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Thymic stromal lymphopoietin
promotes abdominal
aortic aneurysm
formation by regulating
macrophage polarization
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Mingkai Huang1,2,3, Xuzhe Zhang1,2,3, Qinlin Li1,2,3,
Zhengjie Huang1,2,3, Mingyi Li1,2,3, Jingyong Li1,2,3,
Wangling Hu1,2,3, Ni Xia1,2,3, Lingfeng Zha1,2,3, Jiao Jiao1,2,3,
Fen Yang1,2,3, Tingting Tang1,2,3* and Xiang Cheng1,2,3*

1Department of Cardiology, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, 2Hubei Key Laboratory of Biological Targeted Therapy, Union
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China,
3Hubei Provincial Engineering Research Center of Immunological Diagnosis and Therapy for
Cardiovascular Diseases, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China
Background: The in�ammatory cytokine thymic stromal lymphopoietin (TSLP)
has pleiotropic roles in immune response and tissue homeostasis, yet its function
in abdominal aortic aneurysm (AAA) remains entirely unexplored.
Methods: We integrated clinical epidemiology, in vivo experimental models, and
in vitro mechanistic assays. Using the UK Biobank (UKB), we analyzed serum TSLP
levels in 632 AAA patients and 24,036 controls. Using two murine AAA models
(porcine pancreatic elastase and calcium phosphate), function of TSLP was
evaluated by genetic deletion of Tslp receptor (Tslpr), administration of a
neutralizing anti-TSLP monoclonal antibody, and exogenous TSLP delivery. The
immune landscape of aorta was pro�led by mass cytometry (CyTOF). The effects
of TSLP on macrophage polarization was assessed in vitro. Underlying
mechanisms were probed by bulk RNA sequencing.
Results: AAA patients showed a markedly elevated serum TSLP. In murine models,
TSLP was increased in the aortic tissues, primarily derived from �broblasts.
Genetic ablation of Tslpr and pharmacological neutralization of TSLP
attenuated the severity of AAA, while exogenous TSLP exacerbated the disease.
CyTOF analysis revealed that TSLP signaling skewed the aortic macrophage
balance toward the pro-in�ammatory M1 phenotype rather than the anti-
in�ammatory M2 phenotype. In vitro, TSLP directly induced M1 while inhibited
M2 macrophage polarization. Transcriptomics identi�ed that TSLP upregulated
pro-in�ammatory pathways in macrophages, including positive regulation of
cytokine production, regulation of immune effector process, cytokine� cytokine
receptor interaction and chemokine signaling pathway.
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Conclusions: Our integrated multi-level analysis has identi�ed TSLP as a novel
pathogenic driver of AAA, which promotes disease progression by
reprogramming macrophage polarization. These �ndings nominate TSLP
signaling as a mechanistically grounded and therapeutically promising target
for AAA.
KEYWORDS

abdominal aortic aneurysm, chemokine signaling pathway, in� ammation,
macrophage polarization, thymic stromal lymphopoietin
1 Introduction

Abdominal aortic aneurysm (AAA) involves a permanent and
localized dilation of the infrarenal aorta, resulting from progressive
weakening of the vessel wall. It frequently remains asymptomatic or
presents with nonspeci�c abdominal discomfort until rupturing, a
catastrophic complication associated with high mortality (1). In
developed countries, AAA affects approximately 1.2% to 3.3% of the
elderly population, with a pronounced male predominance (2, 3).
For patients with large (diameter >55 mm), symptomatic or
ruptured aneurysms, endovascular repair or open surgery remains
the standard of care (4). However, no effective pharmacotherapies
are currently available to halt the progression of small,
asymptomatic AAAs, highlighting a critical unmet clinical need.

The pathogenesis of AAA involves a cascade of pathological
alterations, including proteolytic degradation of the extracellular
matrix, apoptosis of vascular smooth muscle cells, immune cell
in�ltration, and oxidative stress within the aortic wall (5). These
processes collectively lead to progressive wall weakening and
dilation (6). Among these, chronic in�ammation driven by innate
and adaptive immune responses is now recognized as a central
driver of AAA progression (7). In particular, macrophages play a
pivotal role through pro-in�ammatory M1-like polarization (8).
The other immune subsets, including T lymphocytes and
neutrophils, also contribute signi�cantly to vascular in�ammation
and remodeling, thereby accelerating disease development.

Thymic stromal lymphopoietin (TSLP) is an essential cytokine
initially recognized for the role in promoting T helper 2 (Th2)
responses in asthma and has been validated as a therapeutic target
in allergic diseases (9). Structurally related to interleukin-7 (IL-7),
TSLP shares the IL-7 receptor a chain (IL-7Ra) as part of its
receptor complex (10). Beyond its effects on dendritic cells and T
cells, TSLP can directly in�uence innate immunity by stimulating
innate lymphoid cells (ILC) to produce IL-4 and IL-13, thereby
amplifying type 2 in�ammation (11).

Notably, our previous work revealed a protective role for TSLP
in promoting repair after myocardial infarction, indicating
pleiotropic functions beyond allergic in�ammation (12). Despite
its established immunomodulatory roles, the potential involvement
of TSLP in AAA pathogenesis remains entirely unexplored.
Therefore, this study aims to investigate the speci�c function and
mechanism of TSLP/TSLPR signaling in AAA formation
and progression.
02
2 Methods

2.1 UK Biobank database analysis

This study utilized individual-level prospective cohort data
from the UK Biobank, which includes plasma proteomic data
detected by the Olink platform (13). We strictly excluded
individuals with diseases known to cause signi�cant elevation of
TSLP levels, including atopic dermatitis (ICD-10 L20), asthma
(ICD-10 J45), allergic rhinitis (ICD-10 J30), and urticaria (ICD-
10 L50) (14). Additionally, based on ICD-10 diagnostic codes and
self-reported medical history, we further excluded individuals with
various cardiovascular diseases (such as coronary heart disease,
heart failure, hypertension, and arrhythmia). This exclusion
strategy was designed to minimize, as much as possible, the
interference of known non-AAA-related factors on circulating
TSLP levels. Second, regarding the quanti�cation of TSLP, we
utilized high-throughput proteomics data from the Olink
platform. The raw data from the Olink database were normalized
using the Olink NPX Signature software and ultimately output as
NPX (Normalized Protein Expression) values, which represent the
relative expression level of serum TSLP. NPX is a relative
quanti�cation unit unique to the Olink platform, scaled on a log2

basis. The value re�ects the relative abundance of the target protein
in the sample rather than its absolute concentration. To mitigate the
in�uence of extreme outliers, we followed Olink database
recommendations and included only data with serum TSLP
relative expression levels within the 10th to 90th percentile range.
We provided a summary of baseline characteristics of the included
population in the Supplementary Materials (Supplementary
Table 1). The part of this study was conducted in UK Biobank
under the application number 91074.

2.2 Experimental animals

Male C57BL/6J mice (10–12 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology (Beijing, China).
As per our prior research, Cyagen Bioscience INC (Nanjing, China)
generated TSLPR knockout (Tslpr-/-) mice with a C57BL/6J genetic
background (12). Only male mice were utilized in our research. All
animals were randomly assigned to experimental groups. All
procedures were approved by the Animal Care and Utilization
Committee of Huazhong University of Science and Technology
frontiersin.org
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and conducted in accordance with NIH guidelines (12). Mice were
anesthetized with 1% sodium pentobarbital (50 mg/kg body weight)
via intraperitoneal injection. At the experimental endpoints (e.g., day
14 or day 7 post-operation), mice were humanely euthanized.
Euthanasia was performed by cervical dislocation under deep
anesthesia to minimize suffering. All efforts were made to
minimize animal suffering throughout the study.

2.3 AAA induction models

Elastase model: AAA was induced in 10-12-week-old mice
using porcine pancreatic elastase (PPE) as previously described
(15). We anesthetized mice with pentobarbital sodium (50 mg/kg).
Following anesthesia, the infrarenal aorta was isolated and perfused
normal saline (sham control) or 10 ml PPE (#E1250, Sigma-Aldrich,
USA) for 10 minutes (16).

Calcium phosphate (Ca3(PO4)2) model: AAA was induced in 10-
12-week-old mice as previously described (15). We anesthetized mice
with pentobarbital sodium (50 mg/kg). Those infrarenal abdominal
aorta was isolated and wrapped with gauze soaked in CaCl2 for 10
minutes, followed by replacement with PBS for 5 minutes.

After that, we euthanized mice model 7 days (Ca3(PO4)2 model)
or 14 days (elastase model) post-operation (16). Then we harvested
and photographed the mice abdominal aorta. Maximum external
aortic diameter was measured using Image-Pro Plus software, with
at least three measurements per mouse averaged before group mean
calculation. AAA was de�ned as � 50% aortic diameter increase
compared to sham controls (16).

2.4 Drug treatment strategy in mice

Exogenous TSLP treatment: Recombinant mouse TSLP protein
(HY-P70626, MCE, USA) was administered via intraperitoneal
injection starting on day 1 after PPE induction at a dose of 20
mg/kg, and then every other day thereafter.

Anti-TSLP antibody treatment: Anti-TSLP antibody (HY-
P990150, MCE, USA) was administered via intraperitoneal
injection starting on day 1 after PPE induction at a dose of 20
mg/kg, and then every other day thereafter.

2.5 Flow cytometry

All cell isolation procedures were performed on ice. Single-cell
suspensions were prepared from whole aortas by mincing tissues
into �ne fragments followed by enzymatic digestion in Aorta
Dissociation Enzyme solution (Sigma-Aldrich, USA) at 37 °C for
1 hour as previous described (16). The suspension was then passed
through a 70-mm cell strainer for �ltration (#322350, BD
Biosciences, USA) to remove undigested tissue fragments
following the methods of our prior research (16). On ice, cells
underwent a 30-minute incubation with �uorochrome-conjugated
antibodies for surface marker staining. We used Intracellular
Fixation and Permeabilization Buffer Kit from eBioscience
(#00552300, USA) to �x and make the cells permeable, strictly
following the provided protocol. Once treated, the cells were ready
for staining with antibodies directed at intracellular targets.
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2.6 Histological and immunohistochemical
analysis

Aortas were �xed in 4% paraformaldehyde (PFA) for one day,
immersed in paraf�n and then sectioned (4 mm). We analyzed serial
sections from the maximal dilation site were. Elastin integrity was
assessed using elastica van Gieson staining (#115974, Sigma–
Aldrich, USA) and graded as: 1 (<25% degradation), 2 (25-50%),
3 (50-75%), or 4 (>75%).

Immunostaining was performed using antibodies against TSLP
(ab188766, Abcam, UK), CD68 (14-0681-82, Thermo Fisher
Scienti�c, USA) MMP-2 (436000, Invitrogen, USA) and MMP-9
(MA5-15886, Invitrogen, USA). We quanti�ed TSLP, CD68, MMP-
2, and MMP-9 expression as percentage positive area. All
slides were examined using microscope (BX51 OLYMPUS, Japan)
by two independent, blinded investigators. 5~6 mice per group
were randomly selected for analysis, with � 3 sections per
animal evaluated.

2.7 Immuno� uorescence

The staining protocol began with permeabilization of sections
using 0.3% Triton X-100 (Solarbio, China). And then blocking with
5% FBS (Procell, #164250, China), they were incubated with a mix
of primary antibodies (against TSLP, CD45, vimentin, and a-SMA)
for 2 hours at normal temperature. Following incubation with
�uorophore-conjugated secondary antibody, nuclei were
visualized with DAPI.

2.8 RT-PCR

To assess gene expression, we �rst froze aortic tissues in liquid
nitrogen and then stored at -80 °C. We performed total RNA
isolation with TRIzol reagent (Invitrogen, #15596018, USA). To
RNA concentration measurement, we using the NanoDrop
spectrophotometer (Thermo Fisher Scienti�c, USA). After that,
cDNA was generated theough the HiScript III RT SuperMix set
(Vazyme, #R323, China). Finally, qPCR was carried out in duplicate
using Master Mix (Vazyme, #Q711-02, China) on the CFX Connect
instrument (Bio-Rad, USA), with expression normalized to Gapdh
(2^–DDCT method). The primer sequences used are listed below:

Tslp – Forward: 5�-GGTTCTTCTCAGGAGCCTCTTCATC-3�,
Reverse: 5�-AGGGCAGCCAGGGATAGGATTG-3�;
Gapdh – Forward: 5�-AGAAGGTGGTGAAGCAGGCATC-3�,
Reverse: 5�-CGAAGGTGGAAGAGTGGGAGTTG-3�.

2.9 CyTOF staining and acquisition

We prepared single-cell suspensions as previously described
(16). We �rst stained cells with Rh103 intercalator (500 mM;
Fluidigm, USA) to discriminate non-viable cells. Subsequently,
samples were incubated with metal-tagged antibody panels for
mass cytometry. Following surface and intracellular staining, we
labeled subsets with Ir191/193 intercalator (Fluidigm, USA) for
DNA content detection. Data were acquired on the equipment
called Helios2 Mass Cytometer (Fluidigm, USA) with signal
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normalization by EQ™ Four Element Calibration Beads
(Fluidigm, USA).

Normalized FCS �les were imported into Cytobank for
preliminary analysis. CD45+ viable single cells were identi�ed and
subpopulations were gated. These gated populations were exported
and processed through FlowJo to ensure channel consistency. Using
the cytofkit R package, we performed unsupervised clustering via
FlowSOM and dimensionality reduction by t-distributed stochastic
neighbor embedding (t-SNE), analyzing only markers common
across all samples.

2.10 Bulk RNA sequencing

Library Preparation and Sequencing: We extracted total RNA
and its integrity checked by agarose gel electrophoresis. We
determined RNA concentration and quality using the
Agilent 2100 Bioanalyzer with the RNA Nano 6000 Assay kit.
After enriching mRNA with poly-T magnetic beads and
synthesizing cDNA, we constructed libraries. The AMPure XP
system was used to select cDNA fragments of 370–420 bp. We
assessed library quality with a Qubit 2.0 Fluorometer and con�rmed
insert size on the Agilent 2100 Bioanalyzer. All libraries were
sequenced on the Illumina NovaSeq 6000 for 125/150 bp paired-
end reads.

Bioinformatic Analysis: First, raw data were trimmed and
�ltered with FASTP (v0.19.4) to yield clean reads, with Q20, Q30,
and GC content calculated. Next, clean reads were aligned to the
reference genome using HISAT2 (v2.0.5). Gene expression
quanti�cation was then performed with featureCounts (v1.5.0-
p3), and values were normalized using FPKM. Finally,
differential gene expression analysis was carried out using DESeq2
(v1.20.0) in R., with adjusted P-values (Benjamini–Hochberg
method) � 0.05 and |log2(foldchange)| � 0.5 set as the
signi�cance threshold. Principal component analysis and
sample correlation analysis were conducted using ggplot2 (v3.0.3).
The Functional enrichment analysis of DEG was performed using
the clusterPro�ler package (v3.8.1) for Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways and Gene Ontology
(GO) terms.

2.11 Statistical analysis

Data are presented as mean ± SEM. For small-sample animal
and cell experiments, normality was assessed using the Shapiro-
Wilk test. For the large-scale UK Biobank dataset, normality was
assessed using the Kolmogorov-Smirnov test. Given the non-
normal distribution of TSLP levels, the Mann-Whitney U test was
used for group comparisons. Homogeneity of variances for multiple
group comparisons was evaluated using Levene’s test. For
comparisons between two groups, an unpaired two-tailed
Student’s t-test was used for parametric data, and the Mann-
Whitney U test for non-parametric data. For comparisons among
multiple groups, one-way ANOVA followed by Bonferroni’s post
hoctest was applied. A p-value < 0.05 was considered statistically
signi�cant. All statistical analyses were performed using GraphPad
Prism (version 10.0).
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3 Results

3.1 TSLP is upregulated in both human and
murine AAA

We �rst investigated the clinical relevance of TSLP with AAA in
human. Interrogation of the UK Biobank (UKB) dataset
demonstrated a signi�cant elevation in serum TSLP levels in
AAA patients (Figure 1A). We next sought to delineate the
spatial and temporal expression of TSLP within the aortic wall
using the well-established porcine pancreatic elastase (PPE)-
induced murine AAA model (Figure 1B). RT-PCR analysis
revealed a dynamic time-course of TSLP mRNA expression,
which was signi�cantly induced post-induction, peaked at day 10,
and remained substantially elevated at day 14 (Figures 1C, D). To
pinpoint the cellular origin of TSLP in the aneurysmal milieu, we
performed immuno�uorescence co-staining. The results identi�ed
�broblasts as the predominant source of TSLP protein. Less
contributions were detected from in�ltrating immune cells and
vascular smooth muscle cells (Figures 1E–G).

3.2 TSLPR de� ciency confers protection
against experimental AAA formation

To directly investigate the functional impact of TSLP signaling
in AAA, we subjected TslprŠ/Š mice and WT mice to the PPE-
induced AAA model (Figure 2A). The absence of TSLP signaling
conferred a marked protection against aortic dilation, as evidenced
by a signi�cantly reduced maximum aortic diameter in TslprŠ/Š

mice compared to WT controls at day 14 (Figure 2B).
Consistent with this macroscopic protective effect, histological

analysis revealed substantial mitigation of key pathological features in
TslprŠ/Š aortas. Aortic tissues exhibited lower elastin degradation
scores, as quanti�ed by Elastica Van Gieson (EVG) staining
(Figures 2C, D). Furthermore, in�ltration of CD68+ macrophages
in the aorta was notably decreased in TslprŠ/Š mice (Figures 2E, F).
Given the pivotal role of matrix metalloproteinases (MMPs) in elastin
breakdown (17), we assessed the expression of MMP2 and MMP9.
Immunohistochemical analysis demonstrated a signi�cant reduction
in the positive areas for both MMP2 (Figures 2G, H) and MMP9
(Figures 2I, J) within the aneurysmal lesions of TslprŠ/Š mice.

To substantiate these �ndings in an independent model, we
employed a Ca3(PO4)2-induced AAA model. The results from this
complementary approach consistently recapitulated the attenuated
AAA phenotype in TslprŠ/Š mice (Supplementary Figure 1).
Collectively, these data from two distinct experimental models
demonstrate that genetic disruption of the TSLP/TSLPR pathway
signi�cantly mitigates the development and severity of AAA.

3.3 Therapeutic inhibition of TSLP protects
against PPE-induced AAA

Given the observed protection in TslprŠ/Š mice, we investigated
the therapeutic potential of TSLP inhibition using a monoclonal
antibody in the PPE-induced AAA model. Inspired by the clinical
success of Tezepelumab, a human anti-TSLP antibody approved for
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severe asthma (18), we administered a speci�c anti-mouse TSLP
antibody (anti-TSLP) to mice following AAA induction (Figure 3A).

Anti-TSLP treatment substantially alleviated the progression of
AAA, as demonstrated by a reduction in aortic dilation compared to
Frontiers in Immunology 05
the normal saline-treated control group (Figure 3B). Histological
evaluation revealed that anti-TSLP preserved the structural integrity
of the aortic wall, which manifested as protection against elastin
fragmentation (Figures 3C, D). Consistent with these �ndings, the
FIGURE 1

The Expression and origin of TSLP in AAA. (A) Serum TSLP concentrations patients with AAA (n=632) compared with healthy controls (n=24,036) in
UKB. (B) The schematic diagram is presented below for reference. 10-12-week- aged male mice received a PPE induction at day 0, with aortic
sampling performed at day 14. (C) The comparison of TSLP mRNA expression in the aortas from the sham and AAA groups at day 14 (n=6 mice per
group). (D) Temporal expression pro�le of TSLP mRNA in the murine aorta at indicated time points after AAA induction, compared to the baseline
level (n=6 mice per group). (E-G) Representative immuno�uorescence images of murine AAA sections stained for TSLP (red), cell-speci�c markers
(green), and DAPI (blue). (E) Co-staining with CD45 (leukocyte marker). (F) Co-staining with vimentin (�broblast marker). (G) Co-staining with a-SMA
(smooth muscle cell marker) (n=4 mice per group). Data are presented as mean ± SEM. Scale bar: 50 mm. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 (the Mann–Whitney U test was used in A, unpaired two-tailed Student’s t-test was used in C, and one-way ANOVA was used in D).
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