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Anti PD-L1 immunotherapy alters
macrophage phenotypes via EGR1

and HSP90AB1 supported by
integrated methodologies
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Immune checkpoint inhibitors targeting programmed cell death ligand 1 (PD-L1) have transformed
cancer therapy but have been linked to increased cardiovascular risk, particularly atherosclerosis (AS).
This study hypothesized that anti-PD-L1 therapy promotes atherosclerosis progression by modulating
macrophage phenotypes and enhancing foam cell formation via gene-level changes. Single-cell RNA
sequencing (scRNA-seq) analysis of macrophages post-anti-PD-L1 immunotherapy was conducted
using the GSE169246 dataset. Differential expression, GO/KEGG enrichment, and transcription

factor analyses were performed. Cellular communication patterns were examined, and in vitro
validation included foam cell assays and protein-level assessments. Anti-PD-L1 treatment promoted
a shift toward pro-inflammatory M1 macrophages, increased foam cell formation, and upregulated
EGR1 and HSP90ABL1. These gene changes correlated with altered cellular interaction patterns,
particularly between macrophages and endothelial cells. PD-L1 inhibition reprograms macrophage
behavior through EGR1 and HSP90AB1-mediated pathways, driving M1 polarization and foam cell
development. These findings reveal a mechanistic link between immunotherapy and AS progression
and underscore the need for cardiovascular monitoring in patients undergoing PD-L1 blockade.
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Immune checkpoint inhibitors targeting programmed cell death ligand 1 (PD-L1) have markedly improved
survival across various cancers'—3. However, their benefits come with an increasing incidence of immune-related
adverse events, including cardiovascular complications*®. Notably, PD-L1 inhibitors have been implicated in
promoting inflammation and accelerating atherosclerosis (AS), potentially through heightened macrophage
activity®’.

Emerging evidence highlights that PD-L1 blockade intensifies immune responses within atherosclerotic
plaques, exacerbates necrotic core formation, and elevates the risk of acute coronary events®-!2. Despite these
observations, the precise mechanisms linking anti-PD-L1 therapy to AS progression remain incompletely
understood.

Macrophages are central to AS development, mediating inflammation, lipid uptake, and foam cell
formation'3-1°. The balance between pro-inflammatory M1 and anti-inflammatory M2 macrophages is
particularly critical'’~'°. Given the role of macrophages in both immune regulation and plaque evolution, we
hypothesized that PD-L1 inhibition disrupts this balance and promotes foam cell formation by modulating key
macrophage-associated genes.

To test this, we analyzed single-cell transcriptomic data from anti-PD-L1-treated models, identified key
regulatory genes including EGR1 and HSP90ABI, and validated their roles experimentally. Furthermore,
we explored intercellular signaling between macrophages and endothelial cells, offering a broader view of
PD-L1 inhibitor impact on the atherosclerotic microenvironment. This study aims to elucidate how PD-L1
immunotherapy may influence AS progression through macrophage reprogramming.
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Methods

Single-Cell sequencing data and analysis

For this study, we utilized scRNA-seq data of chemotherapy treated (CHEMO) and ANTI-PD-L1 + CHEMO
treated samples from the publicly available GSE169246 dataset?. Researchers of the dataset selected 489,490
high-quality cells and 22 blood samples from individuals with Triple-negative breast cancer (TNBC), with 11
receiving single-agent chemotherapy paclitaxel and 11 receiving a first-line treatment of paclitaxel in combination
with the PD-L1 inhibitor atezolizumab.

For 10X data, Cell Ranger 3.0.0 was used to quantify gene expression levels, identify T cell receptor (TCR
sequences), and quantify ATAC-seq peaks. The R package Seurat (v.4.3.0.1) was used to integrate all sample
data®!. Inadequate cells, defined as either those expressing genes detected in five or less cells, or expressing less
than 500 genes, were excluded from subsequent analysis. The integrated dataset resulted in a sparse matrix
containing 20,619 genes across 308,992 cells. A sparse matrix containing 308,992 cells was obtained after
filtering. The gene expression of all cells was normalized using a linear regression model, and the top 2,000
genes with highly variable features were selected. Principal component analysis was conducted on the single-cell
samples, and the top 20 principal components were chosen for subsequent analysis. The UMAP algorithm was
employed for global dimensionality reduction analysis®2.

The FindAllMarkers function was utilized for detecting changes in the gene expression of specific markers.
Markers for each cluster were computed based on the following criteria: logfc.threshold = 0.25, min.pct = 0.25,
only.pos = TRUE. To accurately identify cell types within GSE169246, cells were manually annotated as follows:
natural killer (NK) cells (GNLY, KLRB1), CD4* T cells (CD3D, CD3E, IL7R, CCR7), CD8* T cells (CD3D, CD3E,
CD8A, CD8B), B cells (CD79A, CD79B), monocytes (LYZ, VCAN, FCN1), M1 macrophages (NLRP3), M2
macrophages (S100A8, TGFB1), cDC2 (CD1C, FCER1A), pDC (GZMB, SCT), mast cells (CPA3), endothelial
cells (PECAM1), fibroblasts (ACTA2), plasmablasts (MZB1), platelets (PF4, NRGN). The FindMarkers function
in Seurat was employed for the differential gene expression analysis of macrophages, with parameters set as min.
pct = 0.1, logfc.threshold = 0.25, and the detection method as Wilcoxon. CellChat analysis was carried out by R
package ‘cellchat’ (version 1.6.1)%.

The likelihood ratio test was used to identify genes with differential expression in macrophages between the
CHEMO and ANTI-PD-L1 + CHEMO groups, with a p-value of 0.05 considered statistically significant. The
ClusterProfiler package (v4.8.1) was utilized to analyze significantly enriched Gene Ontology (GO) pathways
and Kyoto Encyclopedia of Genes and Genomes (KEGG) between the CHEMO and ANTI-PD-L1 + CHEMO
treatment groups, with gene identifiers plotted using the org.Hs.eg.db package?*~2°. The KEGG pathway analysis
related to this project was conducted under an authorized license (see Supplementary Materials for details), in
accordance with the guidelines described by Kanehisa et al.?".

A gene expression matrix averaging gene expression changes between the CHEMO and ANTI-PD-L1 +
CHEMO treatment groups was constructed, and 50 hallmark gene sets were retrieved using the gene set variation
analysis (GSVA) package (v1.48.1). Variations in enriched gene sets were assessed using standard settings; gene
sets with a p-value < 0.05 were considered significantly enriched. To conduct transcription factor analysis on
macrophage subtypes, we employed the Dorothea package (v1.12.0) to analyze the enrichment of transcription

factors in each cell and calculate their activity scores?.

Cell culture and cell model establishment

The human THP-1 monocyte cell line (SCSP-567) was purchased from the Chinese Academy of Sciences cell
bank (Shanghai, China) on February 23rd, 2023. (Ethics Statement is not applicable). Cells were cultured in
10% (v/v) fetal bovine serum (FBS; Sijiging Bioengineering Material Co., Ltd, Zhejiang, China) and RPMI 1640
medium (Gibco, Shanghai, China) in a humidified incubator with 5% CO, at 37 °C.

THP-1 cells were seeded at a density of 2 x 10° cells/well in a 24-well plate. Cells were incubated with 5 ng/
mL PMA for 24 h (Sigma-Aldrich, St. Louis, MO, USA), followed by a rest period in fresh medium for 72 h to
differentiate THP-1 cells into adherent THP-1- macrophages (M¢). Subsequent incubation with 20 ng/mL IL-4
for 48 h was performed to induce the differentiation of THP-1-Mg into THP-1-M22°. Foam cells were generated
by growing THP-1-M2 cells with 50 pg/mL ox-LDL (Yiyuan Biotech. Co. Ltd, Guangdong, China) for 24 h. Next,
1 uM BMS-1 (MedChemExpress, Monmouth Junction, NJ, USA), an inhibitor of PD-1/PD-L1 protein-protein
interaction, was added to cells cultured with ox-LDL for 24 h prior to subsequent downstream analyses.

Oil red O staining
Oil Red O staining was performed to assess lipid accumulation in macrophages, following the protocol
established in our previous work®.

Western blotting

Western blotting was performed as previously described by our laboratory® using the antibodies listed below:
anti-B-Actin (13E5) rabbit mAb (CST, MA, USA, #4970,1:1000 dilution), anti-human CD86 (Huabio, Hangzhou,
Zhejiang, China, ET1606-50, 1:1000 dilution), anti-human CD80 (Huabio, Hangzhou, Zhejiang, China, M1007-
10, 1:1000 dilution), anti-human CD206 (Huabio, Hangzhou, Zhejiang, China, ET1702-04, 1:1000 dilution),
Rabbit anti-human CD163 (abcam, MA, USA, ab182422, 1:1000 dilution), early growth response-1 (EGR-1)
Rabbit pAb (ABclone, MA, USA, A2722, 1:1000 dilution), and heat shock protein 90 kDa alpha family class B
member 1 (HSP90AB1) Polyclonal antibody (Proteintech, Wuhan, Hubei, China, 11405-1-AP, 1:1000 dilution).

Immunofluorescence analysis
After the treatments described above, macrophages were fixed with 4% paraformaldehyde for 15 min and washed
with 0.05% Tween-20 1 x PBS three times. Nonspecific binding was blocked with 10% normal goat serum at room
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temperature for 30 min. Overnight incubation with mouse anti-human CD86 (Huabio, Hangzhou, Zhejiang,
China, ET1606-50, 1:500 dilution), and mouse anti-human CD206 (Huabio, Hangzhou, Zhejiang, China,
ET1702-04, 1:200 dilution) at 4 °C was performed and washed with 0.05% Tween-20 PBS three times. Prior to
anti-iNOS antibody incubation, 0.25% Triton X-100 was used for 20 min at room temperature. Samples were
incubated with appropriate secondary antibodies (FITC-conjugated goat anti-rabbit-IgG secondary antibody;
Zhongshanjingiao, 1:200) for 2 h at room temperature protected from light. Plates were washed and incubated
with DAPI as a nuclear stain. Finally, the plates were observed under a fluorescence microscope (Olympus,
Tokyo, Japan) and analyzed using Image J software (NIH, Bethesda, Maryland) as previously described by our
laboratory*.

Statistical analysis

All data are expressed as mean + SEM unless otherwise noted. In total, four groups of samples were prepared,
and two-way analysis of variance was used to establish statistical significance. GraphPad Prism 9 software was
used to conduct all statistical analyses (GraphPad, USA). All experiments were performed independently in
triplicate.

Results

Quality control of single-cell RNA sequencing and cell- specific classification based on
characteristic gene expression

By utilizing scRNA-seq, we successfully identified fourteen distinct cell types using the markers described in the
methods (Fig. 1A). First, our quality control analysis unveiled 308,992 cells expressing a total of 20,619 genes.
Subsequently, the Uniform Manifold Approximation and Projection (UMAP) algorithm was applied to classify
these cell types based on their unique gene expression profiles (Fig. 1B). Following this, the expression levels of
marker genes specific to each cell cluster were examined, culminating in the creation of a heatmap illustrating the
expression patterns of these genes across the clusters (Fig. 1C, D). Quality control and classification of scRNA-
seq data led to the identification of 14 distinct cell types using characteristic gene markers, followed by UMAP-
based classification and heatmap visualization of cell-specific marker gene expression patterns across clusters.

Circulating macrophage responses following anti-PD-L1 immunotherapy treatment

are centered on pathways associated with immune responses, signaling cascades, and
metabolic regulation

Utilizing scRNA-seq, we conducted GO, KEGG, and GSVA analyses to investigate the impact and directional
influence of anti-PD-L1 immunotherapy treatment on macrophages. The top 10 GO-biological process items
were as follows: cytoplasmic translation, response to virus, cell activation involved in immune response, leukocyte
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Fig. 1. Identification of 14 cell types was achieved through single-cell RNA sequencing (scRNA-seq). (A)
Quality control revealed a total of 308,992 cells expressing 20,619 genes. (B) Fourteen cell types were classified
using the Uniform Manifold Approximation and Projection (UMAP) algorithm, based on their characteristic
gene expression profiles. The expression levels of marker genes for each cell cluster were analyzed (C), leading
to the generation of a heatmap (D) reflecting the expression levels of the marker genes within each cluster.
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activation involved in immune response, positive regulation of cytokine production, positive regulation of
defense response, viral process, antigen processing and presentation, and positive regulation of leukocyte
activation (Fig. 2A). The top 10 KEGG pathways were as follows: coronavirus disease- COVID-19, Fluid shear
stress and AS, Leishmaniasis, Leukocyte trans-endothelial migration, pertussis, osteoclast differentiation,
oxytocin signaling pathway, cellular senescence, Epstein-Barr virus infection, and the Rap1 signaling pathway
(Fig. 2B). Thus, following anti-PD-L1 immunotherapy, circulating macrophages engage in various pathways and
critical processes associated with the immune response, viral clearance, vascular health, infectious diseases, and
cellular activation.

The top 10 GSVA pathways were as follows: interferon alpha response, phosphatidylinositol 3-kinase (PI3K)
-protein kinase B (Akt) - mammalian target of Rapamycin (MTOR) signaling, apical surface, interferon gamma
response, pancreatic beta cells, gap 2/mitosis phase (G2/M) DNA damage checkpoint, cholesterol homeostasis,
notch signaling, and bile acid metabolism (Fig. 2C). The highest activity scores of transcription factor activity
were regulatory factor X5 (RFX5), activating transcription factor 6 (ATF6), and homeobox B13 (HOXB13)
(Fig. 2D). These results suggest the involvement of circulating macrophages in pathways related to immune
responses, cell signaling, cellular processes, and metabolism following anti-PD-L1 immunotherapy treatment.
In summary, circulating macrophage responses post anti-PD-L1 immunotherapy treatment primarily center on
immune responses, signaling cascades, and metabolic regulation.

Cell chat responses to anti-PD-L1 immunotherapy: focusing on ECs and macrophages
CellChat analysis was performed using the R package ‘CellChat’ (version 1.6.1)*° to investigate the impact of
anti-PD-L1 immunotherapy on the crosstalk between macrophages and ECs during AS.

Compared to the CHEMO therapy group, patients receiving ANTI-PD-L1 + CHEMO treatment showed
an increase in both the total number and intensity of cell interactions (Fig. 3A). Specifically, interactions
between myeloid cells and fibroblasts, were more pronounced in the ANTI-PD-L1 + CHEMO therapy group,
and involved monocytes, cDC2, pDC, M1, fibroblasts, and platelets (Fig. 3B). In contrast, communication with
CD4* T cells was reduced (Fig. 3B). Subsequently, a total of 17 activated signaling pathways were analyzed
and identified in the ANTI-PD-L1 + CHEMO therapy group, with 16 pathways shared between both groups
and the TNF signaling pathway uniquely activated in the combination therapy group (Fig. 3C). Comparison
of the strength of all incoming signaling patterns in each cell type between the two patient groups revealed
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Fig. 2. Analysis of circulating macrophage enrichment and transcription factor activity in the chemotherapy
(CHEMO) group and the group receiving chemotherapy in combination with a PD-L1 inhibitor (ANTI-
PD-L1+ CHEMO) therapy. (A) GO enrichment analysis of differentially expressed genes in macrophages

between the CHEMO group and ANTI-PD-L1 + CHEMO group. (B) KEGG enrichment analysis of

differentially expressed genes in macrophages between the CHEMO group and ANTI-PD-L1 + CHEMO group.
(C) GSVA enrichment analysis of differentially expressed genes in macrophages between the CHEMO group
and ANTI-PD-L1+ CHEMO group. (D) Heatmap depicting transcription factor enrichment in macrophage

subsets in both groups.
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Fig. 3. Comparison of cellular communication patterns between chemotherapy (CHEMO) patients and those
receiving combination therapy with PD-L1 inhibitors (ANTI-PD-L1+ CHEMO). (A) Histograms depicting the
quantity and strength of cell-to-cell communication in the CHEMO and ANTI-PD-L1 + CHEMO groups. (B)
Variances in the quantity and strength of cell communication across different cell types between CHEMO and
ANTI-PD-L1+ CHEMO treated patients. (C) Disparities in the number and strength of signaling pathways
between the CHEMO and ANTI-PD-L1+CHEMO groups. (D) Heatmap comparing cell-incoming signaling
patterns between CHEMO and ANTI-PD-L1 + CHEMO treated patients. (E) Scatter plot analysis of receptor-
ligand pairs from endothelial cells, M1 macrophages, and M2 macrophages between both groups.

that the TNF signaling pathway was predominantly received by ECs, M1 macrophages, and M2 macrophages
in the ANTI-PD-L1 + CHEMO therapy group (Fig. 3D). These findings were consistent with the pathological
processes of AS, where the phenotypic changes of ECs and macrophages are directly linked'®. Based on these
data, an analysis was conducted on all cell communication signaling pathway-related receptor-ligand pairs
from these three cell sources, revealing predominant signaling through the TNF superfamily (TNFS) 13B-TNF
receptor superfamily (TNFSF) 17 (TNFSF13B-TNFRSF17), TNFSF13B-TNFRSF13B, TNFSF13-TNFRSF17,
and TNFSF13-TNFRSF13B networks (Fig. 3E). These data confirmed the involvement of the TNF pathway in
mediating interactions between ECs and macrophages.

In summary, these findings indicate that cellular communication-based combination therapy promoted cell-
cell interactions between circulating macrophages and ECs.

EGR1 and HSP90ABL1 are upregulated in Circulating macrophages post anti-PD-L1
immunotherapy

We investigated the impact of anti-PD-L1+ CHEMO treatment on the proportion of M1 and M2 macrophage
subsets and associated changes in gene expression. The proportion of M1 and M2 macrophage clusters
relative to the total clustered cells was analyzed. Following anti-PD-L1+CHEMO treatment, an increase in
M1 macrophages and a decrease in M2 macrophages was observed (Fig. 4A). This suggested an increase in
inflammatory macrophages. However, the distinction between M1 and M2 was not absolute. Therefore, we
proceeded to further study gene expression changes. In response to the changes in M1 and M2 phenotypes,
EGR1 and HSP90AB1 emerged as the most significantly upregulated genes (Fig. 4B, C).
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Fig. 4. Anti-PD-L1 immunotherapy drives foam cell formation through EGR1 and HSP90AB1. EGR1 and
HSP90ABI were key genes responsible for circulating macrophage phenotypes in in the CHEMO and ANTI-
PD-L1+ CHEMO groups. (A) The percentage of M1 and M2 macrophage clustering relative to all clustered
cells was compared. (B) A violin plot was utilized to display the standardized expression levels of EGR1

and HSP90ABI1 in macrophage clusters between both groups. (C) A volcano plot was used to visualize the
differential gene expression of macrophage clusters in the CHEMO group and ANTI-PD-L1+CHEMO group,
where red indicates upregulated genes and blue indicates downregulated genes. (D) Western blots indicating
total EGR1, HSP90ABI, and B-Actin levels in whole cell lysates. (E) Quantification of EGR1 protein levels
from panel (D). *** denotes p-value <0.001, ** denotes p-value <0.01 by Two-way ANOVA (n =4, > 1000 cells
per trial). (F) Quantification of HSP90ABI protein levels from panel (D). ***denotes p-value <0.01, * denotes
p-value <0.05 by Two-way ANOVA (n=4, >1000 cells per trial).

Additionally, it is possible that EGR1 specifically interacts with PD-L1. Activation of EGR1 has been shown
to increase the expression of PD-L1%!, while nuclear translocation of PD-L1 can activate EGR1 and promote
angiogenesis®2. The expression of EGR1 following anti-PD-L1 immunotherapy remains unclear. Furthermore,
there is also a potential interaction between HSP90 and PD-L1. For example, an upregulation in PD-L1 expression
was observed in tumor tissues after use of inhibitors targeting HSP90 and Caspase-9°*. Previous research has
demonstrated that inhibiting HSP90 leads to alterations in the surface expression of PD-L13%. However, the
expression of HSP90 following anti-PD-L1 immunotherapy remains uncertain. To confirm these findings in
our study, THP-1 cells were differentiated into M2 macrophages (referred to as THP-1-M2 cells), exposed to 50
pg/mL ox-LDL and/or 1 uM BMS-1, and then analyzed by western blotting. Our study revealed elevated levels
of EGRI and HSP90 protein after treatment with anti-PD-L1 immunotherapy (Fig. 4D-F). In conclusion, these
data indicate that anti-PD-L1 + CHEMO treatment leads to an increase in inflammatory M1 macrophages, a
decrease in M2 macrophages, and increased expression of EGR1 and HSP90ABI.

Anti-PD-L1 immunotherapy drives foam cell formation and alters macrophage phenotypes
Our data to this point indicated that anti-PD-L1 + CHEMO treatment resulted in an increase in M1 macrophages
and a decrease in M2 macrophages, with BMS-1 and ox-LDL influencing macrophage polarization and lipid
accumulation, suggesting a dynamic interplay between these factors in modulating macrophage phenotypes
(Fig. 4). To confirm these findings, 50 ug/mL ox-LDL and/or 1 uM BMS-1 were used to treat THP-1-M2 cells
and simulate AS. Interestingly, the lipid deposition area of the ox-LDL group, the BMS-1 group, and the ox-
LDL+BMS-1 group were all increased compared to the control group, indicating an accumulation of lipid
droplets within treated cells (Fig. 5A and C). The protein levels (Fig. 5B, F, and G) and immunocytochemistry
staining areas (Fig. 6A-C) of CD86 and CD206 decreased under ox-LDL and/or BMS-1 intervention, while there
was no significant difference in the total levels of CD163 and CD80 (Fig. 5B, D, and E). These data suggest that
ox-LDL and BMS-1 both play a role in promoting the formation of M1 macrophages and increasing intracellular
lipid droplets in macrophages. These trends were accompanied by a decrease in CD86-positive and CD206-
positive cells, providing additional evidence that the distinction between M1 and M2 macrophages was not
absolute.

Discussion

In this study, we examined alterations in macrophages following anti-PD-L1 immunotherapy utilizing
comprehensive scCRNA-seq data. These alterations were likely a result of the involvement of two upregulated
genes, EGR1 and HSP90ABI, which exhibited a synergistic effect on the expression patterns and polarization
of M1 macrophages®>°. We recapitulated the effects of anti-PD-L1 immunotherapy on macrophages in in vitro
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Fig. 5. BMS-1 plays a crucial role in driving foam cell formation and inducing changes in macrophage
phenotypes, particularly affecting CD206 and CD86 expression. (A) The area of Oil Red O staining was
quantified in THP-1 cells after 24 h of treatment with or without 50 ug/mL ox-LDL or 1 uM BMS-1. Scale bar:
50 pm. (B) Western blots indicating total CD206, CD86, CD80, CD163, and p-Actin levels in whole cell lysates.
(C) Quantification of lipid staining area from panel (A). **** denotes p-value <0.0001 by Two-way ANOVA
(n=7,>1000 cells per trial). (D-G) Quantification of CD163, CD80, CD86, and CD206 protein levels from
panel (B). **** denotes p-value <0.0001, ** denotes p-value <0.01 by Two-way ANOVA (n=7, > 1000 cells per
trial).

studies and demonstrated their potential to induce macrophage foaming and phenotypic changes, albeit not
entirely aligning with the conventional M1 and M2 classification criteria. This study supports our previous
hypothesis that PD-L1 inhibitors modulate macrophage phenotypes and foam cell formation by targeting
specific genes. The aim of this study was to explore the association between anti-PD-L1 immunotherapy and AS,
providing further insights for the clinical application of anti-PD-L1 immunotherapy.

Through rigorous quality control screening of the scRNA-seq data, we investigated the expression levels of
specific marker genes within each cell cluster. The subsequent top 10 GO-BP analyses predominantly focused on
the immune response against viruses, encompassing processes such as antigen processing and presentation, as
well as leukocyte activation involved in immune response. In KEGG pathway analysis, a similar trend emerged,
highlighting immune pathways associated with various viruses including COVID-19, pertussis, and Epstein-Barr
virus. We speculate that this pattern may be attributed to sample collection during the peak of the COVID-19
pandemic, potentially influencing potential viral effects on our study outcomes. However, a unique pathway,
“Fluid shear stress and atherosclerosis,” was identified. This finding was corroborated by GSVA analysis, where
pathways such as PI3K-AKT-MTOR signaling, interferon gamma response, and cholesterol homeostasis showed
relevance to AS*’-3°. In subsequent studies, the transcription factors RFX5, ATF6, and HOXB13 were found to be
associated with macrophage phenotype alterations**~*2. Thus, we hypothesized that anti-PD-L1 immunotherapy
may exert a beneficial effect on AS by modulating macrophage phenotypes through engagement in immune
processes.

Cellular communication-based combination therapy plays a pivotal role in enhancing cell-cell interactions
between circulating macrophages (M1 and M2) and ECs, potentially influencing the stability of AS plaques in
human arteries through the modulation of macrophage phenotypes. The polarization of macrophage phenotypes
can influence the stability of atherosclerotic plaques in human arteries'®. Macrophages are commonly classified
as M1, M2, Mox (oxidized phospholipid induced macrophages), or Mhem (heme induced macrophages), and
are characterized based on a limited set of markers'®. In murine AS, scRNA-Seq has been utilized to categorize
aortic macrophages from inflammatory macrophages, resident-like macrophages (Res-like), and triggered
receptor expressed on myeloid cells (TREM2hi) macrophages*®. Foam cells, which are critical to the development
and extension of necrotic cores in atherosclerotic plaques, are formed when ox-LDL is recognized and taken
up by scavenger receptor- expressing macrophages®. Through the phagocytosis of ox-LDL in AS, monocytes
accumulate under vascular ECs and differentiate into macrophages (Qin 2012).

To determine changes in the proportion of macrophage populations following anti-PD-L1 immunotherapy,
we assessed changes in macrophage phenotypes and observed a significant increase in M1 macrophages and
a relative decrease in M2 macrophages. Atherogenesis has been linked to the generation of unstable plaques,
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primarily influenced by M1 macrophages, whereas M2 macrophages are associated with the formation of stable
plaques*. Therefore, we utilized a foam cell model in conjunction with the PD-L1 inhibitor BMS-1 to evaluate
the lipid phagocytosis area of macrophages and macrophage markers in vitro. The area of lipid phagocytosis
by macrophages increased significantly with BMS-1 and/or ox-LDL treatment. These data suggests that PD-L1
inhibitor treatment may stimulate foam cell formation. While CD86 and CD206 were notably suppressed, there
was no significant change in the levels of CD163 and CD80, highlighting the boundaries between M1 and M2 are
not absolute. Validation of CD86 and CD206 expression profiles was obtained through immunofluorescence-
based assays.

Although CD86 and CD206 are classical markers of M1 and M2 macrophages respectively, recent studies
have shown that during foam cell formation, especially under prolonged ox-LDL exposure or metabolic
reprogramming, canonical markers can be significantly downregulated. Nogie¢ et al. demonstrated that human
macrophages undergoing foam transformation after chronic ox-LDL stimulation exhibit reduced expression
of typical surface markers and adopt a distinct, metabolically altered phenotype®. Similarly, macrophage
phenotypes in atherosclerotic plaques span a broad spectrum, and foam cells may no longer express either M1-
or M2-defining markers, consistent with our observation of concurrent CD86 and CD206 suppression®®*’. This
pattern may reflect a non-classical polarization state triggered by BMS-1-induced immunometabolic changes.

Ox-LDL can have stimulatory effects on macrophages, thus enhancing their ability to phagocytose lipids*.
However, the degree of foam formation when ox-LDL was used in combination with the PD-L1 inhibitor was not
higher than when cells were treated with BMS-1 alone, making it challenging to speculate on the role of ox-LDL
in macrophage function after immunotherapy treatment. PD-L1 inhibitor treatment alone does not inherently
contain lipid components. Therefore, we speculated that BMS-1 may promote lipid synthesis in macrophages via
use of glucose in the culture medium.

In subsequent studies, we found that EGR1 and HSP90AB1 emerged as the most significantly upregulated
genes. EGR1 has been confirmed to play a critical role in macrophage polarization and AS and is involved
in regulating biological processes such as inflammation, cell proliferation, and apoptosis*>*°. Upregulation of
the proatherogenic transcription factor EGR1 may closely link to the activation of vascular ECs, inflammatory
responses, and upregulation of cholesterol metabolism®®. Research has been conducted to demonstrate that
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inhibiting HSP90 leads to alterations in the surface expression of PD-L13%. Inhibition of HSP90 has been shown
to effectively reduce inflammation levels and alleviate the severity of AS progression®!. Previous studies have
also demonstrated that inhibiting the activity of HSP90ABI1 can lead to reduced M1 activation, while increased
activity of HSP90OABI can result in enhanced M1 activation®. These findings highlight the potential implications
of targeting EGR1 and HSP90AB1 in modulating inflammatory responses and AS progression.

Our findings raise important clinical considerations regarding the cardiovascular safety of anti-PD-L1
immunotherapy. As immune checkpoint inhibitors are increasingly used in long-term cancer management,
understanding their effects on non-malignant immune processes becomes critical. This study reveals that PD-
L1 blockade may reprogram macrophages toward a pro-inflammatory M1-like phenotype and enhance foam
cell formation, thereby potentially contributing to atherosclerotic plaque instability. Given the widespread use
of anti-PD-L1 agents like atezolizumab in solid tumors, including breast, lung, and urothelial cancers, these
immunomodulatory effects on macrophages may have unanticipated consequences for patients with pre-
existing cardiovascular risk factors. Our results therefore underscore the need for cardiovascular monitoring in
cancer patients undergoing PD-L1-targeted therapies, particularly in those with known or suspected subclinical
atherosclerosis. In addition, EGR1 and HSP90AB1 may serve as molecular markers or therapeutic targets for
mitigating cardiovascular risk associated with checkpoint inhibitor use.

Currently used checkpoint inhibitors for patients (anti-CTLA-4, anti-LAG3, anti-PD-1 antibodies) have
also been reported to promote the progression of AS. For example, mice treated with a combination of anti-
CTLA-4 and anti-PD-1 showed higher endothelial activation compared to control mice, with the aortic arch
containing more pathological intimal thickening and AS plaques®. Plasma levels of LAG3 serve as a potential
novel independent predictive factor for coronary heart disease risk®2. Further, deficiency or blockade of LAG3
promotes activation and recruitment of T cells to atherosclerotic plaques, and the combined blockade of LAG3
and PD-1 has an additive effect on T cell activation®. Although LAG3 deficiency or blockade does not affect
the size of atherosclerotic lesions, increased T cell activation and infiltration suggest plaque inflammation and
AS risk>.

Despite these insights, several limitations should be acknowledged. First, the scRNA-seq dataset was derived
from patients with TNBC, which may bias the sample toward female patients and limit the generalizability
of our findings across genders. Second, we sourced 22 peripheral blood samples from TNBC patients treated
with paclitaxel, either alone or in combination with atezolizumab (anti-PD-L1), from the publicly available
dataset GSE169246. Metadata analysis revealed variation in treatment timing (pre- versus post-therapy) and
individual immune profiles, such as baseline B-cell levels and CXCL13* T-cell enrichment, which may influence
macrophage gene expression patterns and cell proportions. Although demographic annotations (e.g., age, sex,
and prior treatments) were limited in the dataset, these inter-sample differences represent potential confounders
that could impact the interpretation of macrophage dynamics and pathway enrichment results. Third, although
we observed altered expression of key genes and changes in macrophage polarization, the functional validation
of EGR1 and HSP90ABI remains incomplete and warrants further investigation in in vivo AS models.
Fourth, the classification of macrophage subtypes in this study was limited to established markers and may
not fully capture the spectrum of macrophage heterogeneity observed in AS. In addition, although foam cell
formation was assessed in vitro, the study could not definitively establish whether these changes translate to
plaque formation or progression in vivo. Finally, the presence of underlying AS in the original patient cohort
was not confirmed, limiting our ability to directly associate the observed molecular alterations with clinical
cardiovascular outcomes. Future studies should address these limitations through longitudinal clinical cohort
analyses and mechanistic investigations in AS-prone animal models.

Conclusions

In this study, we conducted single-cell analysis on samples from patients receiving anti-PD-L1 immunotherapy.
The cells were annotated and grouped by cell type, and key differentially expressed genes were identified
via subsequent GO, KEGG, GSVA, and transcription factor analyses. We then performed intercellular
communication analysis, elucidating a strong interaction between macrophages and ECs. Subsequently, we
examined and validated a role for the two genes most relevant to AS in the single-cell analysis, EGR1 and
HSP90ABI, through in vitro cell experiments, further confirming their consistent high expression trends.
Finally, exploration of macrophage phenotypes post Anti-PD-L1 immunotherapy revealed high expression of
CD86 and CD206. In conclusion, Anti-PD-L1 immunotherapy potentially promotes AS progression by altering
macrophage phenotypes, targeting EGR1 and HSP90AB1, and participating in macrophage foam formation.
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