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A B S T R A C T

Objective: Though an increased risk of atherosclerosis is associated with anti-CTLA-4 antibody
therapy, the underlying mechanisms remain unclear.
Methods: C57BL/6 mice were treated with anti-cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) antibody twice a week for 4 weeks, after being injected with AAV8-PCSK9 and fed a
Paigen diet (PD). The proportion of aortic plaque and lipid accumulation were assessed using Oil
Red O staining, while the morphology of atherosclerotic lesions was analyzed with hematoxylin
and eosin staining. Collagen content was evaluated through Picrosirius Red (PSR) staining, while
inflammatory cell infiltration was examined with immunofluorescence staining. CD4+ T cells
secreting IFN-γ and IL-4, which represent Th1 and Th2 cells respectively, were detected by flow
cytometry and real-time PCR. Protein levels of p-IκBα, IκBα, p-p65, and p65 were determined by
Western blot.
Results: Inhibiting CTLA-4 exacerbated PD-induced plaque progression and promoted CD4+ T cell
infiltration in the aortic root. The anti-CTLA-4 antibody promoted CD4+ T cell differentiation
toward the Th1 type, as indicated by an increase in the Th1/Th2 ratio. Compared to the anti-IgG
group, treatment with anti-CTLA-4 antibody significantly elevated the protein levels of p-IκBα and
p-p65, as well as the mRNA levels of TNF-α, IL-6, ICAM-1, and VCAM-1. Inhibiting the NF-κB
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signaling pathway attenuated the overall pathological phenotype induced by the anti-CTLA-4
antibody treatment.
Conclusion: Anti-CTLA-4 treatment promotes the progression of atherosclerosis by activating NF-
κB signaling and modulating the Th1/Th2 balance. Our results provide a rationale for preventing
and/or treating atherosclerosis accelerated by anti-CTLA-4 antibody therapy in cancer patients.

1. Introduction

Atherosclerosis is primarily driven by lipid deposition, which typically leads to plaque formation in large andmedium-sized arteries
[1,2]. Atherosclerosis is also a chronic inflammatory disease involving the immune system [3] and is a leading cause of death and
disability worldwide [4–7]. Accumulated risk factors for atherosclerosis, including abnormal lipid metabolism, oxidative stress,
decreased hydration, and inflammation, eventually lead to the disordered function of vascular cells and immune cells [8,9]. In the
atherosclerotic inflammatory milieu, T cells are recruited by adhesion molecules and chemokines within lesions, where they produce
proatherogenic mediators and initiate a cascade of inflammatory signaling pathways [10]. Immune checkpoint inhibitors (ICIs), such
as programmed cell death protein 1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), are monoclonal antibodies that reinforce T-cell-mediated immune responses by blocking coinhibitory T-cell receptors and
are approved for certain indications [11]. The potential for ICIs to accelerate the progression of atherosclerosis is strongly supported by
clinical trials and animal models [12–15], and these immune checkpoints were shown to be critical negative regulators of athero-
sclerosis. The largest single-center study revealed that the use of ICIs was linked to an increase in the risk of composite cardiovascular
events, myocardial infarction, coronary revascularization, and stroke [12]. Transgenic mice with constitutive CTLA-4 overexpression
exhibited smaller atherosclerotic lesions at the aortic root and reduced infiltration of macrophages and CD4+ T cells in plaques [14]. In
addition, treatment with abatacept, a soluble CTLA-4 Ig fusion protein, reduced atherosclerosis in ApoE3-Leiden mice by preventing
the activation of CD4+ T cells [15]. Antibody-mediated inhibition of CTLA-4 accelerated the progression of atherosclerosis in LDLr− /−

mice by inducing T-cell-driven inflammation and resulted in a 2-fold increase in the plaque area, larger necrotic cores and less collagen
[13]. However, further studies are needed to identify the specific T-cell subtypes that are critical for the acceleration of atherosclerosis
induced by anti-CTLA-4 antibody treatment.

Single-cell data from human atherosclerotic plaques and peripheral blood mononuclear cells (PBMCs) showed that the majority of
CD4+ T cells in the plaque were effector T cells (Teffs) [16]. The dominant Teffs in plaques were CD4+ Th1 cells, which produce the
cytokines IFN-γ, IL-12, and TNF-α. These cells activate macrophages and monocytes and increase the expression of matrix metal-
loproteinases (MMPs), resulting in thinning of the fibrous cap and an increased risk of plaque rupture [17,18]. Th2 cells, which are
found in plaques in lower numbers, are considered protective, and the cytokine IL-4 they secrete produces complex effects [19]. It is
commonly accepted that the classic Th1/Th2 paradigm is a key factor contributing to many inflammatory diseases, including
atherosclerosis [20,21], asthma [22], and acute coronary syndrome [23,24]. Despite these previous studies, whether anti-CTLA-4
antibodies exacerbate atherosclerosis by regulating the Th1/Th2 ratio has not been fully elucidated.

Activation of the NF-κB signaling pathway plays a crucial role in the response to various external stimuli, such as inflammation, the
immune response, cell proliferation, differentiation, and survival [25]. The transcription factor NF-κB has been associated with various
inflammatory conditions, including atherosclerosis. NF-κB activation-mediated signaling has been observed at various points in the
progression of atherosclerosis, from the formation of plaques to their destabilization and rupture [26]. Moreover, inhibition of the
inflammatory activity of NF-κB could limit atherosclerotic plaque progression in mice [27]. In addition, several studies have described
a role for NF-κB in Th1 cell differentiation. Th1 responses were significantly impaired due to a decrease in NF-κB activation in
transgenic mice expressing a nondegradable form of IκB specifically in T cells [28]. However, the role of the NF-κB signaling pathway
in atherosclerotic progression caused by anti-CTLA-4 antibodies is currently unknown.

In the present study, we showed that anti-CTLA-4 antibody treatment induced an imbalance in Th1 and Th2 cells, which was
responsible at least in part for the anti-CTLA-4-mediated acceleration of T-cell activation and atherosclerosis in hyperlipidemic mice.
Treatment with NF-κB inhibitors ameliorated anti-CTLA-4 antibody-induced atherosclerotic lesion formation and reversed the in-
duction of T-cell differentiation to Th1 cells in adeno-associated virus-8-mediated overexpression of proprotein convertase subtilisin/
kexin type 9 (AAV8-PCSK9) injected C57BL/6 mice fed a Paigen diet (PD). Gaining insight into the underlying mechanisms responsible
for anti-CTLA-4 antibody-mediated promotion of atherosclerosis may facilitate the identification of specific therapeutic targets.

2. Material and methods

2.1. Animal models and experimental design

Male C57BL/6 mice (18–20 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and bred
at the Animal Centre of the Second Affiliated Hospital of Harbin Medical University. The mice were housed in sterilized filter-top cages
and given free access to food and water with 12-h light/dark cycles.

To establish the atherosclerosis model, the six-week-old mice were injected with AAV8-PCSK9 (5 × 1011 viral particles/mL, WZ
Biosciences, Inc.) via the tail vein and fed a sterilized PD containing 40 kcal% fat, 1.25 % cholesterol, and 0.5 % cholic acid (D12109C,
Research Diets) for 16 weeks. After 12 weeks of feeding, the mice were randomly treated with the anti-CTLA-4 antibody (BE0032,
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BioXcell) or an isotype control IgG2a antibody (BE0089, BioXcell) via intraperitoneal injection twice weekly for 4 consecutive weeks,
as shown in Fig. S1A. Based on the doses reported in previous clinical trials and experiments conducted on mice, we administered a
clinically relevant dose of 10 mg kg− 1 of anti-mouse CTLA-4 antibody in this study [29–31].

For the NF-κB inhibitor experiment, after the induction of atherosclerosis at 12 weeks, hyperlipidemic mice were randomly injected
with 0.1 mg/kg/dMG132 (474790, Sigma-Aldrich) for 4 consecutive weeks or 5 mg kg− 1 BAY11-7082 (S2913, Selleck) three times per
week for 4 weeks, as shown in Fig. S1A [32]. MG132 was dissolved in 0.2 % DMSO and diluted with saline for injection, and
BAY11-7082 was dissolved in 10 % DMSO, 40 % PEG300, 5 % Tween 80, and 45 % ddH2O for use.

2.2. Blood lipid index

Plasma total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein
cholesterol (HDL-C) levels were determined by commercial kits according to the manufacturer’s instructions (Nan Jing Jian Cheng
Biotech Co., Ltd.). Standard curves were created using the Curve Expert 1.3 software program.

2.3. Quantification of atherosclerosis

Mouse hearts were perfused with 10 mL of PBS. The whole aorta was dissected from the heart to the iliac bifurcation, and the
adventitial tissue was carefully cleaned under a dissecting microscope. After fixation in 4 % paraformaldehyde (C104190, Aladdin) for
24 h, the aorta was dehydrated with 60 % isopropanol for 5 min, stained with 0.5 % Oil red O (ORO, O1391, Sigma-Aldrich) solution
for 2 h and then destained in 70 %methanol for 5 min. The ORO area was quantified in sections using ImageJ software and reported as
the lesion area.

Samples of the aortic root and coronary artery were preserved in OCT (4583, Sakura) and quickly frozen on dry ice. For Oil Red O
staining, 8-μm-thick frozen sections were prepared and stained with freshly diluted Oil Red O staining solution for 10 min. After
washed with 70 % ethanol, the sections were re-stained by Mayer hematoxylin for 4 min. The images were captured using a BX53
upright microscope (Olympus, Tokyo, Japan) and analyzed by Image J software.

2.4. Immunofluorescence analysis

Cryo-sections of the heart (8 μm thick) were subjected to immunofluorescence staining as previously described [33]. The slides
were permeabilized with 0.2 % Triton X-100 for 10 min and washed with PBS containing 0.1 % (v/v) Tween 20 (PBS-T). After being
blocked with 1 % BSA (4240, BioFroxx) for 30 min at room temperature (22-24 ◦C), the sections were incubated overnight at 4 ◦C with
antibodies against CD4 (1:100, 14-9766-82, Thermo Fisher), anti-CD68 (1:100, 14-0681-82, Thermo Fisher), anti-IFN-γ antibody
(1:100, PA5-95560, Invitrogen), anti-IL-4 polyclonal antibody (1:100, CSB-PA011659YA01HU, CUSABIO) and α-SMA (1:400, F3777,
Sigma-Aldrich) diluted in PBS supplemented with 1% BSA. The slides were incubated with Cy3-conjugated donkey anti-rat IgG (1:500,
712-166-153, Jackson ImmunoResearch) and Alexa Fluor 488-conjugated donkey anti-rabbit (1:500, 711-546-152, Jackson Immu-
noResearch) for 1 h. The cell nuclei were counterstained with DAPI (1:1000, D1306, Invitrogen). The slides were imaged using a
confocal microscope (Olympus Fluoview 1200, Japan). Quantitative analysis of sample images was performed using ImageJ software.

2.5. Histological analysis

The hearts were collected and perfused with 10 mL of PBS through the aortic arch puncture. They were fixed in 4 % para-
formaldehyde for 48 h, dehydrated with graded ethanol and then subjected to paraffin embedding. Heart sections with a thickness of
3.5 μm were cut until the aortic root and coronary artery were located. These sections were deparaffinized in dimethylbenzene three
times and subsequently rehydrated in 100 %, 95 %, 80 %, and 70 % ethanol, respectively. Hematoxylin-eosin (H&E) staining were
performed according to the manufacturer’s protocols of the H&E buffer (BA4027, Baso). For Picrosirius Red staining (PSR), depar-
affinized sections were incubated in 0.2 % phosphomolybdic acid hydrate for 5 min, 0.1 % Sirius red solution (H26357, Head
Biotechnology Co., Ltd.) for 60 min at room temperature and rinsed with hydrochloric acid (0.01 N) for 2 min. The slides were then
mounted by coverslip using neutral gum (Biosharp, BL704A). The images were captured using a BX53 upright microscope (Olympus,
Tokyo, Japan) and analyzed by Image J software. The plaque stability score was calculated as follows: (α-SMA-positive area +

collagen-positive area)/(ORO area + CD68-positive area) [34,35].

2.6. Flow cytometry

One hundredmicroliters of mouse peripheral blood were collected in isotonic RPMI 1640 complete culture medium (R8758, Sigma-
Aldrich) and stimulated with 2 μL of leukocyte activation cocktail (550583, BD Biosciences) in 5 % CO2 at 37 ◦C for 4 h. Then, the cells
were treated with anti-mouse CD3 (APC-Cy7-CD3, 1:200, 557596, BD Biosciences) and anti-mouse CD4 (BV510-CD4, 1:200, 563106,
BD Biosciences) for 30 min and lysed in red blood cell lysis solution (130-094-183, Miltenyi Biotec) for 10min. After being treated with
fixation/permeabilization concentrate at room temperature for 1 h, total T lymphocytes were further stained with anti-mouse IFN-γ
(FITC-IFN-γ, 1:100, 554411, BD Biosciences) and anti-mouse IL-4 (PE-IL-4, 1:100, 554435, BD Biosciences) for 30min. Isotype controls
were used for compensation and to confirm antibody specificity. Th1 cells were defined as CD4+IFN-γ+ cells, and Th2 cells were
defined as CD4+IL-4+ cells. Data were acquired on a BD FACSCanto II and the flow cytometry data were analyzed using FlowJo
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software.

2.7. Western blotting

Total protein was extracted from the mouse aortas (frozen at -80 ◦C) with RIPA lysis buffer (R0020, Solarbio). After incubation on
ice for 10 min, all sample mixtures were centrifuged at 13,500 rpm for 15 min (4 ◦C) and their tissue supernatants were collected.
Afterward, the protein concentration extracted from themouse aortas was quantified with BCA protein concentration assay kit (P1511-
1, Applygen). The protein sample extracts were mixed with SDS-PAGE protein loading buffer (1610747, Bio-rad). Then, their mixture
is boiled for 5 min at 100 ◦C. The extracted protein was separated by SDS-PAGE, and transferred to nitrocellulose membranes at 250
mA for 1.5 h. The membranes were blocked with 5 % (w/v) nonfat dry milk in TBS containing 0.1 % (v/v) Tween 20 (TBS-T) for 1 h at
room temperature (22–24 ◦C). The membranes were incubated with primary antibodies against phospho-IκBα (p-IκBα; 1:1000, 2859,
Cell Signaling Technology), IκBα (1:1000, 4812, Cell Signaling Technology), phospho-p65 (p-p65; 1:1000, 3033, Cell Signaling
Technology), p65 (1:1000, 8242, Cell Signaling Technology), and β-actin (1:1000, TA-09, Zsbio) overnight at 4 ◦C. After washing the
membranes three times with TBS-T, they were incubated with goat anti-rabbit IRDye® 800 CW (1:10,000, P/N 926–32211, LI-COR
Biosciences, Lincoln, USA) or goat anti-mouse IRDye® 680 RD (1:10,000, P/N 926–68070, LI-COR Biosciences) at room tempera-
ture for 1 h. The bands were quantified by using an Odyssey infrared imaging system (LI-COR Biosciences) and analyzed by Odyssey
v3.0 software.

2.8. Real-time polymerase chain reaction (PCR)

Total RNA was extracted from aortas using TRIzol reagent (CW0580, CWBIO). NanoDrop-2000 Spectrophotometer (Thermo, USA)
was used to measure total RNA concentration. Reverse transcription reactions were conducted according to the standard protocols
provided by the High-Capacity cDNA Reverse Transcription Kit (4368813, Applied Biosystems). Reverse transcription was performed
with a room temperature system protocol in a 20 μL reaction mixture as described previously [36,37]. Total RNA (1 μg) was used, and
random primers were used to initiate cDNA synthesis. The reaction mixture was incubated at 25 ◦C for 10 min, 37 ◦C for 120 min and
85 ◦C for 5 min. Real-time PCR was performed on an ABI Prism 7500 sequence detection system using SYBR Green PCR core reagents
(B21203, Bimake). PCR was performed according to the manufacturer’s recommendations in a 20 μL reaction volume. Transcript
levels were compared using the relative quantitation method, and the amount of detected mRNA was normalized to the amount of
endogenous control (β-actin) mRNA. The expression level relative to that in the control sample was calculated by the 2− ΔΔCT method.
The primer sequences are listed in Table 1.

2.9. RNA sequencing

Total aorta RNAwas isolated, and RNA sequencing and data analysis were performed by Novogene Bioinformatics (Beijing, China).
Total amounts and integrity of the aorta RNAwere assessed through the Agilent Technologies Bioanalyzer 2100 system (CA, USA). The
cDNA library construction, quality inspection, and clustering and sequencing were conducted based on the procedures by Novogene
(Beijing, China). Differentially expressed genes (DEGs) were assessed with the following threshold: adjusted P value < 0.05 and |log 2
Fold Change| > 0.585. Gene Ontology (GO) analysis was performed using the Protein with Values/Ranks Functional Enrichment
Analysis online tool on the String 11.5 website, and GO items with FDR <0.05 were considered significantly enriched. The GO and
Kyoto Encyclopedia of Genes and Genomes (KEGG) sets were independently used for Gene set enrichment analysis GSEA (GSEA). GSEA
was performed via GSEA v4.1.0. The enrichment scores (ES) were calculated based on weighted Kolmogorov-Smirnov-like statistics.
The data is available in the BioSample Submission Portal as BioProject PRJNA1147487 and Sequence Read Archive (SRA) accession
number SRP525995.

2.10. Animal electrocardiogram (ECG)

The experimental conditions for ECG involved a quiet, clean laboratory at an appropriate temperature. The ECG machine was
warmed up for 5 min and adjusted to eliminate baseline signal interference. Mice were anesthetized with isoflurane gas (0.8 % O2,
induction at 5 %, maintenance at 2 %, EZVET). During the procedure, mice were placed in the supine position, and electrodes were
attached to all upper and lower limbs by gently piercing the needle under the skin. Baseline lead II ECGs were recorded before and after

Table 1
The primers used for real-time PCR to detect the target genes mRNAs.

Gene Sense (5′–3′) Antisense (5′–3′)

IFN-γ GTACAACCTCCTTGCAGCTCCT TTGTCGACGACGAGCGC
IL-4 CAGCTAGTTGTCATCCTGCTCTTC GCCGATGATCTCTCTCAAGTGA
TNF-α CGTCAGCCGATTTGCTATCT CGGACTCCGCAAAGTCTAAG
IL-6 TTCCATCCAGTTGCCTTCTT CAGAATTGCCATTGCACAAC
ICAM-1 TACTGCTGGTCATTGTGG GGCTTGTCCCTTGAGTT
VCAM-1 TCTCCCAGGAATACAACGAT ACAGGTCATTGTCACAGCAC
β-actin ATCTGGCACCACACCTTC AGCCAGGTCCAGACGCA
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treatment using the BL-420F Biological Function Experiment System and analyzed by investigators blinded to the treatment [38].

2.11. Data analysis

Data were expressed as the mean ± SEM and were analyzed using GraphPad Prism Version 8.4 (GraphPad Software, San Diego,
CA). For comparisons between two groups, significance was determined by Student’s t-test. Multiple group comparisons were per-
formed using one-way analysis of variance (ANOVA) followed by the Bonferroni corrected post hoc t-test. The results were considered
significant at P < 0.05.

Fig. 1. The anti-CTLA-4 antibody exacerbates the atherosclerotic plaque area and reduces atherosclerotic plaque stability in the aortic root. (A)
Representative images of ORO staining of en face aortic atherosclerotic lesions in the indicated groups (upper) and quantitative analysis of the
atherosclerotic surface area of the entire aorta (lower). The data are presented as the means ± SEM (n = 5). (B) Representative H&E-stained images
of aortic roots in the indicated groups (upper) and quantitative analysis of the lesion area in the aortic root (lower). Scale bar, 200 μm. The data are
presented as the means ± SEM (n = 6). (C) Representative ORO, CD68, α-SMA and PSR staining images of aortic roots in the indicated groups. Scale
bar, 200 μm. (D) Quantitative analysis of the percentage of the positive area in the aortic root. The data are presented as the means ± SEM (n = 6).
(E) Quantitative analysis of the plaque stability score in the aortic root. The data are presented as the means ± SEM (n = 6). *P < 0.05 vs. the anti-
IgG group.

M.-L. Zhao et al.



Heliyon 10 (2024) e37278

6

3. Results

3.1. Anti-CTLA-4 antibody treatment exacerbates atherosclerotic plaque formation and decreases plaque stability in the aortic root of
hyperlipidemic mice

To induce the atherosclerosis model, 6-week-old C57BL/6 mice were administered a single dose of AAV8-PCSK9 before being fed a
PD. At 12 weeks, the mice were randomly injected with the IgG isotype or anti-CTLA-4 antibody twice per week for 4 consecutive
weeks (Fig. S1A). There were no significant differences in body weight (Fig. S1B) or plasma lipid profiles, including TG, TC, LDL-C or
HDL-C levels, between the two groups (Figs. S1C–1F). Atherosclerotic plaque formation was evaluated with en face ORO staining of the
entire aorta. Compared with the anti-IgG group, the anti-CTLA-4 group exhibited a dramatic 2.38-fold increase in lipid accumulation
(Fig. 1A). Furthermore, compared with the IgG group, the CTLA-4 group showed a significant increase in atherosclerotic lesion for-
mation in the aortic root (Fig. 1B).

To further evaluate the progression and vulnerability of plaques, we investigated the composition of lesions in the aortic root,
including the collagen content, smooth muscle cells, macrophage infiltration, and lipid accumulation, which contribute to plaque
stability. The results showed that the anti-CTLA-4 antibody significantly increased macrophage infiltration and lipid accumulation, but
the collagen-positive area and the number of smooth muscle cells did not significantly change (Fig. 1C and D). The plaque stability
score, which assesses the collagen, macrophage, smooth muscle actin, and lipid composition of lesions, was lower in anti-CTLA-4-
treated mice than in anti-IgG-injected mice (Fig. 1E). Taken together, these data demonstrate that antibody-mediated inhibition of
CTLA-4 increases the atherosclerotic lesion area and promotes the progression of atherosclerotic plaques toward a more unstable
plaque phenotype.

3.2. Anti-CTLA-4 antibody treatment exacerbates plaque progression and decreases plaque stability in the coronary artery

Next, we performed H&E staining on coronary arteries (Fig. 2A). Consistent with the findings in the aortic root, the results showed
that anti-CTLA-4 antibody treatment increased the plaque area in the coronary arteries compared with those in the anti-IgG group
(Fig. 2B). To further determine the effects of the anti-CTLA-4 antibody on plaque levels, we next performed immunohistochemical
analysis of atherosclerotic lesions in the coronary artery. Notably, compared with those in the control group, the atherosclerotic lesions

Fig. 2. The anti-CTLA-4 antibody exacerbates the atherosclerotic plaque area and reduces atherosclerotic plaque stability in the coronary artery. (A)
Representative H&E-stained images of coronary arteries in the indicated groups. Scale bar, 50 μm. (B) Quantitative analysis of the lesion area in the
coronary artery. The data are presented as the means ± SEM (n = 5). (C) Representative ORO, CD68, α-SMA and PSR staining images of coronary
arteries in the indicated groups. Scale bar, 50 μm. (D) Quantitative analysis of the percentage of the positive area in the coronary artery. The data
are presented as the means ± SEM (n = 6). (E) Quantitative analysis of the plaque stability score in the coronary artery. The data are presented as
the means ± SEM (n = 6). *P < 0.05 vs. the anti-IgG group.
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in the anti-CTLA-4 antibody group showed a marked increase in lipid accumulation, as assessed by ORO staining, and a significant
increase in CD68+ macrophage infiltration (Fig. 2C and D). The relative smooth muscle cell and collagen contents in the coronary
artery plaques were not affected by the anti-CTLA-4 antibody (Fig. 2C and D). Compared with that in the anti-IgG group, the plaque
stability score was decreased in the anti-CTLA-4 group (Fig. 2E). Therefore, we performed body surface electrocardiograms on the mice
before and after injection. The results showed no significant variations in the anti-IgG group; however, 4 weeks after the injection of
the anti-CTLA-4 antibody, the electrocardiograms showed ST-segment depression and altered T-wave inversion in the mice in the anti-
CTLA-4 group (incidence of 3/11, Fig. S2). These data suggest that anti-CTLA-4 antibody treatment causes myocardial ischemic lesions
in hyperlipidemic mice. Taken together, these data demonstrate that anti-CTLA-4 therapy exacerbates plaque progression in both the
aortic root and coronary artery.

3.3. Anti-CTLA-4 antibody treatment promotes CD4+ T-cell infiltration in the aortic root in hyperlipidemic mice

To gain further insight into the expression of genes that were altered in hyperlipidemic mice in response to anti-CTLA-4 antibody
treatment, we analyzed the aortas by RNA sequencing. The GO results showed that the DEGs were markedly enriched in the biological
process of positive regulation of T-cell activation (Fig. 3A). To evaluate the effect of the anti-CTLA-4 antibody on plaque CD4+ T-cell
infiltration, we used immunofluorescence staining to analyze the infiltration of CD4+ T cells in the plaque area of the aortic root. The
results showed that the anti-CTLA-4 antibody promoted CD4+ T-cell infiltration in the aortic root (Fig. 3C and D). Taken together, these
data demonstrate that the increased accumulation of T cells within lesions is associated with accelerated plaque growth caused by anti-
CTLA-4 antibody treatment.

3.4. Anti-CTLA-4 antibody treatment promotes Th1 polarization during atherosclerosis

To further understand the reasons underlying the anti-CTLA-4 antibody-induced increase in T-cell infiltration in the aortic root, we
performed GSEA of the microarray data. The results showed that “regulation of Th1-type immune response” and “Th1 cell differen-
tiation” were enriched in the anti-CTLA-4 group (Fig. 3B). The Th1/Th2 balance controls inflammation and plays an important role in
atherosclerosis [20].The pools of Th1 and Th2 cells were estimated by quantifying the proportions of peripheral blood CD4+ T cells
that could produce IFN-γ and IL-4, respectively, in response to stimulation. In anti-CTLA-4-treated mice, the pool of Th1 cells was
increased, and the pool of Th2 cells was unaffected by anti-CTLA-4 antibody treatment, as determined by flow cytometry (Fig. 3E and
F). The Th1/Th2 ratio, which was estimated by determining the CD4+IFN-γ+IL-4− cell/CD4+IFN-γ− IL-4+ cell ratio, was significantly
higher in the anti-CTLA-4 group than in the anti-IgG group (Fig. 3G), demonstrating a shift in the Th balance toward Th1-dominant
immune responses. In addition, IFN-γ and IL-4 levels in the aorta were measured by real-time PCR. Higher IFN-γ levels and lower IL-4
levels were observed in the anti-CTLA-4 group than in the anti-IgG group (Fig. 3H). Additionally, co-immunofluorescent staining
demonstrated a significant increase in the number of CD4+IFN-γ+ T cells in the plaque area of the aortic root following anti-CTLA-4
antibody treatment, whereas the number of CD4+IL-4+ T cells decreased with CTLA-4 intervention (Fig. 3I and J and Fig. S3). Taken
together, these data demonstrate that the anti-CTLA-4 antibody promotes T-cell infiltration and causes a Th1/Th2 imbalance.

3.5. Anti-CTLA-4 antibody treatment activates the NF-κB signaling pathway

GSEA revealed that the anti-CTLA-4 antibody activated NF-κB, which is a nuclear transcription factor that regulates proin-
flammatory cytokine expression (Fig. 4A). IκBα is attached to the p50-p65 heterodimer complex, and when IκBα is phosphorylated and
subsequently degraded, phosphorylated p65 translocates to the nucleus and becomes activated [39,40]. Western blotting revealed that
the anti-CTLA-4 antibody increased the levels of phosphorylated IκBα and p65 (Fig. 4B–E). In addition, we investigated whether the
anti-CTLA-4 antibody was involved in inflammatory responses and endothelial adhesion molecule production in mouse aortas. As
shown in Fig. 4F, the anti-CTLA-4 antibody significantly increased the mRNA levels of proinflammatory cytokines, including TNF-α
and IL-6, and endothelial adhesion molecules, including ICAM-1 and VCAM-1 (Fig. 4F). These results suggest that the anti-CTLA-4
antibody could activate the NF-κB signaling pathway, contributing to the increase in proinflammatory cytokines and the produc-
tion of endothelial adhesion molecules.

3.6. NF-κB inhibition attenuates the exacerbation of atherosclerotic plaques induced by anti-CTLA-4 antibody treatment

Subsequently, we performed in vivo experiments to determine whether the NF-κB signaling pathway played a key role in the
acceleration of atherosclerosis induced by the anti-CTLA-4 antibody. BAY11-7082 is an inhibitor of IκBα phosphorylation and the
subsequent activation of NF-κB [41]. MG132 (Z-Leu-Leu-Leu-aldehyde) is a peptide aldehyde proteasome inhibitor that inhibits the
degradation of IκBα, resulting in the suppression of NF-κB activation [42]. Therefore, the mice were intraperitoneally injected with the
anti-CTLA-4 antibody plus MG132 or BAY11-7082 to examine whether inhibiting NF-κB activation could attenuate the atherosclerotic
effect of anti-CTLA-4 antibody. The protein expression of phosphorylated IκBα and p65 in the aorta was examined by western blotting.
The results showed that the anti-CTLA-4 antibody activated NF-κB signaling, as indicated by increased phosphorylation of IκBα and
p65, and this effect was reversed by MG132 or BAY11-7082 coinjection (Fig. 5A–C and Fig. 6A–C), indicating that MG132 or
BAY11-7082 could inhibit the NF-κB signaling pathway. Subsequently, atherosclerotic plaques in the aorta were examined by ORO
staining. Compared with those in the anti-CTLA-4 group, the areas of atherosclerotic plaques in the aorta were reduced in the
anti-CTLA-4+MG132 group (Fig. 5D) and the anti-CTLA-4+ BAY11-7082 group (Fig. 6D). Furthermore, the plaque area in the aortic
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root was also reduced in the anti-CTLA-4+MG132 group (Fig. 5E) and the anti-CTLA-4+ BAY11-7082 group (Fig. 6E). Overall, NF-κB
inhibitors attenuate the aggravation of atherosclerotic plaque formation induced by the anti-CTLA-4 antibody.

3.7. NF-κB inhibition ameliorates T-cell differentiation to Th1 cells induced by anti-CTLA-4 antibody treatment

To determine the relationship between the NF-κB signaling pathway and T-cell differentiation in anti-CTLA-4 antibody-mediated
atherosclerosis, the percentages of Th1 cells and Th2 cells in peripheral blood were examined by flow cytometry. The results showed
that the Th1/Th2 ratio was increased in the anti-CTLA-4 group, and this effect was alleviated by MG132 or BAY11-7082 treatment
(Fig. 5F–H and 6F-6H). In addition, we analyzed the mRNA expression levels of IFN-γ and IL-4 in the aorta by real-time PCR. Compared
with that in the anti-CTLA-4 group, the expression of IFN-γ in the aorta was reduced, and the expression of IL-4 was increased in the
anti-CTLA-4 +MG132 groups and anti-CTLA-4 + BAY11-7082 (Figs. 5I and 6I). Overall, MG132 or BAY11-7082 attenuated the anti-
CTLA-4 antibody-induced acceleration of atherosclerotic plaque progression and ameliorated T-cell differentiation to Th1 cells,
suggesting that the NF-κB signaling pathway plays an important role in the anti-CTLA-4 antibody-mediated aggravation of athero-
sclerosis in hyperlipidemic mice.

4. Discussion and limitations

Here, we reported that (1) anti-CTLA-4 antibody treatment exacerbated experimental atherosclerosis by accelerating the pro-
gression of initial plaques toward more advanced and unstable lesions in both the aortic roots and coronary arteries; (2) blockade of
CTLA-4 enhanced CD4+ T-cell infiltration and increased the Th1/Th2 ratio, indicating strong T-cell-driven inflammation; and (3)
inhibiting NF-κB ameliorated the anti-CTLA-4 antibody-mediated exacerbation of plaque progression and Th1/Th2 imbalance.

Fig. 3. The anti-CTLA-4 antibody promotes CD4+ T-cell infiltration and T-cell differentiation into Th1 cells in the aortic root. (A) GO enrichment
analysis showing the significantly enriched biological processes in hyperlipidemic mice administered the anti-IgG antibody or anti-CTLA-4 antibody.
n = 3 per group. (B) GSEA of RNA-seq data showing the enrichment of “regulation of Th1-type immune response” and “Th1 cell differentiation” in
hyperlipidemic mice administered the anti-IgG antibody or anti-CTLA-4 antibody. NES: normalized enrichment score; FDR: adjusted p value. (C)
Representative immunofluorescence staining of CD4 (red), α-SMA (green), and DAPI (blue) in mice in the indicated groups. The square represents
the colocalization of CD4 with the smooth muscle marker α-SMA. The scale bars are 100 μm and 20 μm. (D) Quantitative analysis of CD4 fluo-
rescence intensity in aortic roots in the indicated groups. The data are presented as the means ± SEM (n = 6). (E) Flow cytometric analysis of the
distributions of CD4+IFN-γ+ T cells and CD4+IL-4+ T cells in peripheral blood in the indicated groups. (F) Relative quantification of the percentages
of CD4+IFN-γ+ T cells and CD4+IL-4+ T cells among the sorted CD4+ T cells. The data are presented as the means ± SEM (n = 5). (G) The Th1/Th2
ratio was estimated by determining the ratio of CD4+IFN-γ+IL-4− cells to CD4+IFN-γ− IL-4+ cells. The data are presented as the means ± SEM (n =

5). (H) Quantitative results were obtained by real-time PCR showing the relative mRNA expression of IFN-γ and IL-4 in the indicated groups. The
data are presented as the means ± SEM (n = 6). *P < 0.05 vs. the anti-IgG group. (I–J) Quantitative analyses demonstrating the number of CD4+IFN-
γ+ T cells and CD4+IL-4+ T cells in aortic roots from each indicated experimental group. The data are presented as the means ± SEM (n = 4). *P <

0.05 vs. the anti-IgG group.

Fig. 4. The anti-CTLA-4 antibody activates the NF-κB signaling pathway. (A) GSEA of RNA-seq data showing enrichment of the “NF-κB signaling
pathway” in hyperlipidemic mice administered the anti-IgG antibody or anti-CTLA-4 antibody. (B) Representative western blots and (D) quanti-
fication of p-IκBα and IκBα. β-actin was used as an internal control. The data are presented as the means ± SEM (n = 5). (C) Representative western
blots and (E) quantification of p-p65 and p65. The data are presented as the means ± SEM (n = 6). (F) Quantification of the results obtained by real-
time PCR showing the relative mRNA expression of TNF-α, IL-6, ICAM-1 and VCAM-1 in the indicated groups. The data are presented as the means
± SEM (n = 6). *P < 0.05 vs. the anti-IgG group.
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Recent clinical evidence has suggested an increase in atherosclerotic cardiovascular disease (ASCVD) in patients receiving ICI
therapy. In a single-center, matched cohort study, patients receiving ICIs had a threefold increased risk of cardiovascular events
involving accelerated progression of atherosclerosis [12]. However, to date, no drugs are clinically available to target ASCVD triggered
by ICI therapy, and the specific mechanisms by which anti-CTLA-4 antibodies accelerate atherosclerosis remain unclear. Therefore, we
used a single intravenous administration of AAV8-PCSK9, which is a convenient and efficient method that leads to rapid and enduring
hyperlipidemia and atherosclerosis, to establish an atherosclerosis model. Compared with other transgenic mice, this approach allows
for the tissue-specific expression of disease-causing mutated genes in wild-type (WT) mice, eliminating the necessity for intricate
backcrosses, nonnatural gene mutations, and the upkeep of extensive populations of genetically modified animals [43,44]. Several
immune cell types contribute to the development of atherosclerosis, with macrophages and T cells being the most prominent. Addi-
tionally, the inflammatory factors associated with these immune cells are linked to myocardial fibrosis, heart failure, and other related
diseases [45]. Studies have shown that Tanshinone IIA may treat atherosclerosis by enhancing macrophage efferocytosis to reduce
lipid accumulation [46]. We investigated the composition and stability of plaques in the aortic and coronary plaque areas after
treatment with anti-IgG and anti-CTLA-4 antibodies. We found that the anti-CTLA-4 antibody increased atherosclerotic lesion size and
promoted CD4+ T-cell and CD68+macrophage infiltration at the aortic root, suggesting that anti-CTLA-4 antibodymay enlarge the size
of atherosclerotic plaques by promoting the infiltration of immune cells.

Coronary artery disease , caused by atherosclerosis, is a prominent cause of morbidity and mortality globally. The pathogenesis
involves dysregulation of lipid metabolism and an aberrant immune response, leading to chronic inflammation of the arterial wall [47,

Fig. 5. MG132 attenuates the aggravation of atherosclerotic plaques induced by the anti-CTLA-4 antibody. (A) Representative western blots of p-
IκBα, IκBα, p-p65, and p65. (B) Quantification of p-IκBα and IκBα. β-actin was used as an internal control. The data are presented as the means ±
SEM (n = 4). (C) Quantification of p-p65, and p65. β-actin was used as an internal control. The data are presented as the means ± SEM (n = 4). (D)
Representative images of ORO staining of en face aortic atherosclerotic lesions in the indicated groups (left) and quantitative analysis of the
atherosclerotic surface area of the entire aorta (right). The data are presented as the means ± SEM (n = 5). (E) Representative H&E-stained images
of aortic roots in the indicated groups (left) and quantitative analysis of the lesion area in aortic roots (right). Scale bar, 200 μm. The data are
presented as the means ± SEM (n = 6). (F) Flow cytometric analysis of CD4+IFN-γ+ T-cell and CD4+IL-4+ T-cell distributions in peripheral blood in
the indicated groups. (G) Relative quantification of the percentages of CD4+IFN-γ+ T cells and CD4+IL-4+ T cells among the sorted CD4+ T cells. The
data are presented as the means ± SEM (n = 5). (H) The Th1/Th2 ratio was estimated based on the ratio of CD4+IFN-γ+IL-4− cells to CD4+IFN-γ− IL-
4+ cells. The data are presented as the means ± SEM (n = 5). (I) Quantification of the results obtained by real-time PCR showing the relative mRNA
expression of IFN-γ and IL-4 in the indicated groups. The data are presented as the means ± SEM (n = 6). *P < 0.05 vs. the anti-IgG group; #P < 0.05
vs. the anti-CTLA-4 group.
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48]. T-cell-mediated inflammation plays a pivotal role in the initiation and progression of atherosclerosis [16]. CTLA-4, a crucial
negative regulator of T cell activation, has been implicated in modulating the infiltration of T cells and inflammatory mediators, albeit
without affecting lipid profiles. Matsumoto et al. [14] reported that CTLA-4 overexpression in Apoe− /− mice could reduce athero-
sclerosis by decreasing plaque inflammation, as evidenced by a 38 % decrease in macrophage accumulation, a 42 % decrease in CD4+

T-cell infiltration and a decrease in T-cell proliferation and proinflammatory cytokine production. In addition, the results showed that
there were no significant differences in the plasma lipid profile between male or female control Apoe− /− and CTLA-4-Tg/Apoe− /− mice
[14]. Similarly, mice with increased homocysteine levels had larger atherosclerotic plaque sizes associated with decreased CTLA-4
expression, and pretreatment of these mice with CTLA-4-IgG (abatacept) ameliorated plaque development, reduced IFN-γ and IL-2
production and decreased macrophage levels, without influence plasma cholesterol or triglyceride levels in Apoe− /− mice [49].
Our findings consistently demonstrated that CTLA-4 inhibition does not affect lipid profiles; however, it does promote CD4+ T-cell
infiltration in the aortic root and enhances atherosclerotic plaque formation in mice injected with AAV8-PCSK9 and fed with a Paigen
diet.

We also reported that a Th1 bias in the Th1/Th2 immune response may play an important role, as determined by measuring the
levels of Th1 and Th2 cytokines such as IFN-γ and IL-4. Th1 cells produce IFN-γ, which promotes the formation of foam cells and
accelerates the development of plaques, whereas Th2 cells produce anti-inflammatory factors, such as IL-4, IL-5, and IL-13 [50].
Suppressing Th1 function or enhancing Th2 function has been shown to reduce atherogenesis in Apoe− /− or LDL receptor-deficient
mice [16]. In an in-situ mouse model of highly aggressive colon cancer, the mRNA and protein levels of IL-1α and IFN-γ were

Fig. 6. BAY11-7082 ameliorates the aggravation of atherosclerotic plaques caused by the anti-CTLA-4 antibody. (A) Representative western blots of
p-IκBα, IκBα, p-p65, and p65. (B) Quantification of p-IκBα and IκBα. β-actin was used as an internal control. The data are presented as the means ±
SEM (n = 4). (C) Quantification of p-p65, and p65. β-actin was used as an internal control. The data are presented as the means ± SEM (n = 4). (D)
Representative images of ORO staining of en face aortic atherosclerotic lesions in the indicated groups (left) and quantitative analysis of the
atherosclerotic surface area of the entire aorta (right). The data are presented as the means ± SEM (n = 4). (E) Representative H&E-stained images
of aortic roots in the indicated groups (left) and quantitative analysis of the lesion areas in aortic roots (right). Scale bar, 200 μm. The data are
presented as the means ± SEM (n = 6). (F) Flow cytometric analysis of CD4+IFN-γ+ T-cell and CD4+IL-4+ T-cell distributions in peripheral blood in
the indicated groups. (G) Relative quantification of the percentages of CD4+IFN-γ+ T cells and CD4+IL-4+ T cells among the sorted CD4+ T cells. The
data are presented as the means ± SEM (n = 4). (H) The Th1/Th2 ratio was estimated by determining the ratio of CD4+IFN-γ+IL-4− cells to
CD4+IFN-γ− IL-4+ cells. The data are presented as the means ± SEM (n = 4). (I) Quantification of the results obtained by real-time PCR showing the
relative mRNA expression of IFN-γ and IL-4 in the indicated groups. The data are presented as the means ± SEM (n = 6). *P < 0.05 vs. the anti-IgG
group; #P < 0.05 vs. the anti-CTLA-4 group.
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significantly upregulated following treatment with anti-CTLA-4 antibody. Conversely, the expression of IL-4 protein exhibited a slight
decrease [51]. CTLA-4 haploinsufficiency is a Mendelian syndrome characterized by T cell overactivation and autoimmunity, often
leading to paradoxical and unexplained hypogammaglobulinemia and a decline in B cells [52,53]. The study demonstrated that in the
peripheral blood of patients with CTLA-4 haploinsufficiency, the proportion of cells producing IFN-γ increased, while the proportion of
IL-17A-producing cells decreased. In contrast, the proportions of cells producing IL-4 and IL-21 were not different from those of healthy
donors [54]. These findings suggest that CTLA-4 inhibition is associated with Th1 cell differentiation. Therefore, we hypothesized that
the development of atheromatous plaques in anti-CTLA-4 antibody-treated mice involved modulating the Th1/Th2 balance. In the
present study, RNA sequencing and GO analyses revealed that the DEGs were notably enriched in the biological process of positive
regulation of T-cell activation. In addition, the GSEA showed that “regulation of Th1-type immune response” and “Th1 cell differ-
entiation”were enriched in the anti-CTLA-4 group. Substantial evidence suggests that the Th1/Th2 balance controls inflammation and
may therefore be important in the development of atherosclerosis [55]. Here, we assessed whether anti-CTLA-4 antibody treatment
modulated the Th1/Th2 balance in hyperlipidemic mice by examining CD4+IFN-γ+ T cells and CD4+IL-4+ T cells in both peripheral
blood and aortic plaque. Our results showed that Th1/Th2 ratios were higher in the anti-CTLA-4 antibody-treated group than in the
anti-IgG group, which suggested that the anti-CTLA-4 antibody promoted T-cell differentiation toward the Th1 type.

IFN-γ stimulates the production of cytokines, which are crucial protein mediators of inflammation, and increases the expression of
adhesion molecules on vascular endothelial cells [55]. Our data showed that the mRNA expression levels of TNF-α, IL-6, ICAM-1 and
VCAM-1 in aortas were significantly increased by anti-CTLA-4 antibody injection in mice. Furthermore, Th1 cell-derived IFN-γ may
have other effects that are directly linked to atherosclerosis. In particular, Th1 cells secrete IFN-γ to induce M1 macrophage polari-
zation, and Th2 cells secrete IL-4 to induce M2 macrophage polarization. The hallmark pathology of atherosclerosis is the accumu-
lation of activated M1macrophages in coronary arteries, which initiate and sustain inflammation and are incapable of digesting lipids,
thereby resulting in foam cell formation in atherosclerotic plaques [56]. Therefore, our results suggest that therapy with anti-CTLA-4
antibodies has the potential to modulate the Th1/Th2 balance and facilitate the development of atherosclerotic plaques, without
affecting lipid levels.

NF-κB proteins are a family of ubiquitous transcription factors that regulate the response to cellular stress and mediate innate and
adaptive immunity through the initiation of inflammatory responses induced by proinflammatory signals [57,58]. Atherosclerosis is an
inflammatory condition in which NF-κB signaling has been implicated [59–61]. Based on the RNA-seq results, we determined the
effects of the anti-CTLA-4 antibody on the NF-κB pathway. Our results showed that compared with those in the anti-IgG group, the
protein expression levels of p-IκBα and p-p65 were significantly increased in the anti-CTLA-4 antibody-treated group. NF-қB activation
is thought to cause concomitant alterations in the Th1 and Th2 transcription factors T-bet and GATA-3 and their respective cytokines,
IFN-γ and IL-4 [62]. The present data indicated that MG132 or BAY11-7082 attenuated the anti-CTLA-4 antibody-induced acceleration
of atherosclerotic plaque progression and ameliorated T-cell differentiation into Th1 cells, suggesting that modulating the Th1/Th2
balance via NF-κB signaling has a beneficial effect on the inflammatory process in lesion sites.

Our study has several limitations: 1) We utilized a tumor-free atherosclerosis model in mice, which may not fully represent the
development of anti-CTLA-4- exacerbated atherosclerosis in patients. Using a tumor-bearing atherosclerosis model could enhance the
translational relevance of our findings, given the common pathophysiological pathways shared between atherosclerosis and cancer,
such as inflammation. 2) In our flow cytometry experiment, we only examined the Th1/Th2 ratio in the peripheral blood of mice;
further research is needed to investigate the specific numbers of T cell subtypes in the aorta. 3) The therapeutic potential of MG132 and
BAY11-7082 in cancer therapy has been assessed [63,64], and the next experiment should further investigate whether the combination
of MG132 or BAY11-7082 with anti-CTLA-4 antibody exhibits a synergistic therapeutic effect in tumor-bearingmice. Future studies are
expected to offer deeper insights into the pathological mechanisms of ASCVD exacerbated by anti-CTLA-4 therapy, and to establish a
theoretical foundation for the clinical use of NF-κB pathway inhibitors such as MG132 and BAY11-7082.

5. Conclusion

In summary, anti-CTLA-4 antibody treatment increased aortic and coronary plaque progression and decreased plaque stability in
hyperlipidemic mice by activating the NF-κB signaling pathway and subsequently promoting T-cell differentiation into Th1 cells.
MG132 and BAY11-7082 attenuated the anti-CTLA-4 antibody-induced acceleration of atherosclerotic plaque progression by inhib-
iting the NF-κB signaling pathway and T-cell differentiation into Th1 cells. Our results provide a new therapeutic target and potential
strategy for the treatment of adverse cardiovascular events during ICI administration.
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