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ARTICLE INFO ABSTRACT

Edited by: Peifang Wei Background: Lymphocyte activation gene 3 (LAG-3) is a promising immune checkpoint for combination im-
X munotherapy. This study aims to elucidate the exact synergistic anti-tumor mechanism of programmed death 1

Keywords: P

Lung cancer (PD-1) and LAG-3 dual inhibition in lung cancer.

Immunotherapy Methods: Multiple patient-derived xenograft (PDX) models of lung cancer were constructed and analyzed by

Programmed death 1 (PD-1) single-cell RNA sequencing (scRNA-seq). Clustering of all human-derived cells, identification of biomarker genes

Lymphocyte activation gene 3 (LAG-3) of three cell types, trajectory analysis, and calculation of tumor heterogeneity scores were performed. Differen-

Tumor heterogeneity tially expressed genes (DEGs) were identified and functional enrichment analyses of cancer-associated genes were

Tumor angiogenesis conducted. The functional significance of DEGs in the immune system was evaluated using the Reactome online

server. Major histocompatibility complex (MHC) pathways and angiogenesis-associated pathways were analyzed.
The Cancer Genome Atlas (TCGA) was used for further verification.

Results: PD-1 and LAG-3 dual inhibition achieved synergistic tumor inhibition in squamous cell carcinoma (SCC)
PDX models, but not in adenocarcinoma and small cell lung cancer PDX models. A total of 8127 cells, including
2699 basal, 4109 malignant, and 1319 epithelial cells, were identified by scRNA-seq. Malignant cells evolved from
basal and epithelial cells in the trajectory analysis. The responders to the combination therapy of PD-1 and LAG-
3 inhibitors had lower heterogeneity scores than non-responders. Compared with anti-PD-1 monotherapy, the
combination group exhibited higher levels of neutrophil degranulation. The DEGs were correlated with disease,
metabolism, and programmed cell death-associated pathways. The MHC class I-associated pathways and pericyte
pathways were upregulated, whereas the vascular endothelial growth factor pathway was downregulated in the
combination group.

Conclusion: We discovered the superior efficacy of PD-1 and LAG-3 dual inhibition in SCC PDX models, and
showed that it may be associated with low tumor heterogeneity scores, upregulation of the MHC class I pathway,
and normalization of tumor angiogenesis.

Introduction inhibitors has significantly improved the outcomes of patients with
SCLC or NSCLC.>-* However, most patients with lung cancer fail to

Lung cancers can be classified as small cell lung cancer (SCLC) respond to single immunotherapy due to primary or secondary resis-
and non-small-cell lung cancer (NSCLC), and are the main contribu- tance. Multiple strategies have been devised to address these resistances
tors to cancer-related mortality worldwide.'>?> Immunotherapy using and promote more durable responses. Combination therapy based on

programmed death 1 (PD-1) and programmed death-ligand 1 (PD-L1) PD-1/PD-L1 inhibitors has been extensively explored to enhance the
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response, including immunotherapy and chemotherapy.® Selecting the
appropriate combination strategy can greatly improve the prognosis of
patients with lung cancers.

Co-expression of multiple immune checkpoints is a common phe-
nomenon in many solid cancers® and hematologic tumors,” which pro-
vides an opportunity for immunotherapy combination regimens. In a
previous study,® we detected a high level of co-expression of lympho-
cyte activation gene 3 (LAG-3) and PD-1/PD-L1 in the immune check-
point landscape of NSCLC. We also demonstrated that LAG-3 was asso-
ciated with PD-1/PD-L1 in patients with SCLC.° LAG-3 was also found
to be both an efficacy predictor and prognostic factor of NSCLC.!0-11
For instance, increased LAG-3 expression was associated with a lower
objective response rate and shorter progression-free survival among pa-
tients with NSCLC receiving PD-1 inhibitors.!! These results suggest that
LAG-3 may be a promising target for treating NSCLC.

Preliminary studies have shown that blocking LAG-3 reduced im-
munosuppressive cytokine secretion and reinvigorated exhausted CD4+
and CD8* T cells.'®!? Simultaneously targeting PD-1 and LAG-3 has
demonstrated promising anti-cancer efficacy in clinical trials for mul-
tiple solid tumors such as NSCLC'# and melanoma.!®> A phase 3 clin-
ical trial showed that patients with melanoma who were treated with
PD-1 and LAG-3 dual blockades had a higher objective response rate
and significantly superior progression-free survival than patients with
melanoma who received PD-1 inhibitors.!> However, the synergistic ef-
fect of this combination therapy and its potential molecular mechanisms
remain to be fully elucidated in lung cancer.

Here, we aimed to assess the synergistic effectiveness of PD-1 and
LAG-3 dual inhibitors among patient-derived xenograft (PDX) models
constructed from tumor specimens from lung cancer patients and pe-
ripheral blood mononuclear cells (PBMCs) from the same patients. Sub-
sequently, single-cell RNA sequencing (scRNA-seq) and bioinformatic
analyses were performed to elucidate the underlying mechanisms by
which PD-1 and LAG-3 inhibitors exerted their effects.

Methods
Study design, patient tumor specimen processing, and isolation of PBMCs

Five types of PDX models were constructed from five patients, in-
cluding two with squamous cell carcinoma (SCC) (patient No. 1038
and No. 1144), two with adenocarcinoma (ADC) (patient No. 1131 and
No. 1078), and one with SCLC (patient No. 1180). Lung cancer tissues
were collected by computed tomography-guided percutaneous puncture
biopsy of lung or lymph nodes, and PBMCs were isolated from venous
blood at Shanghai Pulmonary Hospital between January 1, 2019 and
December 31, 2020. The study was approved by the Ethics Committee
of Shanghai Pulmonary Hospital (No. K22-241) and conformed to the
principles of the Declaration of Helsinki and its later amendments. All
patients signed written informed consent.

PDX model construction and immunotherapy application

Female NOD/Shi-scid/IL-2Ry™!! (NOG) mice, provided by Charles
River (Beijing) in China, were used to construct the PDX models. All
animal care, treatment, welfare, and sacrifice procedures abided by the
regulations of the Ethics Committee of Shanghai Pulmonary Hospital
(No. K22-241). The detailed procedures of PDX establishment and tu-
mor passage were as described previously.'® PBMCs from the same pa-
tient were intravenously injected into the NOG mice to rebuild their
immune system. Mouse weight and tumor volume were measured twice
a week to generate tumor growth curves. All the PDX models from the
same patient were randomly divided into four treatment groups: PD-
1 inhibitors, LAG-3 inhibitors, PD-1 + LAG-3 inhibitors, and placebo.
Immunotherapy was initiated when the tumors grew to approximately
100mm?® (Fig. 1A). The dosing regimen for both the PD-1 and LAG-
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3 inhibitors in the PDX models was 10mg/kg, which was adminis-
tered intraperitoneally in a single dose. After 3 weeks of monitor-
ing the tumor size, the mice were euthanized to collect and sequence
the tumors.

Single-cell preparation and scRNA-seq

Tumor specimens were digested in 2mL of tissue dissociation so-
lution at 37°C for 15min to obtain a single-cell suspension. Single-
cell samples were sequenced on a 10 x Genomics platform (Singleron
Biotechnologies, Suzhou, Jiangsu, China). The detailed procedures for
RNA extraction and scRNA-seq library preparation were as described
previously.!7-18

Quality control, dimensionality reduction, clustering, and annotation

The scRNA-seq data were pre-processed using the Cell Ranger toolkit
(version 3.1.0, Singleron Biotechnologies) provided by 10 x Genomics.
The toolkit was used to aggregate raw data, filter out low-quality reads,
align reads to the Genome Research Consortium human 38 (GRCh38)
human reference genome, assign cell barcodes, and construct a unique
molecular identifier (UMI) matrix. Seurat (https://satijalab.org/seurat/)
was used for the subsequent scRNA-seq data analyses. Specifically, the
raw UMI matrix was processed to remove low-quality cells; namely, cells
with <200 detected genes or >5 % mitochondrial gene content. The aim
of this filtering process was to preserve major heterogeneous cell types
for subsequent analysis.

After the low-quality cells were removed, the raw UMI matrices (rep-
resenting gene expression matrices) were normalized to account for the
total cellular and mitochondrial read counts, and the original sample
identities. Normalization was carried out using linear regression and
the Regress Out function in Seurat (https://satijalab.org/seurat/). Di-
mensionality reduction techniques were used to summarize the vari-
ably expressed genes. Principal component analyses were performed to
summarize the genes using the first 100 principal components. Subse-
quently, the Uniform Manifold Approximation and Projection (UMAP)
dimensionality reduction technique was used with default settings in the
RunUMAP function to further summarize the components. For cluster-
ing, we used the FindClusters function with 50 principal components,
which assigned the cells into distinct clusters based on their similarity.
To identify the biological cell types in the clusters, we annotated them
using canonical marker genes. The FindAllMarkers function in Seurat
was used to identify marker genes that were enriched in each cluster
and to compare the gene expression profiles of cells in a specific cluster
with those in all the other clusters.

To qualify as marker genes, their average expression in a specific
cluster had to be >2.5 times higher than their expression in all the
other clusters. The marker genes were used to annotate cell types by
comparing them with the gene signature obtained from the CellMarker
database, which includes basal cells (CDC28 protein kinase regulatory
subunit 2 [CKSZ2], targeting protein for xenopus kinesin-like protein 2
[TPX2], centromere protein F 21 [CENPF21]), epithelial cells (glyco-
protein non-metastatic melanoma protein B [GPNMB], aldo-keto reduc-
tase family 1 member C1 [AKR1IC1], lymphocyte antigen 6 family mem-
ber D [LY6D]), and malignant cells (S100 calcium binding protein A7
like 2 [S1I00A7L2], carnosine dipeptidase 2 [CN2/CNDPZ2], cornifelin
[CNFN]).

To distinguish malignant and non-malignant cells, two criteria were
applied: (1) analysis of inferred copy number variation (CNV) profiles,
and (2) under-expression patterns typical of different non-malignant cell
types. We used CopyKAT (https://github.com/navinlabcode/copykat)
to accurately detect cancerous cells by calculating the CNV for each
individual cell.
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Fig. 1. Antitumor efficacy of PD-1 and LAG-3 inhibitors in multiple PDX models. (A) Research design and treatment timeline. Tumor growth curves of PDX models
constructed from patients No. 1038 (B), 1144 (C), 1078 (D), 1131 (E), and 1180 (F) who received intraperitoneal injection of either vehicle, aLAG-3, «PD-1, or a
combination of both. *P <0.05 for comparison between aPD-1 and combination therapy group. aLAG-3: Anti-LAG-3 antibody; aPD-1: Anti-PD-1 antibody; LAG-3:
Lymphocyte activation gene 3; NOG: NOD/Shi-scid/IL-2Ry™"; PBMC: Peripheral blood mononuclear cells; PD-1: Programmed death 1; PDX: Patient-derived xenograft;

ScRNA-seq: Single-cell RNA sequencing; w: Week.

Differentially expressed genes (DEGs) and enrichment analysis

The Wilcoxon tests in the FindMarkers function were used to iden-
tify DEGs across different treatment conditions and cell types. The
enrichGO function in the clusterProfiler package in R (https://www.
bioconductor.org/packages/devel/bioc/html/clusterProfiler.html) was
used for functional enrichment analyses of the DEGs. Unexpected func-
tional relationships between DEGs were further analyzed using the Re-
actome Knowledgebase, which provides detailed information on signal
transduction, transport, DNA replication, and metabolism.

Developmental trajectory analysis

To generate a developmental trajectory, we performed pseudotime
analysis of different cell types using the Monocle (version 3) algo-
rithm with the gene expression matrix derived from the Seurat subset
as input. To create an object, we used the Cell Data Set function with
the expressionFamily parameter set to negative binomial to accommo-
date the nature of our expression data. Following dimensionality re-
duction and cell sorting, default parameters were used to infer the cell
trajectory.
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Analysis of external lung cancer data from The Cancer Genome Atlas
(TCGA)

Transcriptomic information from two NSCLC cohorts was extracted
from TCGA data collection (https://portal.gdc.cancer.gov/projects/
TCGA-LUAD; https://portal.gdc.cancer.gov/projects/TCGA-LUSC) to
verify differences in LAG-3 levels between patients with SCC and pa-
tients with ADC, as well as the associations of LAG-3 levels with the
degree of enrichment in pericyte pathways.

Statistical analysis

Tumor growth curves were compared by two-way repeated measures
analysis of variance (ANOVA) with GraphPad Prism 8 (GraphPad Soft-
ware, La Jolla, CA, USA). For comparisons where the initial P values
were less than 0.05, multiple pairwise comparisons were conducted us-
ing Tukey’s tests to assess the difference in the effects of different ther-
apies. To analyze survival data, we used various functions from the sur-
vival package in R (https://www.r-project.org/); namely, log-rank tests
to compare survival distributions. To further validate the relationship
between the enriched pathways and survival outcomes, patients were
divided into two groups (high vs. low) based on the median level of
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pathway activation. P-values <0.05 were considered statistically signif-
icant.

Results

Construction of PDX models of lung cancer and the synergistic effects of
PD-1 and LAG-3 dual blockade in PDX models

We constructed five types of PDX models from five lung cancer pa-
tients; two with SCC (patient No. 1038 and No. 1144), one with ADC
with an EGFR L858R mutation (patient No. 1131), one with wild-type
ADC (patient No. 1078), and one with SCLC (patient No. 1180). The clin-
icopathological information for these patients is listed in Supplementary
Table 1. By comparing the tumor growth curves of the four treatment
groups (PD-1 inhibitors vs. LAG-3 inhibitors vs. LAG-3 + PD-1 inhibitors
vs. placebo) of PDX models, we found that PD-1 and LAG-3 dual block-
ades had significant synergistic antitumor effects on No. 1038 SCC PDX
(PD-1 inhibitors vs. PD-1 + LAG-3 inhibitors; P=0.024; Fig. 1B) but not
on No. 1144 SCC PDX, ADC PDX, and SCLC PDX models (all P>0.05;
Fig. 1C-F).

Single-cell landscape of PDX tumor models

One tumor from each treatment group of the SCC PDX models
(No. 1038: Animal No. 756, 776, 751, and 763; No. 1144: Animal
No. 976, 977, 980, and 992) was selected and prepared for single-cell
sequencing. After excluding mouse cells, a total of 8127 human-derived
cells remained for further analysis. Clustering analyses of all cells
from No. 1038 SCC PDX (Fig. 2A) and No. 1144 SCC PDX (Fig. 2B)
models were performed. Three clusters were identified by UMAP vi-
sualization; namely, 2699 basal, 1319 epithelial, and 4109 malig-
nant cells. The top 10 DEGs in the three cell types are shown in
Fig. 2C.

We identified representative biomarker genes for PD-1 and LAG-3
dual inhibitor responder No. 1038 (Fig. 2D). Single-cell trajectory analy-
sis of No. 1038 showed that malignant cells evolved from both basal and
epithelial cells (Fig. 2E). The CNV profiles of malignant cells (Fig. 2F)
indicated that they could be divided into nine subclusters (Fig. 2G). The
tumor heterogeneity score of the responders was lower than that of the
non-responders (Figs. 2H, I).

DEGs between the PD-1 and LAG-3 inhibitor combination therapy group
and PD-1 monotherapy group

Because we observed a synergistic effect of PD-1 and LAG-3 dual
inhibitors on the No. 1038 PDX models, we analyzed the DEGs be-
tween PD-1 and LAG-3 dual inhibition and PD-1 monotherapy. A total
of 83 cancer-associated genes were differentially expressed in the malig-
nant cells. A volcano plot showed that mitochondrially encoded NADH:
ubiquinone oxidoreductase core subunit 4L (MT-ND4 L) and mitochon-
drially encoded ATP synthase 6 pseudogene 1 (MTATP6P1) were signif-
icantly upregulated, and thymosin beta 4 X-linked (TMSB4X), collagen
type I alpha 2 chain (COL1A2), and interferon alpha inducible protein
27 (IF127) were downregulated (Fig. 3A). The gene ontology (GO) en-
richment analysis showed that the DEGs may be involved in multiple
pathways, including translational initiation, protein localization to en-
doplasmic reticulum, ribosome, and structural constituent of ribosome
pathways (Fig. 3B).

The GO enrichment analyses of all the DEGs showed that they were
enriched in multiple pathways, including neutrophil degranulation, an-
choring fibril formation, MET activating PTK2 protein tyrosine kinase
2 (PTK2) signaling, and IL-4/IL-13 signaling (Supplementary Table 2).
Using TCGA public data, we verified that patients with high neutrophil
degranulation (P-value = 0.011, Fig. 3C) had statistically poorer survival
outcomes.
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The functional significance of DEGs in the immune system was fur-
ther verified using the Reactome online server. We found that pathways
associated with disease, metabolism, and programmed cell death were
marked with dark yellow, indicating a close correlation between DEGs
and these pathways (Fig. 4).

Upregulation of the major histocompatibility complex class I (MHC class I)
pathway in PD-1 and LAG-3 dual inhibitor responders

MHC class I-associated pathways, including MHC class I-mediated
antigen processing and presentation, as well as antigen presentation:
folding, assembly, and peptide loading of MHC class I, were signifi-
cantly enriched in PDX models receiving PD-1 and LAG-3 dual inhibitors
compared with their levels in PDX models receiving PD-1 monotherapy
(Table 1). These findings suggest that the MHC class I pathway may be
significantly involved in the synergistic anti-tumor effects of combined
PD-1 and LAG-3 immunotherapy.

PD-1 and LAG-3 dual inhibitors promote the normalization of tumor
angiogenesis

By analyzing angiogenesis-associated genes and cells, we found that
pericyte pathways were notably more activated in the group treated
with PD-1 and LAG-3 dual inhibitors than they were in the PD-1
monotherapy group (Fig. 5A). Compared with the results of the PD-1
monotherapy, the combination therapy led to significant downregula-
tion of multiple pathways, including the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway and vascular en-
dothelial growth factor (VEGF) pathway (Fig. 5B). These findings sug-
gest that PD-1 with LAG-3 dual inhibitors may contribute to tumor ves-
sel normalization. We also found that the expression level of LAG-3 was
higher in SCC than it was in TCGA-LUAD public data (Fig. 5C), and LAG-
3 was significantly associated with pericyte pathways in SCC but not in
ADC (Figs. 5D, E). These findings partly explain the superior efficacy
of combination immunotherapy in patients with SCC compared with its
efficacy in patients with ADC.

Discussion

The combination therapy strategy of PD-1 and LAG-3 dual inhibitors
demonstrated a higher level of effectiveness compared with PD-1/PD-L1
blockade alone. However, the precise underlying mechanisms warrant
further investigation. In the present study, we developed multiple PDX
models and showed that PD-1 and LAG-3 dual inhibitors had greater
efficacy than PD-1 monotherapy in the No. 1038 SCC PDX model. The
scRNA-seq analysis showed that the synergistic effects of PD-1 and LAG-
3 dual inhibition may be associated with a lower degree of tumor het-
erogeneity, upregulation of the MHC class I pathway, and normalization
of tumor angiogenesis. Elucidating these mechanisms may offer insights
into more effective cancer immunotherapies.

We found a synergistic anti-tumor effect of combination im-
munotherapy in a SCC PDX model but not in ADC or SCLC PDX mod-
els. Similar results were observed in other SCCs, such as head and neck
SCC.!* In a previous study, we demonstrated that LAG-3 levels on tumor-
infiltrating cells in non-ADC (82 % were SCC) were prominently higher
than those in ADC.'? Multiple studies have shown that LAG-3 is an
efficacy predictive biomarker of PD-1 inhibitors in NSCLC,!' hepato-
cellular carcinoma,'® gastric cancer,’’ and other cancers. Combining
LAG-3 with PD-1 inhibitors was associated with longer progression-
free survival in patients with melanoma with LAG-3 expression >1 %.%!
These findings indicate that the high expression levels of LAG-3 in
the SCC PDX model may partly contribute to the superior efficacy
of the combination immunotherapy. Detection of LAG-3 expression in
the tumor microenvironment may help to predict whether patients
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Fig. 2. Single-cell landscape of tumor tissues in SCC PDX models. UMAP visualization of all cell clusters from No. 1038 SCC PDX (A) and No.1144 SCC PDX (B)
models; top 10 DEGs of three cell types (C); representative biomarker genes (D); single-cell trajectory analysis (E), CNV of malignant cells (F), and nine subclusters of
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family 1 member C2; BIRC5: Baculoviral inhibitor of apoptosis repeat containing 5; CCNBI: Cyclin B1; CENPF: Centromere protein F; CHR: Chromosome; CKS2:
CDC28 protein kinase regulatory subunit 2; CEACAM6: Carcinoembryonic antigen-related cell adhesion molecule 6; CNFN: Cornifelin; CNV: Copy number variation;
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2; TOP2A: Topoisomerase Ila; TTK: Threonine tyrosine kinase; UBE2C: Ubiquitin-conjugating enzyme 2C; UMAP: Uniform manifold approximation and projection.

would benefit from LAG-3 inhibitors and dynamic monitoring of LAG-
3 may help determine the appropriate intervention timing for LAG-3
inhibitors.

We also found that the SCC PDX model that was responsive to PD-
1 and LAG-3 dual inhibitors had a low degree of tumor heterogeneity.
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Intratumoral heterogeneity is a negative predictive biomarker for multi-
ple immunotherapy regimens in various solid tumors, including NSCLC.
For instance, Fang et al*> demonstrated that patients with NSCLC with
low tumor heterogeneity had a high objective response rate and durable
clinical benefit. Therefore, the synergistic anti-tumor effects of PD-1 and
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LAG-3 dual inhibition may be partly attributed to decreased tumor het-
erogeneity.

The MHC class I pathway was also involved in the anti-tumor ef-
fects of combining PD-1 and LAG-3 inhibitors. LAG-3 has several lig-
ands, such as fibrinogen-like protein 1 and galectin-3, with MHC class
II being the most canonical ligand.'? LAG-3 binding to its ligands in-
hibits inflammatory cytokine secretion and immune cell activation, in-
cluding CD4/CD8" tumor-infiltrating cells and dendritic cells.?32> Un-
expectedly, we found that the MHC class I pathway was upregulated
after treatment with PD-1 and LAG-3 dual inhibitors. LAG-3 is prefer-
entially expressed on activated CD8* T cells, and CD8 specifically rec-
ognizes MHC class I molecules.?® Previous studies using immunofluo-
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rescence microscopy to detect the co-localization of LAG-3 and MHC
class I have proven that there is a presence of LAG-3 co-caps on cells
that are capped with MHC class I molecules.?” Additionally, LAG-3 was
reported to be positively co-expressed with genes associated with both
MHC calss I and MHC calss II across multiple cancers.?® Together, these
findings suggest that MHC class I may be involved in the anti-cancer
properties of LAG-3 inhibitors, but the detailed mechanisms remain to be
elucidated.

The pericyte pathway was upregulated and the VEGF pathway was
downregulated in the combination group in our study. Pericytes, also
called mural cells, are located in the basement membrane of vessels
and are closely correlated with endothelial cells to sustain the function
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Table 1

Upregulation of MHC class I-associated pathways in the SCC PDX responder of PD-1 and LAG-3 dual inhibition.
Pathway name Entities found* Ratio P-value  FDR Reactions found” Ratio
Immunoregulatory interactions between a lymphoid and a non-lymphoid cell ~ 22/316 0.021 <0.001 <0.001 13/44 0.003
Selenocysteine synthesis 18/112 0.007 <0.001 <0.001 2/7 <0.001
Antigen presentation: folding, assembly and peptide loading of class I MHC 22/108 0.007 <0.001 <0.001 13/16 0.001
Class I MHC-mediated antigen processing and presentation 24/479 0.032 <0.001 <0.001 24/48 0.003

* The numbers in this column represent the number of input genes overlapping with a given pathway (numerator), relative to the total number of

annotated genes in that pathway (denominator).

T The numbers in this column represent the number of biochemical reactions or molecular interactions linked to the identified entities (e.g., proteins,
genes), compared to the total number of entities within a given pathway. FDR: False discovery rate; LAG-3: Lymphocyte activation gene 3; MHC:
Major histocompatibility complex; PD-1: Programmed death 1; PDX: Patient-derived xenograft; SCC: Squamous cell carcinoma.

of the vasculature.?° However, the vessels of tumors are leaky because
pericyte coverage is defective, and the interaction between pericytes
and endothelial cells is impaired, which affects the permeation of anti-
tumor drugs.?’ VEGF drives abnormal angiogenesis in tumors,*® and
high VEGF levels have been shown to predict poorer survival outcomes
in multiple cancers, including NSCLC®! and hepatic cancer.>? In our
study, PD-1 and LAG-3 dual inhibition increased the recruitment of per-
icytes and downregulated the expression of VEGF. These results indicate
that LAG-3 inhibitors may function partially by promoting the normal-
ization of tumor vessels, thereby augmenting the delivery of anti-tumor
drugs.

Increased neutrophil degranulation was observed in responders to
PD-1 and LAG-3 dual inhibitors. Neutrophil degranulation is the mi-
gration of neutrophil cytoplasmic granules to merge with the cell or
phagosome membrane, leading to granule exocytosis or release on the
cell surface.>> Neutrophil degranulation on the one hand can facili-
tate the transportation of tumor cells and promote tumor progression,>*
on the other hand, regulate adaptive immunity by enhancing the ac-
tivation and tumor infiltration of T lymphocytes.>*:3> Previous studies
have noted that immunotherapy alters the status of neutrophil degran-
ulation.®*-36-37 For instance, proteomic analysis showed that anti-PD-
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1 therapy induced neutrophil degranulation in pancreatic ADC** and
metastatic cutaneous melanoma.3” However, Kaisar-Iluz et al*® reported
that PD-L1 inhibitors decreased neutrophil degranulation in lung can-
cer models. These seemingly contradictory findings suggest that the im-
mune modulatory effect of neutrophil degranulation may vary among
different cancer types.

This study has several limitations. First, the number of PDX mod-
els used in the study was limited, necessitating further comprehen-
sive investigations in future studies. Second, the number of immune
cells in the PDX models was limited and reduced during tumor pro-
gression. This limitation hinders the understanding of the tumor im-
mune microenvironment posttreatment, complicating the investiga-
tion of immune-mediated antitumor mechanisms in the combination
immunotherapy.

In conclusion, our findings provide evidence of a synergistic anti-
tumor effect resulting from PD-1 and LAG-3 dual inhibitors in an SCC
PDX model. We also found that this effect may be correlated with a low
tumor heterogeneity score, upregulation of the MHC class I pathway,
and normalization of tumor angiogenesis by scRNA-seq analyses. These
important discoveries hold promise for refining the approach to select-
ing patients who may benefit from combined immunotherapy.
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Fig. 5. Combining PD-1 and LAG-3 inhibitors promotes the normalization of tumor angiogenesis. Angiogenesis-associated pathways were compared among the
PD-1 and LAG-3 dual inhibition and monotherapy treatment groups (A); expression of multiple pathways, including the JAK/STAT pathway and VEGF pathway,
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