules TIGIT and 
CD96, and the co-stimulatory molecule CD226 (13, 14), 
and is considered a major ligand of TIGIT because of its 
high affinity (11). CD155 is widely expressed in normal tis-
sues and is often overexpressed in various types of cancer, 
which correlates with tumor progression and poor prognosis 
(14–18). The high expression of CD155 in tumor tissues 
was reported to be associated with the reduced therapeu-
tic efficacy of anti-PD-1 antibody in patients with NSCLC 
(19). Therefore, understanding the regulatory mechanisms 
of CD155 in cancer cells may help to overcome resistance 
to PD-1/PD-L1 inhibitor therapy.

The Nectin family consists of four members, NECTIN1, 
NECTIN2, NECTIN3, and NECTIN4 (20, 21), which are 
adhesion molecules that not only form adherens junctions 
but also function as viral receptors (20, 21). It was reported 

 *	 Yasuto Yoneshima 
	 yoneshima.yasuto.926@m.kyushu-u.ac.jp

1	 Department of Respiratory Medicine, Graduate School 
of Medical Sciences, Kyushu University, 3‑1‑1 Maidashi, 
Higashi‑ku, Fukuoka 812‑8582, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-025-04079-z&domain=pdf


	 Cancer Immunology, Immunotherapy          (2025) 74:211   211   Page 2 of 14

that some Nectins were involved in the regulation of the cell 
surface expression of CD155 in a murine model. In mouse 
fibroblasts and liver cancer, NECTIN3 induces the inter-
nalization of CD155 through intercellular interactions, and 
NECTIN1 suppresses the NECTIN3-mediated internaliza-
tion of CD155 by binding to NECTIN3, resulting in the sta-
bilization of CD155 on the cell surface (22, 23). However, 
it remains unclear whether Nectin family members regu-
late CD155 expression and affect anti-tumor immunity in 
humans.

We investigated the potential role of Nectins in the regu-
lation of CD155 expression in human NSCLC and the induc-
tion of tumor resistance to PD-1 inhibitors.

Materials and methods

Cell lines and cell culture

HEK293T (RRID: CVCL_0063), A549 (RRID: 
CVCL_0023), EBC1 (RRID: CVCL_2891), H1299 (RRID: 
CVCL_0060), H1437 (RRID: CVCL_1472), H2009 (RRID: 
RRID: CVCL_0125), 4T1 (RRID: CVCL_0125), CT26 
(RRID: CVCL_7254), and LL/2 (RRID: CVCL_4358) 
cell lines were obtained from the American Type Culture 
Collection (Manassas, Virginia, USA), and H322 (RRID: 
CVCL_1556) was from the European Collection of Authen-
ticated Cell Cultures (Salisbury, UK). All cells were con-
firmed to be mycoplasma-negative before use and were 
maintained under a humidified atmosphere of 5% CO2 at 
37℃ in RPMI 1640 medium (Gibco, Carlsbad, California, 
USA, #11,875,119), Dulbecco’s modified Eagle’s medium 
(Gibco, #11,320,082), or MEM medium with Earle’s Salts 
and L-Gln (Nacalai Tesque, Kyoto, Japan, #21,442–25), each 
supplemented with 10% fetal bovine serum and 1% penicil-
lin–streptomycin (Thermo Fisher Scientific, Waltham, MA, 
USA, #15,140,122).

Plasmid constructs and establishment of stable cell 
lines

Expression vectors for the target genes were created using 
the pQCXIP retroviral vector (RRID: Addgene_15714) 
(Takara Bio, Mountain View, CA, USA, #631,516), with the 
use of an In-Fusion HD Cloning Kit (Takara Bio, #639,648). 
The pQCXIP retroviral vector and the packaging vector were 
co-transfected into HEK293T (RRID: CVCL_0063) cells 
using Lipofectamine 3000 (Invitrogen, Waltham, MA, USA, 
#L3000015). After 48 h, the viral supernatant was collected, 
concentrated by adding a viral concentration solution, and 
incubated overnight. The viral solution was then centrifuged, 
and the concentrated viral solution was used to infect target 
cells in the presence of 4 µg/mL polybrene (Nacalai Tesque, 

#12,996–81). Stable cell lines were established by select-
ing infected cells with puromycin (Gibco, #A1113803). The 
domain-deleted NECTIN4 expression vectors were created 
using the IRES2-EGFP vector (RRID: Addgene_80333) 
(Addgene, Watertown, MA, USA, #6029–1).

Human NECTIN4‑deletion using CRISPR/Cas9 
technology and RNA interference

Human NECTIN4-knockout (KO) H322 cell lines were 
generated using CRISPR/Cas9 technology. Two crRNAs 
designed for NECTIN4 were obtained from Integrated DNA 
Technologies (IDT, Coralville, IA, USA). They were tar-
geted to the sequence 5’-CCA​TCC​ACT​CGT​ACC​CCA​CT-3’ 
at position 161,074,720 of the plus strand and 5’-ACT​TGT​
GTG​GTG​TCC​CAT​CC-3’ at position 161,077,499 of the 
minus strand. Guide RNA was prepared by mixing crRNA 
and tracrRNA (IDT, #1,072,532), and the guide RNA were 
incubated for 5 min at room temperature to allow formation 
of the ribonucleoprotein complex (RNP complex). The RNP 
complex was transfected into H322 cells using RNAiMAX 
(Thermo Fisher Scientific, #13,778,100). The expression of 
NECTIN4 was evaluated by immunoblotting.

RNA interference was performed using small interfering 
RNA (siRNA) and Lipofectamine RNAiMAX. Cells were 
seeded in six-well plates, and simultaneously, a mixture of 
siRNA and Lipofectamine RNAiMAX was added to the 
wells. After 72 h, the surface expressions of NECTIN4 and 
CD155 were evaluated.

Immunoblot analysis

Cells were washed with ice-cold phosphate-buffered saline 
(PBS) and then lysed in RIPA buffer (Thermo Fisher Scien-
tific, #89,901) containing protease and phosphatase inhibitor 
cocktails to prepare whole cell lysates. Cell surface proteins 
were isolated using the Pierce Cell Surface Biotinylation 
and Isolation Kit (Thermo Fisher Scientific, #A44390), fol-
lowing the manufacturer’s instructions. All samples were 
fractionated by SDS–polyacrylamide gel electrophoresis on 
a 10% gel, and the separated proteins were transferred to a 
polyvinylidene difluoride membrane. The membrane was 
incubated overnight at 4 °C with primary antibodies. The 
membrane was subsequently incubated for 1 h at room tem-
perature with horseradish peroxidase–conjugated secondary 
antibodies to rabbit (Cytiva, Tokyo, Japan, #NA9340) or 
mouse (Cytiva, #NA931VS), after which immune com-
plexes were detected using Pierce ECL Plus Western Blot-
ting Substrate (Thermo Fisher Scientific). Blot images were 
captured with the ChemiDoc Touch Imaging system (Bio-
Rad, Hercules, CA, USA). Western blot quantification was 
performed using Image Lab 6.1 (Bio-Rad). β-Actin was used 
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as a loading control for total protein, and E-cadherin was 
used as a loading control for membrane proteins.

RT‑qPCR analysis

Total RNA was extracted from cells using an RNeasy Mini 
Kit (Qiagen, Venlo, the Netherlands, #74,904) according 
to the manufacturer’s instructions. cDNA was synthesized 
from 100 ng of total RNA using PrimeScript RT Master Mix 
(Takara Bio, Shiga, Japan, #RR036A). The resulting cDNA 
was subjected to qPCR analysis with the use of TB Green 
Premix Ex Taq II (Takara, #RR820A). The qPCR primers 
(forward and reverse, respectively) included those for 18S 
rRNA (5’-ACT​CAA​CAC​GGG​AAA​CCT​CA-3’ and 5’-AAC​
CAG​ACA​AAT​CGC​TCC​AC-3’), and CD155 (5’-TGA​TGG​
CTT​ATT​ACA​GTG​GCA-3’ and 5’-GGT​CGG​AGA​TTC​GTA​
GCT​GG-3’).

Flow cytometry

The surface expression of CD155 on cancer cells, and the 
surface or intracellular expressions of CD3, CD4, CD8, 
TIGIT, IFNγ, and TNFα in tumor infiltrating lymphocytes 
were quantified by flow cytometry. For surface staining, 
cells were washed with FACS buffer (PBS containing 2% 
FBS), and then incubated with fluorophore-conjugated anti-
bodies diluted to the appropriate concentrations in FACS 
buffer at 4 °C for 1 h. After incubation, cells were washed 
twice with FACS buffer and analyzed. For intracellular stain-
ing, following surface staining, cells were permeabilized 
and incubated with antibodies diluted in permeabilization 
buffer at 4 °C for 1 h. Flow cytometry was performed using 
a FACSLyric cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA), and data were analyzed using FlowJo software 
(RRID:SCR_008520) (BD Biosciences). The mean fluores-
cence intensity (MFI) ratio was calculated by dividing the 
MFI of the target antigen-specific antibody by the MFI of the 
isotype control antibody. To evaluate the cell surface expres-
sion of CD155 following transfection with domain-deleted 
NECTIN4, the IRES2-EGFP vector was used to construct 
each domain-deleted NECTIN4 expression vector. Trans-
fected cells were gated based on EGFP expression, and the 
expression of cell surface CD155 was subsequently assessed.

Immunoprecipitation

Cells were lysed in Pierce IP Lysis Buffer (Thermo Fisher 
Scientific, #87,787), and the protein concentration and vol-
ume of each sample were equalized. IP antibodies were 
added to the lysates and incubated overnight at 4 °C with 
constant mixing. The antibody-protein complexes were then 
incubated with Pierce Protein A/G Magnetic Beads (Thermo 
Fisher Scientific, #88,802) for 1 h at room temperature with 

mixing. The bead-antibody-protein complexes were washed 
three times with TBS using a magnetic column, Proteins 
were eluted by adding Pierce IgG Elution Buffer, pH 2.0 
(Thermo Fisher Scientific, #21,028) and mixing for 10 min, 
followed by neutralization with Neutralization Buffer (1 M 
Tris, pH8.5, NIPPON GENE, Tokyo, Japan, #316–90,405). 
The magnetic beads were removed using a magnetic 
stand, and the resulting protein solution was evaluated by 
immunoblotting.

Proximity ligation assay

Cells were fixed for 15 min with 4% paraformaldehyde in 
PBS, permeabilized for 10 min with 0.3% Triton X-100 in 
PBS, and incubated overnight at 4℃ with 1:200 dilutions 
of rabbit antibodies to NECTIN4 (Abcam, Cambridge, 
UK. #ab192033) and mouse antibodies to CD155 (Bio-
Legend, San Diego, CA, USA. #337,602). Duolink PLA 
Fluorescence Kits (Sigma-Aldrich, Burlington, MA, USA. 
#DUO92002, 92,004, and 92,014) were used to obtain the 
PLA signals and images were captured by a BZ-X800 all-
in-one fluorescence microscope (Keyence, Osaka, Japan).

CHX chase assay

For the cycloheximide (CHX) chase assay, cells were 
seeded to reach approximately 80% confluency after 48 h. 
Cycloheximide (Sigma-Aldrich, #239,765) was then added 
at a final concentration of 50 µg/mL. At the indicated time 
points after CHX treatment, cells were harvested, and pro-
tein lysates were analyzed by immunoblotting to assess 
changes in protein expression over time.

T‑cell cytotoxicity assay

Peripheral blood mononuclear cells (PBMCs) were isolated 
from blood donated by healthy donors using BD Vacutainer 
Mononuclear Cell Preparation Tubes. The PBMCs were 
inoculated in 24-well plates (1.0 × 106 cells/well) in AIM-V 
medium (Thermo Fisher Scientific, #12,055,091) (1 mL/
well) supplemented with 10% heat-inactivated human male 
AB plasma (Sigma-Aldrich, #H4522). Cells were stimu-
lated with Dynabeads coated with anti-CD3 and anti-CD28 
mAbs (Invitrogen, #DB11131) at a bead:cell ratio of 1:1. 
Recombinant human interleukin-2 (R&D Systems, #202-
IL-010) was added at 100  IU/mL. The stimulation was 
carried out at 37 °C and 5% CO2. Preactivated PBMCs 
were washed with PBS, resuspended in fresh medium, and 
directly cocultured with EBC1 cells that had been trans-
fected with siCD155 or negative control siRNA 48 h in 
advance at an E:T ratio of 5:1. After 24 h of incubation, 
the amount of LDH in the supernatant of the coculture sys-
tem was detected with the CytoTox96 nonradioactive assay 
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(Promega, Madison, WI, USA; #G1780) following the man-
ufacturer’s instructions. Cytotoxicity was calculated using 
a modified version of the standard formula: (OD[experim
ental] – OD[spontaneous targets] – OD[spontaneous effec-
tors])/(OD[maximum] – OD[spontaneous targets]) × 100. 
This part of the present study was carried out in accordance 
with the Declaration of Helsinki (as revised in 2013) and 
was approved by the Ethics Committee of Kyushu Univer-
sity and Kyushu University Hospital (ethics approval ID: 
22,343–00).

In vivo animal study

Female BALB/c Ajcl mice (6–8 weeks old) were purchased 
from CLEA Japan (Tokyo, Japan). 4T1 cells (2 × 105 cells 
in 100 µL of PBS) or CT26 cells (5 × 105 cells in 100 µL of 
PBS) were subcutaneously transplanted into the right flank 
of mice, and the body weight and tumor volume were moni-
tored twice a week. One week after transplantation, tumor-
bearing mice were treated intraperitoneally with monoclonal 
antibodies (mAbs) as follows: 200 µg of anti-PD-1 mAb 
(RMP1-14, BioXcell, #BE0146), 150 µg of anti-TIGIT 
mAb (1G9, BioXcell, #BE0274), 200 µg of control IgG2a 
mAb (2A3, BioXcell, #BE0089), and 150 µg of control 
IgG1 mAb (MOPC-21, BioXcell, #BE0083). All antibod-
ies were administered intraperitoneally in a total volume of 
100 µL of PBS. The tumor volume was calculated using 
the formula: length × width × width/2. Tumor measurements 
were performed by an observer blinded to the group assign-
ments. Animal experiments were approved by the Kyushu 

University Animal Experiment Committee (approval num-
ber: A23-422–5) and were performed in accordance with 
Kyushu University Animal Experiment Regulations, related 
laws and regulations, and ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
software (RRID: SCR_002798). All in vitro experiments 
were conducted at least three times, while in vivo experi-
ments were performed at least twice. For comparisons 
involving more than two groups, one-way ANOVA was 
used, followed by Tukey’s multiple comparison test or Dun-
nett’s test, as appropriate. For comparisons between two 
groups, the Student’s t-test was used. Data are presented as 
the mean ± standard deviation (SD). A p-value less than 0.05 
was considered statistically significant.

Data availability

All data generated or analyzed during this study are included 
in this published article and its supplementary information 
files. The raw data analyzed during the current study are 
available from the corresponding author upon reasonable 
request.

Results

NECTIN4 is involved in the regulation of the cell 
surface expression of CD155 in NSCLC cells

To explore the potential regulation of CD155 expression by 
Nectin family members in NSCLC cells, we stably overex-
pressed each Nectin (NECTIN1, 2, 3, and 4) in H322 and 
EBC1 cells (Fig. 1A). The overexpression of NECTIN1, 
NECTIN2, NECTIN3, or NECTIN4 did not alter the total 
abundance of CD155 protein in cell lysates (Fig. 1A), or 
the abundance of CD155 mRNA (Fig. 1B). However, the 
overexpression of NECTIN4 significantly increased the 
cell surface expression of CD155 compared with control 
cells as determined by flow cytometry (Fig. 1C, Supplemen-
tary Fig. S1A). To evaluate whether this change was also 
observed in other NSCLC cell lines, we generated NEC-
TIN4-overexpressing A549, H1437, and H2009 cell lines. 
The cell surface expression of CD155 in all of these cell 
lines was significantly increased compared with control cells 
(Supplementary Fig. S1B), without changing the total pro-
tein level or mRNA expression of CD155 (Supplementary 
Fig. S1C, S1D). To validate these results, cell membrane 
proteins were collected by biotin labeling, and the expres-
sion of cell surface CD155 in EBC1 cells was assessed by 

Fig. 1   Cell surface expression of CD155 in NECTIN-overexpressing 
or -depleted NSCLC cells. A, Immunoblot analysis of total CD155 
abundance in cell lysates in NECTIN1, 2, 3, or 4-overexpress-
ing H322 and EBC1 cells. B, mRNA level of CD155 in NECTIN-
overexpressing H322 and EBC1 cells by RT-qPCR. The relative 
quantification was performed using the ΔCt method with 18S rRNA 
as an internal control. C, Flow cytometric analysis of CD155 at the 
cell surface. D, Whole cell lysates and cell surface protein extracts 
were analyzed by immunoblot analysis. E, Localization of CD155 
was evaluated by fluorescent immunostaining in EBC1 cells overex-
pressing each Nectin. Nuclei were stained with 4′,6-diamidino-2-phe-
nylindole (DAPI), and CD155 was labeled with red fluorescence. 
Representative images were captured using optical sectioning. Scale 
bars, 20 μm. F, NECTIN4 knockdown was performed using siRNA 
in NECTIN4-overexpressing H322 and EBC1 cells, and cell surface 
CD155 expression was evaluated by flow cytometry. G–H, NECTIN4 
knockout was established in the H322 cell line using two different 
guide RNAs, and CD155 expression was assessed by immunoblotting 
(G) and flow cytometry (H). Experiments were performed at least in 
triplicate, and the data are presented as the mean ± standard devia-
tion (SD). Western blot band intensities were quantified using Image 
Lab software (Bio-Rad). The relative protein expression levels were 
normalized to β-actin and are presented as fold changes relative to 
the control group. Statistical analysis was conducted using one-way 
ANOVA followed by Tukey’s test (A, B, C), Dunnett’s test (G, H), 
or the Student’s t test (D, F). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. OE, overexpression; KO, knockout

◂
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immunoblot analysis. Consistent with the flow cytometry 
results, CD155 expression in the cell membrane compart-
ment was increased in NECTIN4-overexpressing cells 
compared with control cells (Fig. 1D). Furthermore, using 

fluorescent immunostaining, we evaluated the localization 
of CD155 in EBC1 cells overexpressing each Nectin and 
found that CD155 was markedly clustered on the cell surface 
in NECTIN4-overexpressing cells, which was not seen with 
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other Nectins (Fig. 1E). To assess whether the upregula-
tion of cell membrane CD155 in NECTIN4-overexpress-
ing cells was an effect of NECTIN4, we evaluated the cell 
surface expression of CD155 in NECTIN4-overexpressing 
H322 and EBC1 cells after the knockdown of NECTIN4 
using siRNA. The knockdown of NECTIN4 led to a sig-
nificant decrease in the cell surface expression of CD155 in 
NECTIN4-overexpressing H322 and EBC1 cells (Fig. 1F, 
Supplementary Fig. S1E). Furthermore, the knockdown of 
endogenous NECTIN4 in H322 and H2009 cells, which have 
relatively high endogenous NECTIN4 expression (Supple-
mentary Fig. S1F), led to a significant decrease in the cell 
surface expression of CD155 (Supplementary Fig. S1G). 
NECTIN4-knockout using two different gRNAs also led to 
a significant reduction in cell surface CD155 in H322 cells 
without changing the total protein level or mRNA expres-
sion of CD155 (Fig. 1G, 1H, Supplementary Fig. S1H). By 
contrast, it was found that overexpression of CD155 did 
not increase the cell surface expression of NECTIN4 (Sup-
plementary Fig. S1I and S1J). Taken together, these data 
indicate that NECTIN4 positively regulates the cell surface 
expression of CD155 in NSCLC cells.

NECTIN4 and CD155 co‑localize and interact 
with each other through their extracellular domains

To investigate whether NECTIN4 and CD155 interacted 
with each other, the expression vectors of FLAG-NEC-
TIN4 and CD155 were co-transfected into HEK293T cells. 
Immunoprecipitation analysis revealed an interaction 
between NECTIN4 and CD155 by the ectopic overexpres-
sion of these proteins (Fig. 2A). To evaluate the interac-
tion and plasma membrane localization of the two proteins 
further, PLA was performed to confirm their proximity and 

protein localization in H322 and EBC1 cells. Few PLA flu-
orescence signals were observed in control cells, whereas 
many fluorescence signals were detected in NECTIN4-
overexpressing cells, predominantly on the cell surface 
(Fig. 2B). In contrast, when evaluating the colocalization 
of each Nectin with CD155 using PLA in EBC1 cells over-
expressing NECTIN1, 2, or 3, the colocalization was not 
as evident as in NECTIN4-overexpressing cells (Supple-
mentary Fig. S2A, S2B). The Nectin family belongs to the 
immunoglobulin superfamily and its members have three 
immunoglobulin-like domains (one IgV domain and two 
IgC domains) in the ectodomain as well as a transmem-
brane domain and cytoplasmic domain (20, 21). To deter-
mine which domain of NECTIN4 interacted with CD155, 
we constructed expression vectors for FLAG-NECTIN4 
with specific domain deletions (Fig. 2C) and transfected 
HEK293T cells with these individual vectors and CD155 
vectors. Immunoprecipitation revealed that the C2 type 
2 domain binds to CD155, and that either or both of the 
V domain and C2 type 1 domain can also interact with 
CD155 (Fig. 2D).

V domain and C2 type1 domains of NECTIN4 have 
critical roles in the NECTIN4‑mediated upregulation 
of cell surface CD155 expression

To investigate the critical domain of NECTIN4 involved in 
the upregulation of CD155 cell surface expression, we con-
structed various expression vectors with deletions in each 
domain (Fig. 3A) and evaluated the change in the expression 
level of cell surface CD155 by flow cytometry in EBC1 cells 
transfected with these constructs (Supplementary Fig. S3A). 
Although the constructs of full-length NECTIN4, or NEC-
TIN4 lacking the C2 type2 domain (del_C2-2) or the cyto-
plasmic domain (del_cyto) showed a significant increase in 
cell surface CD155 expression, those of NECTIN4 lacking 
the V domain (del_V) or the C2 type1 domain (del_C2-1) 
did not show such an increase (Fig. 3B). These results indi-
cate that the V domain and C2 type1 domain have critical 
roles in the NECTIN4-mediated upregulation of cell surface 
CD155 expression. On the basis of these results, it was sug-
gested that NECTIN4 binds to CD155 via its extracellular 
domain, thereby stabilizing CD155 on the cell surface and 
contributing to its increased expression there. To further 
investigate this, we performed a cycloheximide (CHX) chase 
assay to evaluate the time-dependent reduction of CD155 
on NECTIN4-overexpressing and control cells. The results 
showed that CD155 degradation was slower in NECTIN4-
overexpressing cells after CHX treatment, and the expres-
sion level of CD155 at 24 h after treatment tended to be 
higher in NECTIN4-overexpressing cells than in the control 
(Supplementary Fig. S3B and S3C).

Fig. 2   Evaluation of NECTIN4 and CD155 interactions and colo-
calization. A, Co-immunoprecipitation (Co-IP) experiments were per-
formed using HEK293T cells transfected with CD155 and Flag-NEC-
TIN4 expression vectors. Cell lysates were immunoprecipitated using 
Flag antibody or CD155 antibody, and immunoblotting was per-
formed. Mouse IgG was used as a control for immunoprecipitation. 
B, A proximity ligation assay (PLA) targeting CD155 and NECTIN4 
was performed in empty vector control and NECTIN4 overexpress-
ing H322 and EBC1 cell lines. The close colocalization of CD155 
and NECTIN4 was detected by red fluorescent signals. Nuclei were 
stained with DAPI. Scale bars, 20 μm. The number of PLA signals 
indicating colocalization of CD155 and NECTIN4 was determined 
from z-projection images generated by z-stacking of optical sections 
for individual cells. C, Schematic diagram of domain-deleted Flag-
NECTIN4. D, HEK293T cells were co-transfected with the CD155 
expression vector and full-length Flag-NECTIN4 or domain-deleted 
Flag-NECTIN4 expression vectors, followed by co-immunoprecipita-
tion. As references, input samples were analyzed by immunoblotting, 
and samples immunoprecipitated with CD155 antibody were detected 
with Flag antibody by immunoblotting. Statistical analysis was con-
ducted using Student’s t test. *p < 0.05, **p < 0.01. OE, overexpres-
sion

◂
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Overexpression of NECTIN4 suppresses 
T‑cell‑mediated cytotoxicity, and CD155 depletion 
restores cytotoxic function of T cells

To assess the impact of NECTIN4-overexpressing cells on 
antitumor immunity, we performed a cytotoxicity assay 
using co-culture of tumor cells and peripheral blood mon-
onuclear cell (PBMC)-derived T cells. NECTIN4-over-
expressing EBC1 cells exhibited reduced T-cell-mediated 
cytotoxicity compared with control cells (Supplementary 
Fig. S4A). To determine whether this difference was 
attributable to CD155 stabilized on the cell surface by 
NECTIN4, we evaluated cytotoxicity following CD155 
knockdown. Consistent with the findings in Supplemen-
tary Fig. S4A, NECTIN4-overexpressing cells transfected 
with siCtrl showed significantly lower cytotoxicity than 
empty vector control cells (Supplementary Fig. S4B). Fur-
thermore, knockdown of CD155 significantly enhanced 
cytotoxicity in both cell types, and under CD155-knock-
down conditions there was no longer a difference in cyto-
toxicity between NECTIN4-overexpressing and EV con-
trol cells (Supplementary Fig. S4B). These results suggest 
that NECTIN4-overexpressing tumor cells suppress T-cell 

function, and that this suppression is mediated through 
stabilization of CD155 on the cell surface.

Overexpression of NECTIN4 in mouse cells increases 
the cell surface expression of CD155 and diminishes 
the therapeutic efficacy of anti‑PD‑1 antibody

The high expression of CD155 was reported to be involved 
in resistance to PD-1 inhibitors (12, 19, 24, 25). To inves-
tigate the impact of NECTIN4-mediated upregulation 
of CD155 on the efficacy of anti-PD-1 therapy, we first 
assessed whether NECTIN4 interacts with CD155 in mice. 
Co-immunoprecipitation assays using expression vectors for 
mouse NECTIN4 and CD155 confirmed their interaction, 
consistent with findings in human cells (Supplementary Fig. 
S5A). On the basis of these observations, we established 
mouse NECTIN4-overexpressing cells in 4T1, LL/2, and 
CT26 cells. In mouse NECTIN4-overexpressing 4T1 cells, 
cell surface expression of mouse CD155 was increased com-
pared with that in control cells without changing the total 
protein level, recapitulating the pattern observed in human 
NSCLC cells (Supplementary Fig. S5B and S5C). By con-
trast, no increase in the cell surface expression of mouse 
CD155 was observed upon overexpression of mouse NEC-
TIN4 in LL/2 and CT26 cells (Supplementary Fig. S5C). 
As NECTIN4 overexpression in 4T1 cells induced changes 
similar to those observed in human NSCLC cells, and the 
4T1 model has been previously shown to be responsive to 
anti-PD-1 antibody (26), we evaluated the therapeutic effi-
cacy of anti-PD-1 antibody using NECTIN4-overexpressing 
4T1 cells in a syngeneic mouse model (Fig. 4A). Anti-PD-1 
antibody significantly suppressed the tumor growth in con-
trol cells, but not in NECTIN4-overexpressing cells (Fig. 4B 
and C), suggesting that the overexpression of NECTIN4 was 
involved in the development of resistance to PD-1 inhibi-
tors. Next, we considered the possibility that NECTIN4 
itself might contribute to resistance to anti-PD-1 therapy, 
independent of changes in CD155 expression. To evaluate 
this, we assessed the antitumor effect of anti-PD-1 anti-
body using CT26 cells, in which NECTIN4 overexpression 
did not alter the expression of CD155 on the cell surface 
(Supplementary Fig. S5C). In CT26, the tumor-suppressive 
effect of anti-PD-1 antibody treatment was comparable 
between NECTIN4-overexpressing cells and control cells 
(Supplementary Fig. S5D, S5E). These results suggest that 
the resistance to anti-PD-1 therapy observed in NECTIN4-
overexpressing 4T1 cells is not due to NECTIN4 itself but 
rather to the increased cell surface expression of CD155 
induced by NECTIN4.

Next, we performed flow cytometric analysis of tumor-
infiltrating lymphocytes (TILs) in NECTIN4-overexpressing 
4T1 tumors, which were resistant to anti-PD-1 antibody 
treatment, and control 4T1 tumors, which were sensitive to 

Fig. 3   Identification of NECTIN4 domains involved in the cell sur-
face expression of CD155. A, Schematic diagram of domain-deleted 
NECTIN4. B, Full-length NECTIN4 or NECTIN4 with deletions 
in each domain were transfected into EBC1 cells, and cell surface 
CD155 expression was evaluated. Experiments were performed in 
triplicate, and the data are presented as the mean ± SD. Statistical 
analysis was conducted using one-way ANOVA followed by Tukey’s 
test (B). **p < 0.01, ***p < 0.001, ****p < 0.0001
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it. We found that the proportion of CD8⁺ T cells among 
CD3⁺ T cells was significantly reduced in the tumor micro-
environment of NECTIN4-overexpressing tumors compared 

with control tumors under anti-PD-1 antibody treatment. 
(Fig. 4D, Supplementary Fig. S6A, S6B). In particular, a 
significant decrease in the proportion of TIGIT+ CD8+ cells 
was observed in NECTIN4-overexpressing cells compared 
with control cells under treatment with anti-PD-1 antibody 
treatment (Fig. 4D). To evaluate the effector function of 
tumor-infiltrating CD8+ T cells, we assessed the proportion 
of IFNγ- and TNFα- positive CD8+ T cells and found no dif-
ference between control cells and NECTIN4-overexpressing 
cells (Supplementary Fig. S6B). These findings suggest that 
the decrease in the number of TIGIT+ CD8+ T cells in the 
tumor microenvironment was associated with the resistance 
to anti-PD-1 antibody in NECTIN4-overexpressing 4T1 
cells.

Anti‑TIGIT antibody restores the sensitivity 
of NECTIN4‑overexpressing cells to anti‑PD‑1 
antibody

Next, to evaluate whether the low efficacy of anti-PD-1 anti-
body for mouse NECTIN4-overexpressing 4T1 cells was 
related to the difference in CD155 expression, we evalu-
ated the additional effect of anti-TIGIT antibody, which 
suppressed the CD155/TIGIT axis (Fig. 5A). In control 
cells, tumor growth was effectively suppressed by anti-
PD-1 antibody monotherapy without the additional effect 
of anti-TIGIT antibody (Fig. 5B, C and D). In NECTIN4-
overexpressing 4T1 cells, although anti-PD-1 antibody 
monotherapy did not show a marked inhibition of tumor 
growth, combination therapy with anti-PD-1 and anti-
TIGIT antibodies significantly suppressed tumor growth 
(Fig. 5B, C and D). No apparent reduction in the propor-
tion of CD8+ T cells or TIGIT+ CD8+ cells was observed 
in NECTIN4-overexpressing cells under the combination 
therapy (Fig. 5E). However, there was a tendency for a high 
proportion of IFNγ-positive cells among tumor-infiltrating 
CD8+ T cells (Supplementary Fig. S6C). These results sug-
gest that combination treatment with anti-TIGIT antibody 
and anti-PD-1 antibody prevented the reduction of TIGIT+ 
CD8+ cells and promoted the infiltration of IFNγ+ CD8+ T 
cells in NECTIN4-overexpressing tumors.

Discussion

In this study, we demonstrated that NECTIN4 upregulated 
the cell surface expression of CD155, and contributed to 
resistance to PD-1 inhibitors. We revealed that NECTIN4 
overexpression led to an increase in the cell surface expres-
sion of CD155 without affecting transcriptional levels of 
CD155 in NSCLCs. We also found that this change was 
related to a direct interaction between NECTIN4 and 
CD155, resulting in the stabilization of CD155 on the cell 

Fig. 4   Overexpression of NECTIN4 confers resistance to PD-1 inhib-
itors. A, Schematic representation of the experiment: the subcutane-
ous transplantation of 4T1 EV control or NECTIN4-overexpressing 
cells, followed by treatment with anti-PD-1 antibody. The treatment 
was initiated on day 7 after tumor transplantation and administered 
every three days for a total of three times. Anti-PD-1 mAb, or IgG2a 
isotype were administered at a dose of 200  µg. B, Graph showing 
tumor volumes after transplantation. Tumor volumes were calcu-
lated using the formula: length × width × width/2. C, Individual tumor 
volume progression in each group. D, Analysis of tumor-infiltrating 
lymphocytes (TILs) by flow cytometry. Experiments were conducted 
with five mice per group and the data are presented as the mean ± SD. 
All in  vivo experiments were performed in duplicates, with similar 
results. Statistical analysis was conducted using one-way ANOVA 
followed by Tukey’s test (B) or Student’s t-test (D). *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. EV, empty vector; OE, 
overexpression
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surface. In syngeneic mouse cancer models, increased cell 
surface CD155 associated with the overexpression of NEC-
TIN4 promoted resistance to anti-PD-1 antibody treatment 
and sensitivity to combined anti-PD-1 and anti-TIGIT anti-
body treatment.

Several studies have reported on the regulatory mecha-
nisms of CD155 expression (27–32). However, the mecha-
nisms of the post-translational regulation of CD155 are 
poorly understood. Here, we found that NECTIN4 positively 
regulated CD155 cell surface expression in NSCLC cells. 
Although the interaction between NECTIN4 and CD155 has 

not been previously reported, our co-immunoprecipitation 
experiments showed that these two exogenously introduced 
molecules interacted directly. As shown in Fig. 2A, two 
bands of CD155 were observed in the input and IP-CD155 
samples, whereas only a single band corresponding to a 
lower molecular weight was detected in the IP-FLAG sam-
ple. Because glycosylation of CD155 can alter its binding 
affinity to receptors (33), post-translational modifications 
such as glycosylation may influence the interaction between 
NECTIN4 and CD155. The PLA assay also indicated the 
proximity of NECTIN4 and CD155 on the cell surface, 

Fig. 5   Overcoming anti-
PD-1 antibody resistance in 
NECTIN4-overexpressing 4T1 
cells by combination therapy 
with anti-TIGIT antibody. A, 
Schematic representation of 
the experiment: the subcutane-
ous transplantation of 4T1 EV 
control or NECTIN4-overex-
pressing cells, followed by treat-
ment with anti-PD-1 antibody 
alone or in combination with 
anti-TIGIT antibody. The treat-
ment was initiated on day 7 
after tumor transplantation and 
administered every three days 
for a total of three times. Anti-
PD-1 mAb, or IgG2a isotype 
were administered at a dose of 
200 µg, and anti-TIGIT mAb or 
IgG1 isotype were administered 
at a dose of 150 µg. B, Graph 
showing tumor volume progres-
sion after transplantation. C, 
Comparison of tumor weights 
in each group, measured post-
excision. D, Photographs of 
tumors excised two days after 
the completion of treatment. E, 
Analysis of tumor-infiltrating 
lymphocytes (TILs) by flow 
cytometry. Experiments were 
conducted with five mice per 
group and the data are presented 
as the mean ± SD. All in vivo 
experiments were performed in 
duplicates, with similar results. 
Statistical analysis was con-
ducted using one-way ANOVA 
followed by Tukey’s test (B, C) 
or Student’s t-test (E). *p < 0.05, 
**p < 0.01, ***p < 0.001, 
****p < 0.0001. EV, empty vec-
tor; OE, overexpression
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although these results were not observed with other Nectins. 
Taken together with the decreased cell surface expression 
of CD155 observed after knockout or knockdown of endog-
enous NECTIN4, it is plausible that endogenous NECTIN4 
contributes to the stabilization of CD155 on the cell surface. 
Our results have thus revealed a previously unrecognized 
mechanism related to the post-translational regulation of 
CD155 expression in NSCLC.

Although members of the Nectin family share similar 
structural features, it remains unclear why NECTIN4 con-
tributes to the stabilization of CD155 in humans. A previous 
study showed that NECTIN1 and NECTIN2 tend to form 
stronger homodimers compared with NECTIN3 and NEC-
TIN4 (34). Therefore, NECTIN3 and NECTIN4 may have 
a greater propensity to interact with other molecules, poten-
tially contributing to the regulation of CD155. Although 
the exact mechanism by which NECTIN4 stabilizes CD155 
on the cell surface remains unclear, our CHX chase assay 
showed that CD155 degradation was delayed in NECTIN4-
overexpressing cells (Supplementary Fig. S3B and S3C). 
This suggests that NECTIN4 may retain CD155 on the cell 
surface and thereby inhibit its subsequent internalization 
and degradation. Fluorescent immunostaining data shown in 
Fig. 1E revealed that the stabilization of CD155 on the cell 
surface due to NECTIN4 overexpression was particularly 
pronounced at cell–cell contact sites. Because CD155 has 
been reported to undergo internalization through interac-
tion with NECTIN3 at cell–cell contact sites (22, 23), our 
results suggest that NECTIN4 may stabilize CD155 on the 
cell surface by inhibiting its internalization at these junc-
tions. Further studies are needed to clarify this mechanism.

CD155, a ligand for TIGIT, was reported to suppress 
the cytotoxic activity of T cells and contribute to resistance 
to PD-1 inhibitory therapy (12). In our study, the overex-
pression of NECTIN4 increased the surface expression of 
CD155 and resistance to the tumor suppressive effects of 
anti-PD-1 antibody in a syngeneic mouse model. When eval-
uating tumor-infiltrating T cells by flow cytometry, it was 
found that the proportion of CD8+ T cells within CD3+ T 
cells and TIGIT+ T cells within CD8+ T cells were reduced 
in NECTIN4-overexpressing tumors, although no signifi-
cant differences in the effector function of CD8+ T cells 
were observed as assessed by IFNγ and TNFα expression. 
Although TIGIT is known to be expressed on regulatory T 
cells, it is also known to be expressed on activated CD8⁺ 
T cells. These results suggest that the increased tumor cell 
surface expression of CD155 mediated by NECTIN4 sup-
pressed the infiltration or proliferation of TIGIT+CD8+ T 
cells in the tumor microenvironment via the CD155-TIGIT 
axis, leading to loss of the antitumor effect. This is con-
sistent with a previous study reporting that tumor CD155 
expression was negatively corelated with CD8+ T cell infil-
tration in cervical cancer (10). We assessed the therapeutic 

efficacy of combining anti-PD-1 antibodies with anti-TIGIT 
antibodies, and significant suppression was observed in 
NECTIN4-overexpressing tumors. When evaluating TILs 
after the combination treatment with anti-PD-1 and anti-
TIGIT antibodies, the decreased proportion of CD8+ T 
cells and CD8+ TIGIT+ T cells in NECTIN4-overexpressing 
tumors treated with anti-PD-1 antibody alone was reversed. 
Furthermore, combination therapy tended to increase the 
infiltration of IFNγ + CD8 + T cells in NECTIN4-overex-
pressing 4T1 cells compared with controls. These results 
suggest that the addition of anti-TIGIT antibody to anti-PD-1 
antibody relieved the suppression of TIGIT⁺CD8⁺ T cells via 
the CD155-TIGIT axis in NECTIN4-overexpressing tumors, 
leading to the restoration of antitumor effects. Our findings 
provide new insights into the immunomodulatory proper-
ties of NECTIN4, demonstrating that NECTIN4 not only 
enhances the CD155-TIGIT axis through increased CD155 
cell surface expression and contributes to resistance to PD-1 
inhibitory therapy, but also may serve as a predictive marker 
for the efficacy of the combination of anti-PD-1 and anti-
TIGIT antibodies (Supplementary Fig. S7).

The TIGIT and PD-1 pathways are mechanistically inter-
dependent, and the co-inhibition of TIGIT and PD-L1 syn-
ergistically elicited anti-tumor T-cell responses in mouse 
models (35, 36). Tiragolumab is a monoclonal antibody 
that binds to TIGIT and prevents it from binding to the 
high-affinity ligand CD155 (11). In the randomized phase 2 
CITYSCAPE study, the combination therapy of tiragolumab 
plus atezolizumab, an anti-PD-L1 monoclonal antibody, 
demonstrated superior clinical benefit compared with ate-
zolizumab monotherapy in terms of the objective response 
rate and progression-free survival in patients with PD-
L1-positive NSCLC (37). Although TIGIT inhibitors appear 
to be promising agents for the treatment of several cancers, 
a valid predictor for this treatment is urgently needed. Our 
study demonstrated NECTIN4 stabilized CD155 on the cell 
surface leading to resistance to anti-PD-1 antibody mono-
therapy, whereas the combination therapy of anti-TIGIT and 
anti-PD-1 antibodies inhibited tumor growth. This suggests 
that NECTIN4 might be a predictor of the efficacy of PD-1 
and TIGIT inhibitor therapy.

NECTIN4 itself is a promising therapeutic target in can-
cer because it is expressed at low levels in normal cells and 
is upregulated in some cancers, including NSCLC (38). 
Among different cancer types, NECTIN4 expression is high-
est in urothelial cancer, followed by breast cancer, pancreatic 
cancer, and NSCLC (38). Furthermore, in cancers in which 
NECTIN4 expression is relatively common, high NEC-
TIN4 expression has been reported to be associated with 
poor prognosis (39). Enfortumab vedotin, an antibody–drug 
conjugate (ADC) targeting NECTIN4, has demonstrated 
therapeutic efficacy as a monotherapy for urothelial cancer 
and has been widely used in clinical practice. A combination 
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of enfortumab vedotin and pembrolizumab (anti-PD-1 anti-
body) showed superior efficacy compared with conventional 
platinum-based chemotherapy as a first-line treatment for 
urothelial cancer, marking a significant shift in treatment 
strategies for this disease (40). The mechanism underlying 
the high efficacy of this combination therapy is thought to 
involve the cytotoxic activity of the ADC, which increases 
damage-associated molecular patterns (DAMPs), thereby 
enhancing the therapeutic effect of anti-PD-1 antibodies 
(41, 42). Our study demonstrated that NECTIN4 stabilizes 
CD155 on the surface of tumor cells and contributes to 
immune evasion through the CD155–TIGIT axis. Therefore, 
the combination of NECTIN4-ADC and anti-PD-1 antibod-
ies may represent a promising therapeutic strategy by not 
only promoting antitumor immunity through DAMP-medi-
ated mechanisms but also by disrupting immune evasion via 
the CD155–TIGIT axis.

This study has several limitations. First, we did not dem-
onstrate the association between NECTIN4 and CD155 in 
human clinical samples, nor the impact of the expression 
of NECTIN4 on the efficacy of anti-PD-1 therapy. Further 
research will be necessary to translate our findings into 
clinical applications. Second, although we evaluated how 
increased expression of CD155 in tumor cells affected TILs 
in our in vivo experiments, we did not assess its impact 
on other cell types. Investigating the effects of CD155 on 
immune cells other than T cells may further clarify how 
CD155 influences the tumor microenvironment. Further 
studies will be needed to address this issue.

In conclusion, our study demonstrated that NECTIN4 
interacts with CD155 and stabilizes its cell surface expres-
sion. The increased cell surface expression of CD155 regu-
lated by NECTIN4 leads to resistance to PD-1 inhibitor ther-
apy, whereas the combination therapy of anti-PD-1 antibody 
and anti-TIGIT antibody significantly suppressed tumor 
growth. Our findings suggest that the NECTIN4/CD155 
interaction has an important role in anti-tumor immunity in 
NSCLC and that treatment with drugs targeting the CD155-
TIGIT axis or NECTIN4, in combination with PD-1/PD-L1 
inhibitor, is a promising strategy for cancers with high NEC-
TIN4 expression.
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