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Meta-Analysis of Single-Cell RNA-Seq Data
Reveals the Mechanism of Formation and
Heterogeneity of Tertiary Lymphoid Organ in
Vascular Disease
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BACKGROUND: Tertiary lymphoid organs (TLOs) are ectopic lymphoid organs developed in nonlymphoid tissues with chronic
inflammation, but little is known about their existence in different types of vascular diseases and the mechanism that mediated
their development.

METHODS: To take advantage of single-cell RNA sequencing techniques, we integrated 28 single-cell RNA sequencing data
sets containing 5 vascular disease models (atherosclerosis, abdominal aortic aneurysm, intimal hyperplasia, isograft, and
allograft) to explore TLOs existence and environment supporting its growth systematically. We also searched Medline, Embase,
PubMed, and Web of Science from inception to January 2022 for published histological images of vascular remodeling for
histological evidence to support TLO genesis.

RESULTS: Accumulation and infiltration of innate and adaptive immune cells have been observed in various remodeling
vessels. Interestingly, the proportion of such immune cells incrementally increases from atherosclerosis to intimal hyperplasia,
abdominal aortic aneurysm, isograft, and allograft. Importantly, we uncovered that TLO structure cells, such as follicular helper
T cells and germinal center B cells, present in all remodeled vessels. Among myeloid cells and lymphocytes, inflammatory
macrophages, and T helper 17 cells are the major lymphoid tissue inducer cells which were found to be positively associated
with the numbers of TLO structural cells in remodeled vessels. Vascular stromal cells also actively participate in vascular TLO
genesis by communicating with myeloid cells and lymphocytes via CCLs (C-C motif chemokine ligands), CXCL (C-X-C motif
ligand), lymphotoxin, BMP (bone morphogenetic protein) chemotactic, FGF-2 (fibroblast growth factor-2), and IGF (insulin
growth factor) proliferation mechanisms, particularly for lymphoid tissue inducer cell aggregation. Additionally, the interaction
between stromal cells and immune cells modulates extracellular matrix remodeling. Among TLO structure cells, follicular
helper T, and germinal center B cells have strong interactions via TCR (T-cell receptor), CD40 (cluster of differentiation 40),
and CXCL signaling, to promote the development and maturation of the germinal center in TLO. Consistently, by reviewing
the histological images from the literature, TLO genesis was found in those vascular remodeling models.

CONCLUSIONS: Our analysis showed the existence of TLOs across 5 models of vascular diseases. The mechanisms that
support TLOs formation in different models are heterogeneous. This study could be a valuable resource for understanding
and discovering new therapeutic targets for various forms of vascular disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Highlights

Nonstandard Abbreviations and Acronyms
AAA abdominal aortic aneurysm
ApoE~"- apoE knockout

BCR B-cell receptor

BMP bone morphogenetic protein
CCL2 C-C motif chemokine ligand 2
CD40 cluster of differentiation 40
CXCL C-X-C motif ligand

DC dendritic cell

Dz dark zone

EC endothelial cell

FGF fibroblast growth factor

FITC fluorescein isothiocyanate
FoxO1 forkhead box O1

GC germinal center

IH intimal hyperplasia

IL interleukin

LDL-- low-density lipoprotein knockout
LTBR LT receptor

LT lymphotoxin

LTi lymphoid tissue inducer

LZ light zone

MK mitogen-activated protein kinases
PSAP prostatic serum acid phosphatase
PTN pleiotrophin

scRNA-seq single-cell RNA sequencing
SMC smooth muscle cell

TCR T-cell receptor

Tfh follicular helper T cells

TGF transforming growth factor

Th T helper cells

TLO tertiary lymphoid organ

TNF tumor necrosis factor

cardiovascular diseases like atherosclerosis, arterial

aneurysm, and intimal hyperplasia (IH) after vascular
intervention and bypass surgery.! Such active processes
involve a complex cellular network that changes the
geometry of the blood vessel? Accumulating evidence
has shown that both innate and adaptive immune cells
infiltrate into vascular and perivascular tissue to play
important roles in modulating local inflammation and vas-
cular remodeling®'° In addition to diffuse perivascular
infiltrates, recent discoveries have shown that heteroge-
neous immune cells form organized local tertiary lym-
phoid organs (TLOs) in response to various inflammatory
signals from the vascular microenvironment.!" However,
the precise mechanism and function of TLO in vascular
remodeling have not been fully established.

Vascular remodeling is a broad term that includes
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* Vascular remodeling involves inflammatory response
and complex cellular networks that change the
geometry of the blood vessel.

* Both innate and adaptive immune responses are
involved in various vascular diseases.

« Tertiary lymphoid organs (TLOs) are ectopic lym-
phoid organs that develop in nonlymphoid tissues at
sites of chronic inflammation.

* TLOs are present in remodeled vessels and the
mechanisms mediating TLO formation vary by vas-
cular pathologies.

¢ Inflammatory macrophages and T helper 17 cells
are the major lymphoid tissue inducer cells in remod-
eled vessels. The lymphoid tissue inducer cells are
attracted by stromal cells to the site of inflammation
via a chemotactic mechanism.

* The levels of inflammatory responses in lymphoid
tissue inducer cells are tightly associated with the
numbers of TLO structural cells (ie, follicular helper
T cells and germinal center B cells) at the late stage
of vascular remodeling.

* Vascular stromal cells, including endothelial cells,
smooth muscle cells, fibroblast, and mesenchy-
mal stem cells, also actively participate in vascu-
lar TLO genesis by communicating with myeloid
cells and lymphocytes. In addition to strong che-
motactic effects, vascular tissues are shaped by
such communication through extracellular matrix
remodeling.

+ TLO structure cells, including the follicular helper T
cells and germinal center B cells, interact tightly via
TCR (T-cell receptor), CD40 (cluster of differentia-
tion 40), and CXCL (C-X-C motif ligand) signaling,
to promote the development and maturation in the
germinal center.

+ Our results can serve as a resource for a deeper
understanding of vascular TLO formation and may
provide valuable insights for new therapeutic strate-
gies targeting various forms of vascular injury.

TLOs are ectopic lymphoid organs that develop in
nonlymphoid tissues at sites of chronic inflammation,
including tumors, autoimmune diseases, and trans-
planted organs.' Typical TLOs are composed of a T-cell-
rich zone with mature dendritic cells (DCs) juxtaposing a
B-cell follicle with germinal center (GC) characteristics
and are surrounded by plasma cells.”® Specialized ves-
sels in this structure termed high endothelial venules
allow entry of lymphocytes into TLOs. TLO is a highly
active site for recruited naive T-cell and B-cell differ-
entiation and activation into effector T cells and B cells
under the exposure of neighboring antigens and cofac-
tors, including cytokine and chemokine.'* In different
diseases, their presences are associated with different
outcomes and prognoses. For example, in tumors, TLO
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can induce a long-lasting antitumor response and is
associated with a favorable prognosis in solid tumors.'®
In patients with lupus nepbhritis, the presence of TLO
has been increasingly recognized to be associated with
poorer renal outcomes.'® Importantly, emerging evidence
shows the existence of TLOs surrounding atherosclerotic
lesions, which are tightly associated with the progression
of lesions.'2° Recently, our group also found the local
formation of TLOs in transplant arteriosclerosis, and their
presence is detrimental to the long-term survival of solid
organs.?’ Thus, understanding the pathological mecha-
nisms of TLOs may vyield novel therapeutic targets for
controlling vascular remodeling.

In this study, integrated published and newly gener-
ated single-cell RNA sequencing (scRNA-seq) data, we
mapped the structure cells of TLOs across b vascular
remodeling models, including atherosclerosis, abdominal
aortic aneurysm (AAA), wire injury—induced IH, isograft,
and allograft artery remodeling. The mechanisms that
support TLO formation and their heterogeneities in dif-
ferent models were also characterized. We also systemi-
cally reviewed vascular remodeling studies and obtained
direct evidence of histological images that supports TLO
genesis. This study could be valuable resource for under-
standing and discovering new therapeutic targets of vari-
ous forms of vascular disease.

METHODS

Data Availability

The data that support the findings of this study are avail-
able from the corresponding author on reasonable request.
scRNA-seq data of our study are available in Gene Expression
Omnibus (GSE234651 for scRNA-seq of carotid artery wire
injury IH model). Publicly available data obtained from mouse
and human subjects were analyzed, and the data sets involved
in this study and details of the sScRNA-seq data are available in
the public domain as outlined in Table S10.

Meta-Analysis and Data Acquisition

A comprehensive meta-analysis of the atlas for scRNA
sequencing studies involving 5 data sets of healthy mouse
vessels and 28 data sets of remodeling vessels was per-
formed. Each raw data set was derived from the Gene
Expression Omnibus (Figure 1A). The workflow for the collec-
tion of data sets of interest is summarized in Figure 1A and
1B. Briefly, the data sets of remodeling vessels included (1)
14 atherosclerotic arterial data sets containing gene-induced
(eg, apoE knockout [ApoE~"] and Ldlr”~ mice) and high-fat
diet—induced mouse atherosclerosis; (2) 2 data sets of elas-
tase-induced aneurysm remodeling vessels; (3) 2 data sets of
surgical model—induced vascular remodeling after mechanical
injury; and (4) 5 data sets of surgical model-induced isograft
and allograft remodeling vessels. Details of these data sets
and cells harvested for single-cell sequencing are presented
in Table S10.
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Inclusion and Exclusion for Mice Data Sets

We conducted a systematic search of the uploaded data
sets in the Gene Expression Omnibus database in January
2022.

Inclusion Criteria

Database: Gene Expression Omnibus database.

MeSH terms: atherosclerosis, aneurysm, hyperplasia, iso-
graft, and allograft.

Species: Mus musculus.

Dates: from inception to January 2022.

The search terms included the following: atherosclerosis,
aneurysm, hyperplasia, isograft, and allograft. Atherosclerotic
models contained arteries of ApoE™~ or low-density lipopro-
tein knockout (LDL™") mice fed a high-fat diet. The grafting
arteries were isolated from Balb/c mice in allograft models.
The healthy arteries, aneurysm, wire injury—induced hyperpla-
sia, and isograft vasculopathies models were established on
mice with C57BL6J background. Anatomic location of vessels
in each disease model and cell sorting strategies are listed in
Table S10.

Excluded Studies That Met the Following Criteria

Vascular data other than the abovementioned models (athero-
sclerosis, aneurysm, hyperplasia, isograft, and allograft) were
not included. We only collected scRNA sequencing data, and
the bulk RNA sequencing and sn-RNA sequencing data were
excluded. Among them, the scRNA sequencing data are the
data sets obtained by digesting the healthy or remodeling ves-
sel (Figure 1B).

For the data sets in which cells were sorted (eg, sorted
CD45* cells), none of them were included in the analysis when
calculating the proportion. However, those sorted data sets
integrated with unsorted data sets when performing functional
analysis or cell-cell interaction analysis for certain types of
cells. No language restrictions were applied. The included data
sets and studies are listed in Table S10.

Meta-Analysis Strategy

After collecting data sets that met the inclusion criteria, we
first used Harmony R package to integrate multiple data
sets and mitigate batch effects, as it has been proven effec-
tive in achieving harmonized data integration and reducing
unwanted variation caused by batch effects.?? Then the
cell annotation was performed after data quality control
by R package Seurat (version 4.3.0). Briefly, gene features
expressed in at least b cells, and cells with at least 500
detected genes, <10% mitochondrial counts were kept.
Red blood cells (expressing Alas2) were also filtered and
removed. The data sets of the sorted vessel cells were not
included in the analysis when calculating and comparing cell
type ratios. However, those sorted data sets were included
when performing other analyses. We compared the expres-
sion levels of different vital functional gene sets for TLO
formation in stromal cells and immune cells in remodeling
vessels with those in healthy aortas. For different cell types,
more detailed analysis (such as the expression of character-
istic functional gene sets, cell-cell communication analysis,
etc) was further performed.
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Figure 1. Design of the meta-analysis study.

A, Overview of the study. This analysis is based on 28 data sets (5 healthy artery and 23 remodeled vessel data sets, including atherosclerosis,
arterial aneurysm, intimal hyperplasia after vascular intervention, and bypass surgery [including isograft and allograft data sets] from published
studies in mice). Atherosclerosis was induced in mouse models using genetic knockout (low-density lipoprotein receptor knockout [LdIr-] and
apoE knockout [ApoE™"]) and a high-fat diet model. The arterial aneurysm model was built by applying elastase to aorta in C57BL6J mice. The
intimal hyperplasia model was established by introducing a flexible wire into carotid arteries and achieving an effect in endothelial denudation in
C57BL6J mice. In the isograft model, C57BL6J mice received vessels from mice with same gene background. In the allograft model, C57BL6)J
mice received vessels from Balb/c strain. Single cells were phenotyped by RNA sequencing (RNA-seq). Dimensionality reduction (Continued)
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Data Analysis and Visualization

Single-cell expression count matrix barcodes and gene IDs
from each study were downloaded from the Gene Expression
Omnibus. Doublet detection for those scRNA-seq data using
artificial nearest neighbors was conducted via R package
DoubletFinder (version 2.0.3). To normalize the data, Unique
Molecular Identifiers, the unique tags attached to each mol-
ecule, were used to facilitate the identification and removal
of polymerase chain reaction duplicates.2"? Unique molecu-
lar identifier counts were scaled by library size and natural log
transformation; gene counts for each cell were divided by the
total unique molecular identifier count of that cell, scaled by a
factor of 10 000, and then transformed via a natural log plus
1 function (NormalizeData). For downstream analysis, normal-
ized data were additionally scaled so that the mean expres-
sion across cells was O and the variance was 1 (function
ScaleData). To reduce the dimensionality of the data for clus-
tering functions, principal component analysis was utilized, and
we identified the first 30 principal components that explained
sufficient observed variance (function RunPCA). The determi-
nation of sufficiency is based on the examination of the elbow
plot (function ElbowPlot), which displays the eigenvalues of the
principal components in descending order and the eigenvalues
began to level off after the first 30 PCs in elbow plot. Next,
to identify clusters within the reduced dimensional space, cells
were embedded in a k-nearest neighborhood-based graph
structure (function FindNeighbors) and were then partitioned
into clusters (function FindClusters). Finally, for visualization,
Uniform Manifold Approximation and Projection was run over
the reduced dimensional space (function RunUMAP), and
identified clusters were projected onto the Uniform Manifold
Approximation and Projection plot. To address noise and batch
differences between the studies, a strategy involving the use
of reference cells from each data set was used. To facilitate
integration, pairs of reference cells, known as anchors, were
identified and scored based on their proximity using a k-nearest
neighbor approach (function FindIntegrationAnchors). These
anchors were then used to measure the expression differ-
ence between studies (function IntegrateData), which was then
removed from the corresponding normalized data. Integration
was run between the normalization and scaling steps.?* All the
functions used are based on Seurat.

Clustering was performed in Seurat. To establish the reli-
ability of this method, the clustering algorithm was com-
pared between Seurat and an alternative approach using the
Harmony R package (https://github.com/immunogenomics/
harmony)? This package scales the data to make nearby
cells more similar when clustering is performed. Harmony is
also easily incorporated into the Seurat pipeline. The results
using Harmony-based clustering were essentially identical to
those from the Seurat clustering. In this meta-analysis, batch

scRNA-Seq Atlas of TLO in Vascular Disease

effect was only corrected once in the initial data integration,
and removal for batch effects was not repeatedly performed in
downstream analysis.?2%

Cellular Similarity Dendrograms

For an unsupervised comparison of the cellular subpopulations
identified from multiple vascular remodeling types, the follow-
ing steps were performed.

Here, we used the batch-corrected expression value via a
method named Scanorama.?®

1. Identify a set of highly variable genes across different cel-

lular subpopulations.

2. Calculate the mean expression of genes in each cluster.

3. For hierarchical clustering, the distance defined as

(1-Pearson correlation coefficient)/2 was used.

For major myeloid lineages comparison across multiple
vascular remodeling types, we used the top 1000 highly vari-
able genes. For other subpopulations, comparison, the top 800
highly variable genes were used.

Correlation Analysis

Expression levels were averaged over cells and plotted among
cell types in Figures 2H, 3G, 4H, and 5E. Scatter plots were fit
with linear and quadratic regression models to show potential
relationships. The correlation was assessed via scatter plots
and Spearman correlation coefficient.?

Differentially Expressed Genes

The features of differentially expressed genes in the cell clus-
ters (or subclusters) in all scRNA-seq analyses were identified
with the Seurat function FindAllMarkers, with a minimum log2
(fold change) threshold of 0.25, a minimum of 0.25 fractions in
cells, and an adjusted P value of <0.05. P values were calcu-
lated based on a Wilcoxon rank-sum test and adjusted with the
Benjamini-Hochberg procedure.

Gene Sets

The Seurat function AddModuleScore includes genes related
to proinflammatory signaling, antigen presentation, lymphatics,
chemokines, cytokines, MHCI, MHCII, follicular helper T-cell
(Tfh)-like cells, and Tfh cell differentiation.* Each cell was
scored based on its expression of the genes within the gene
sets. The gene sets are shown in Table S2.

Pathway Enrichment Analysis

Differentially expressed gene data sets were loaded into R
for Gene Ontology term enrichment analysis. For the pathway
enrichment analyses, R package gProfileR2 (version 0.2.1)

Figure 1 Continued. and clustering were used to identify cell types and gene signatures. Based on the gene signatures, genetic labeling was
used to visualize and sort cell types to gain functional insights and in-depth transcriptome information. Pathological analysis of the histological
images collected from published articles was performed and vascular—tertiary lymphoid organ (TLO) immunofluorescent staining for each
model was provided. The study focused on cellular diversity and TLO formation in vascular remodeling. B, Flowchart showing the procedure

for the meta-analysis study. Only single-cell RNA sequencing (scRNA-seq) data were collected, and the bulk RNA sequencing and sn-RNA
sequencing data were excluded. The included studies were limited by mice. Harmony was used to integrate multiple data sets and eliminate the
batch effect. Then the cell clustering and annotation were performed after data quality control. The data sets of the sorted vessel cells were not
included in the analysis when calculating and comparing cell type ratios. However, those sorted data sets were included when performing cell

function, cell-cell interaction analyses, etc. Ctrl indicates control.
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Figure 2. Chronic inflammation in the pathogenesis of vascular remodelings.

A, Uniform Manifold Approximation and Projection (UMAP) plot showing the major cell types in healthy and remodeled arteries. B, Bar graphs
displaying the proportion of each cell type in total artery cells in the indicated groups as determined by single-cell RNA sequencing (scRNA-
seq). C, Bar graphs displaying the proportions of lymphocytes (green), myeloid cells (orange), and stromal cells (blue) in total artery cells in the
indicated groups as determined by scRNA-seq. D, Line graphs comparing the proportions of stromal cells and immune cells in total artery cells
in the healthy and remodeled arteries as determined by scRNA-seq. E, UMAP plots showing cell types in normal control (NC) arteries and the
atherosclerosis (AS), abdominal aortic aneurysm (AAA), intimal hyperplasia (IH), isograft (IG), and allograft (AG) models. F, (Continued)
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was used to perform enrichment analyses of Gene Ontology
Biological Processes (Gene Ontology Biological Processes
releases/2020-12-15 in  g:Profiler) using differentially
expressed genes expressed by selected cell clusters, and the
data were visualized using the ggplot2 (version 3.4.2) package
in R. Pvalues were calculated based on a Wilcoxon rank-sum
test. Pvalue adjustment is performed using Bonferroni correc-
tion based on the total number of genes in the data set.

Visualization by Heatmap

The top differentially expressed genes between cell types
were identified and combined between each data set. Average
expression values for these genes or gene sets were then nor-
malized by subtracting the mean expression and dividing by the
SD of a given gene over all cells. Heatmaps were constructed
based on these values; identified genes are shown as rows,
whereas cells are shown as columns. Cells are grouped based
on cell type, whereas genes are grouped based on specific
gene sets or differential expression in the cell type from which
they were identified. All these heatmaps and complete-linkage
clustering showing correlation analyses were plotted using the
R package pheatmap.

Cell-Cell Communication Analysis

We performed analyses of ligand-receptor pairs between cell
types with the R package CellChat according to a previously
described procedure.?’?” We followed the official workflow:
briefly, we loaded the normalized counts into CellChat and
applied the standard preprocessing steps, including the func-
tions identifyOverExpressedGenes, identifyOverExpressed-
Interactions, and projectData with a standard parameter set.
Specific TLS-related precompiled mouse ligand-receptor inter-
actions were selectively used as a priori network information
(Table S5). We then calculated the potential ligand-receptor
interactions between cells based on the functions compute-
CommunProb, computeCommunProbPathway, and aggregate-
Net using standard parameters.

Mouse-Human Integrated Analysis
We used the Seurat alignment procedure to do the mouse-
human integrated analysis for Figure S5, which is designed to
integrate scRNA-seq data across distinct data sets.?® The fol-
lowing are the main steps comprising a typical workflow:
1. Convert mouse genes to human genes and gene
selection.

scRNA-Seq Atlas of TLO in Vascular Disease

2. Canonical correlation analysis and define a shared cor-
relation space.

3. Identify rare nonoverlapping subpopulations.

4. Dynamic time warping for aligning correlated subspaces.

5. Integrated analysis of mice-human integrated data.

Search Strategy and Pathological Evidence
Criteria

We conducted a systematic search of the literature in January
2022 by searching Medline, Embase, PubMed, and Web of
Science from inception to January 2022. The MeSH search
terms included the following: atherosclerosis, aneurysm, hyper-
plasia, isograft, and allograft. No language restrictions were
applied. The included studies were not limited by species. Our
search strategy was tailored to each database. The details of
the search strategy are shown in the Supplemental Material.
We then collected all hematoxylin and eosin—stained pathologi-
cal figures in the included studies for the detection of TLSs in
vascular remodeling.

Histology, Imnmunofluorescence Staining,

Scanning, and Analysis

Briefly, 4 to 6 pm sections of remodeled vascular tissues were
prepared and stained with hemotoxylin and eosin (IH in Figure
S5A) or immunofluorescent antibodies (Figure 6). Hemotoxylin
and eosin—stained sections were imaged using an Olympus
DP71 camera. Sections from each mouse were visualized to
be analyzed by a blinded observer with certified 3DHistech
CaseViewer Software (version 2.3.0; Sysmex, Budapest,
Hungary).

The antibodies used for immunofluorescence stain-
ing included fluorescein isothiocyanate (FITC)-anti-B220
(11-0460-82; eBioscience, San Diego, CA), rabbit anti-
CD3 (ab16669; Abcam, Cambridge, MA), mouse anti-CD31
(910003; BioLegend, San Diego, CA), rat anti-MECA-79
(120801; BioLegend, San Diego, CA), rat anti-CD20
(ab27930; Abcam, Cambridge, MA), Cyanine3 donkey anti-rab-
bit IgG (406402; BioLegend, San Diego, CA), AF647 goat anti-
rat IgG (405416; BioLegend, San Diego, CA), and FITC goat
anti-mouse IgG (ab6785; Abcam, Cambridge, MA). After the
fixed and blocked sections were incubated in primary antibod-
ies for 3 hours at room temperature, the sections were washed
twice with PBS and incubated with the appropriate fluorescent
secondary antibodies for 1 hour. The nuclei were labeled with
DAPI (236276; Roche, Basel, Switzerland).

Figure 2 Continued. Hierarchical clustering of major cell lineages. G, Heatmap (column scaled) showing the average gene expression levels
in the indicated cells. H, Scatterplot showing the Pearson correlation coefficients between the proportions of lymphocytes in the late stage
(divided by the total cells) and the expression scores of proinflammatory (left), antigen presentating—related (middle), and lymphatic-inducing
(right) genes for innate immune cells in the indicated groups. I, Heatmap and forest plot comparing the cell proportions and expression levels
of lymphocyte recruitment-, chemokine-, and cell proliferation—related genes in the indicated cells of remodeled vessels with those of healthy
arteries. Cell types or previously published biomarkers are shown as rows, and individual scRNA-seq data sets are shown as columns. The
heatmap indicates the proportion of a specific cell type or the effect size of a given gene marker in each data set (measured as the log2 odds
ratio [OR] for the cell proportion and as the average gene expression in the indicated data sets vs the cell proportion or the average gene
expression in the control group (NC) derived from logistic regression). The right-hand forest plot shows the overall effect size and significance of
each marker in the meta-analysis across all studies based on effect sizes and SEs. The P values shown are derived from meta-analysis (random
effects analysis because of the different vascular remodeling types). J, Heatmap and forest plot comparing the expression of angiogenesis-
related, adhesion molecule-related, and lymphocyte recruitment-related genes in all stromal cells between remodeled vessels and healthy
arteries. Adj P indicates adjusted P value; DC, dendritic cell; DZB, dark zone B cell; EC, endothelial cell; FC, fold change; LZB, light zone B cell;
MSC, mesenchymal stem cell; NK, natural killer cell; pDC, plasmacytoid dendritic cell; SMC, smooth muscle cell; and VR, vascular remodeling.
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Figure 3. Myeloid cell population and transcriptional signaling for developing tertiary lymphoid organs (TLOs).

A, Uniform Manifold Approximation and Projection (UMAP) plot showing the myeloid cell subtypes in healthy and remodeled arteries. B, Bar
charts displaying the proportion of each myeloid cell subtype in overall artery cells of the indicated groups by single-cell RNA sequencing
(scRNA-seq). C, UMAP plots showing the myeloid cell subtypes in normal control (NC) artery, atherosclerosis (AS), abdominal aortic
aneurysm (AAA), intimal hyperplasia (IH), isograft (IG), and allograft (AG). D, Heatmap showing the average gene expression of TLO-inducing
genes (up) and proinflammatory genes (bottom) in the indicated cell subtypes (row) and groups (column). E, Gene expression signature of
cytokine, chemokine, angiogenesis, phagocytosis, antigen-presenting, and adhesion molecule for specific myeloid cell subtypes of healthy and
remodeled arteries; average gene expression for the reference is normalized between 0 and 1. F, Gene expression signature of (Continued)
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Inclusion and Exclusion for Human Data Sets
Inclusion Criteria

Database: Gene Expression Omnibus database.

MeSH terms: atherosclerosis, aneurysm, hyperplasia, iso-
graft, and allograft.

Species: Homo sapiens.

Dates: from inception to November 2022.

Excluded Studies That Met the Following Criteria
We only collected scRNA sequencing data, and the bulk RNA
sequencing and sn-RNA sequencing data were excluded.

Statistical Methods

Log2(fold change) was used to compare differences between
2 studies based on scRNA-seq count data. The expression lev-
els of target genes in each group were normalized to the refer-
ence group and presented as log2-transformed fold change.
The 95% Cls were calculated using Z scores and SEs, while
the P values were computed based on log2(fold change) and
SE by Ztest, resulting in 1-tailed P values. P value adjustment
is performed by Benjamini-Hochberg. Statistical analysis was
performed using R4.2.2 (http://www.r-project.org/). We con-
sidered a Pvalue of 0.05 to be statistically significant.

RESULTS

Chronic Inflammation in the Pathogenesis of
Vascular Remodeling

The workflow for the collection of data sets with inter-
est is summarized in Figure 1A and 1B. Accumulating
evidence has shown that inflammation plays a cen-
tral role in the progression of various forms of vascular
remodeling and leads to adverse cardiovascular events.?®
There have been great advances in the understanding
of cellular and molecular mechanisms and their varia-
tions in these vascular pathologies due to the applica-
tions of single-cell technologies. Marker genes for cell
cluster annotation have been well established in previous
publications (Figure STA through S1D; Table S1).2'%0 In
healthy arteries, immune cells, including macrophages, T
cells, B cells, and, to a lesser extent, DCs, form a small
part of the resident cell population (Figure 2A through

scRNA-Seq Atlas of TLO in Vascular Disease

2E).3182 Accumulation and infiltration of immune cells
have been observed in various remodeling vessels,
including atherosclerosis, AAA, IH, isograft, and allograft
arteries (Figure 2A through 2E). Interestingly, the pro-
portion of immune cells, including myeloid cells and lym-
phocytes, incrementally increases from atherosclerosis
to IH, AAA, isograft, and allograft, whereas the propor-
tion of stromal cells decreases significantly (Figure 2C
and 2D). It is noteworthy that inflammatory responses
are highly activated in graft arteries, with over 90% of
vascular cells being immune cells (Figure 2C and 2D).
Compared with the isograft model, the allograft model
presents a higher adaptive immune response (Figure 2C
and 2D). The proportion of B cells in healthy artery is
~13%. B cells account for 3% to 5% of atherosclerosis,
AAA, and isograft remodeling vessels, whereas ~16% of
IH and allograft remodeling vessels (Figure 2B and 2E).
It is observed that smooth muscle cells (SMCs) gradually
disappeared in the allograft vascular remodeling model
via immunofluorescence staining, while the proportion
of macrophages increased significantly (Figure S2A)
and gradually infiltrated from the adventitia to the media
(Figure S2B). The endothelial cells (ECs) in the normal
control aorta include vascular ECs and <3% lymphatic
ECs. However, the proportion of high endothelial venule
ECs and lymphatic ECs increased in remodeled vessels
(Figure S2C and S2D). To identify the functional similari-
ties and differences in similar cell types among different
models, we assessed similarities in the average tran-
scriptome between each major lineage in different vas-
cular remodeling models via cluster analysis (Figure 2F).
As expected, similar cell lineages from vascular models
clustered together but maintained differences at the
transcriptional level among vascular models. This result
indicates that the pathological mechanisms mediated
by similar cell types are not entirely identical in different
models (Figure 2F). Due to the close interplay between
inflammation and vascular pathology, the heterogene-
ity of immune responses, as revealed by differences in
immune cell numbers and transcriptional patterns, may
determine the progression of various types of vascular
remodeling.?%

Thefirstsetof responses are innate immune responses
in various vascular pathologies.®* As demonstrated in our

Figure 3 Continued. cytokine, chemokine, angiogenesis, phagocytosis, antigen-presenting, and adhesion molecule of the specific myeloid
models in different myeloid cell subtypes; average gene expression for the reference is normalized between 0 and 1. G, Scatterplot showing the
Pearson correlation coefficients between the proportions of lymphocytes in the late stage (divided by the total cells) and the expression scores of
TLO-inducing genes for myeloid cells in the indicated groups. H, Cellular interaction pairs between myeloid cells and stromal cells in the indicated
models. The direction of the arrow represents the direction of cellular interaction, starting from the ligand cell and ending in the recipient cell. The
numbers represent the number of ligand-receptor pairs. I, Violin plot showing the expression level for the related genes of ligand-receptor pairs
between myeloid cells and stromal cells in the indicated models. J, Forest plot showing the overall effect size and significance of each marker

in meta-analysis across all studies, based on effect sizes and SEs. P values are shown from meta-analysis (random effects, on account of the
different vascular remodeling types). K, Schematic diagram showing the role of myeloid cells in the formation of TLO. Adj P indicates adjusted P
value; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; DC, dendritic cell; DZB, dark zone B cell; HEV, high endothelial
venule; Lamp3, lysosomal-associated membrane protein 3; LZB, light zone B cell; Res-like, resident-like; Scl1, scarecrow-like protein 1; Tth,
follicular helper T-cell; Th, T helper; TREMZ, triggering receptor expressed on myeloid cells 2; and VR, vascular remodeling.
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Figure 4. T lymphocytes and transcriptional signaling for developing tertiary lymphoid organs (TLOs).

A, Uniform Manifold Approximation and Projection (UMAP) plot showing the T-cell subtypes in healthy and remodeled arteries. B, Bar charts
displaying the proportion of each T-cell subtype in overall T cells of the indicated groups by single-cell RNA sequencing (scRNA-seq). C, Bar
charts displaying the ratio of proinflammatory to anti-inflammatory T cells of the indicated groups by scRNA-seq. D, Dot plots showing the
expression of cytokine-related genes in each subset at early or late stage of vascular remodeling. E, UMAP plots showing follicular helper T
cells (Tth; blue) and T helper 17 (Th17; purple) in normal control (NC) artery, atherosclerosis (AS), abdominal aortic aneurysm (AAA), intimal
hyperplasia (IH), isograft (IG), and allograft (AG). F, Bar charts displaying the proportion of Tth (blue) and Th17 (purple) in total T (Continued)
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results, compared with those in healthy vessels, the pro-
portions of innate immune cells, including macrophages,
monocytes, and DCs, were significantly increased at
the early stage in the atherosclerosis, IH, AAA, isograft,
and allograft models (Figure S1E and S1F). This innate
immune response progressed to the chronic phase of
vascular remodeling. The proportions of infiltrated mac-
rophages and monocytes were also higher in vascular
pathology models than in healthy vessels at the late
stage of vascular injury (Figure S1E and S1F). A scaled
proinflammatory gene score considering 92 genes was
used to evaluate the proinflammatory activity of innate
immune cells (Table S2). The overall proinflammatory
gene scores were higher in the early phase of each type
of vascular remodeling than in the later phase (Figure
S1G). Innate immune cells induce an acute inflamma-
tory response via their capability to produce chemokines,
cytokines, lymphatic molecules, and MHC molecules with
different antigen presentation capabilities to attract and
activate T and B lymphocytes (Figure S1G). More impor-
tantly, among innate immune cells, macrophages secrete
the highest amount of lymphoid cell-inducing molecules,
for example, LT, LTB, and the cytokine TNF (tumor necro-
sis factor), to play a role as lymphoid tissue inducer (LTi)
cells and induce the formation of TLOs (Figure 2G).*°
Notably, the proinflammatory, antigen-presenting, and
lymphatic genes expressed by innate immune cells in the
early phase of vascular remodeling were positively cor-
related with the degree of lymphocyte infiltration in the
late stage (Figure 2H).

In the integrated scRNA-seq data sets, we observed
that structural cells of TLOs, including Tfh cells, mem-
ory B cells, GC B cells (dark zone [DZ] B and light zone
[LZ] B cells), and plasma B cells, existed and were sig-
nificantly increased in the remodeled vessels (Figure 21).
Notably, there were higher proportions of TLO structural
cells in the allograft model than in other vascular injury
models, which indicated that the allograft model may
have an increased number of TLOs. The expression of

scRNA-Seq Atlas of TLO in Vascular Disease

transcriptional signaling molecules facilitating TLO for-
mation among immune cells (including macrophage, nat-
ural killer, monocyte, T cells, B cells, DC, and plasmacytoid
dendritic cell), including those facilitating lymphocyte
recruitment (Ccr7, Cxcrb, and Sell)®3® and chemoat-
tractants (Ccrb, Cxcr6, and Itgb2)%° in all immune cells,
and cell proliferation (Egfr, Epha2, Gnb4, and Igf1r)% in
GC B cells was significantly upregulated in immune cells
from vascular remodeling tissues (Figure 21). In addition,
the stromal cell population also plays an essential role in
promoting TLO formation. Stromal cells produce angio-
genetic signaling molecules (Vegfa, Egf21, and Vash?2)
facilitating high endothelial venule network formation
and providing channels for lymphocyte mobilization to
the perivascular zone. The production of adhesion mole-
cules (Selp, Sele, Icam1, and Vcam1)%7 and lymphocyte
recruitment molecules (Glycam1, Fut7, Gent1, B3gnt3,
and Ccl21a)%=7 by stromal cells (including mesenchymal
stem cell, fibroblast, SMC, and EC)®" attracts lymphocytes
to migrate along chemokine gradients to the inflamed
vascular site (Figure 2J; Figure S11 through S1K).

Our study highlights the involvement of innate and
adaptive immunity in TLO formation in different vas-
cular remodeling models. Notably, TLO structural cells
were found in all remodeled vascular tissues and had
enhanced transcriptional signaling related to TLO forma-
tion. In the following sections, we provide evidence show-
ing the existence of TLOs in remodeled vasculature and
highlight the signaling networks that support the genera-
tion of TLOs in specific cell populations.

Myeloid Cell Populations and Transcriptional
Signaling in the Development of TLOs

A wide range of myeloid cells, including macrophages,
DCs, monocytes, and neutrophils, are related to the pro-
gression of vascular remodeling.®® In healthy arteries,
myeloid cells are rare (7.13%). However, these cells per-
missively invade vessels beginning in the early stage of

Figure 4 Continued. cells of the indicated groups. G, Heatmap showing the expression of lymphatic tissue—inducing genes (column) in the
indicated T-cell subtypes (row). H, Scatterplot showing the Pearson correlation of the gene expression of proinflammatory genes in T cells with
lymphatic-inducing gene expression in Th17 (left) and the percentage of Tth cell (right) by the indicated groups. I, Heatmap and forest plot
comparing the expression of T-cell proliferation, TCR (T-cell receptor)-signaling activation, T-cell activation, and T-cell-B cell interaction-related
genes in T cells of remodeled vessels with healthy arteries. J, Schematic diagram showing the interaction among T cell, B cell, and natural
killer (NK) cell, and heatmap showing the interaction score of T cell-T cell and T cell B cell in the indicated groups (row) and T-cell subtypes
(column) at the early and late stages of vascular remodeling. Top pathways are listed for the interaction of Th17 cell-other T-cell and Tfh—-B cell.
Statistical information corresponding to scores >0.25 was displayed. K, Schematic diagram showing the interaction among T cells, endothelial
cell (EC), smooth muscle cell (SMC), mesenchymal stem cell (MSC), and neuron and heatmap showing the interaction score of EC-T-cell

and T-cell-SMC in the indicated groups (row) and T-cell subtypes (column) at the early and late stages of vascular remodeling (right). Top
pathways are listed for the interaction of EC-T cell and Th17-SMC. Statistical information corresponding to scores >0.25 was displayed.

L, Schematic diagram showing the role of T cells in the formation of TLO. ANGPTL indicates angiopoietin-like protein; ANNEXIN, annexin;
BMP, bone morphogenetic protein; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif ligand; DZB, dark zone B cell; FGF, fibroblast
growth factor; GAS, growth arrest-specific; ICOS, inducible costimulator; IGF, insulin growth factor; IL, interleukin; LIFR, leukemia inhibitory
factor receptor; LT lymphotoxin; LZB, light zone B cell; MIF, macrophage migration inhibitory factor; MK, mitogen-activated protein kinase; NT,
neurotrophin; OSM, oncostatin M; PERIOSTIN, periostin; PROS, protein S; PSAP, prostatic serum acid phosphatase; PTN, pleiotrophin;
SPP1, secreted phosphoprotein 1; TGF-f, transforming growth factor-; Treg, regulator T cell; VR, vascular remodeling; and WNT, wingless-

type MMTV integration site family.
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Figure 5. B lymphocytes and transcriptional signaling for developing tertiary lymphoid organs (TLOs).

A, Uniform Manifold Approximation and Projection (UMAP) plot showing the B-cell subtypes in healthy and remodeled arteries. B, Bar charts
displaying the proportion of each B cell subtype in total B cells of the indicated groups by single-cell RNA sequencing (scRNA-seq). C, Bar
charts displaying the proportion of dark zone B (DZ B; green), light zone B (LZ B; cyan), and plasma B (purple) cell in overall B cells of the
indicated groups. D, UMAP plots showing DZ B (green), LZ B (cyan), and plasma B (purple) cell in normal control (NC) artery, atherosclerosis
(AS), abdominal aortic aneurysm (AAA), intimal hyperplasia (IH), isograft (IG), and allograft (AG). E, Scatterplot showing the Pearson correlation
of the percentage of follicular helper T cells (Tth) with the percentage of germinal center (GC) B cells by the indicated groups. F, Heatmap
showing the expression of BCR (B-cell receptor)-signaling activation and B-cell proliferation—related genes in the indicated (Continued)
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vascular injury (Figure STE and S1F). The Seurat clus-
tering algorithm implemented in Harmony clearly identi-
fied 6 subsets of myeloid cells in mouse vessels using
well-demonstrated markers from previous publications
(Figure S3A through S3E; Table S3).3° We identified 2
monocyte subsets (including classical and nonclassical
monocytes), 3 macrophage subsets (including resident-
like macrophages, TREM2 macrophages, and inflamma-
tory macrophages), and 1 DC subset (myeloid DCs).

In  healthy vessels, resident-like macrophages
accounted for the highest proportion (40.21%) of
myeloid cells. However, in remodeled vessels, TREM2
macrophages and inflammatory macrophages were
the most predominant myeloid cells and had the high-
est inflammatory score (Figure 3A through 3D; Figure
S3F; Table S4). TREM2 macrophages had a similar
gene expression profile that partially overlapped with
that of inflammatory macrophages but highly expressed
Trem2 (Figure 3A through 3C). Gene Ontology analysis
assigned the TREM2 macrophages putative functions in
lipid metabolism, cholesterol efflux, and lysosome func-
tion (Figure S3G). Inflammatory macrophages showed
an even stronger proinflammatory gene profile and highly
expressed TLO-inducing genes (eg, Lta, Ltb, Tnfsf14, and
Tnf, Figure 3D; Figure S3G and S3H; Table S4). When
comparing similar myeloid subclusters between differ-
ent models, the expression levels of genes related to the
characteristic functions of myeloid cells, including genes
related to cytokines, chemokines, adhesion molecules,
antigen presentation, angiogenesis, and phagocytosis,
varied by model (Table S2). For instance, inflammatory
macrophages, TREM2 macrophages, DCs, and classical
and nonclassical monocytes had the highest expression
of genes related to cytokines, chemokines, adhesion mol-
ecules, antigen presentation, angiogenesis and phago-
cytosis in the allograft model, followed by the isograft
model (Figure 3E and 3F). Although inflammatory mac-
rophages had the highest expression of genes related
to cytokines, chemokines, adhesion molecules, antigen
presentation, angiogenesis, and phagocytosis compared
with the other myeloid cells, the weight of the signatures
also varied by model. Inflammatory macrophages had
more features related to antigen presentation than other

scRNA-Seq Atlas of TLO in Vascular Disease

features in the atherosclerosis, IH, isograft, and allograft
models (Figure 3E and 3F). DCs were found to mainly
function as antigen-presenting cells in the IH, isograft,
and allograft models (Figure 3E and 3F) and actively
interacted with lymphocytes, especially in the late stages
of vascular remodeling (Figure S3I). We failed to identify
sufficient neutrophils for analysis in the integrated data
set, as was reported in the original publications.*0~*2

The generation of TLOs has similarities with sec-
ondary lymphoid organ formation.”® Local production
of chemokines by lymphocytes or stromal cells recruit
LTi cells to the site of inflammation.®® These LTi cells
interact with local stromal cells, comparable to lymphoid
tissue organizer cells in secondary lymphoid organs, par-
ticularly through LTa1B2 and LTBR (LT receptor) bind-
ing.*® Inflammatory macrophages** have been shown to
function as a substitute for LTi cells at the beginning of
TLO generation in various pathological diseases and in
vascular remodeling (Figure S3I). Among the recruited
myeloid cell subtypes, macrophages, especially inflam-
matory macrophages, act as the predominant LTi cells
during vascular remodeling-related lymphoid neogene-
sis because they express the highest levels of LT-related
genes (eg, Lta, Ltb, and Tnfsf14; Figure 3D; Figure S3H).
The allograft model presented the highest LT-related
gene expression in myeloid cells (Figure S3J). This
result explains why the allograft model has the high-
est proportion of lymphocytes. The results underscore
the essential role of myeloid cells in TLO formation and
vascular remodeling. In addition, TREM2 macrophages
were also found to closely interact with stromal cells and
highly express TLO-inducing chemokines and LT-related
genes (Figure 3D; Figure S3I and S3J). Furthermore,
we found that the expression levels of TLO-inducing
chemokines in myeloid cell subtypes were proportional
to those of proinflammatory genes (Figure 3D). Nota-
bly, the TLO-inducing genes in myeloid cell subtypes
expressed by myeloid cells in the early phase of vascular
remodeling were positively correlated with the degree of
lymphocyte infiltration in the late stage (Figure 3G). In
addition, DCs showed strong interactions with lympho-
cytes, especially in the late stage of vascular remodeling
(Figure S3lI).

Figure 5 Continued. B-cell subtypes (row) and groups (column) at the early (left) or late (right) stage during vascular remodeling (VR). G,
Heatmap and forest plot comparing the expression of BCR signaling activation and B-cell proliferation—related genes in B cells of remodeled
vessels with healthy arteries. H, The upper heatmap showing the interaction score of T cell-B cell in the indicated B-cell subtypes (row) and
T-cell subtypes (column). The bottom heatmap showing the interaction score of Tth—B cell in the indicated groups (row) and B cell subtypes
(column). Top pathways are listed for the interaction of Tth cell-GC B cell. I, Schematic diagram showing the interaction among B cells,
endothelial cell (EC), smooth muscle cell (SMC), MSC, and neuron and heatmap showing the interaction score of EC-B cell and B cell-MSC
in the indicated groups (row) and B cell subtypes (column) at the early and late stages of VR. Top pathways are listed for the interaction of
EC-GC B cell and plasma B-MSC. Statistical information corresponding to scores >0.25 was displayed. J, Scatterplot showing the Pearson
correlation of the percentage of Tth cell with the percentage of germinal center B cell by the indicated groups. Adj P indicates adjusted P
value; AP B, antigen-presenting B cell; BMP, bone morphogenetic protein; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif ligand,;
DZB, dark zone B cell; ICOS, inducible costimulator; IL, interleukin; LIFR, leukemia inhibitory factor receptor; LT lymphotoxin; LZB, light zone
B cell; MIF, macrophage migration inhibitory factor; MK, mitogen-activated protein kinases; OSM, oncostatin M; PROS, protein S; TCR, T-cell
receptor; TGF-f, transforming growth factor-; TNF, tumor necrosis factor; and WNT, wingless-type MMTYV integration site family.
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Figure 6. Immunofluorescence staining for vascular-tertiary lymphoid organs (TLOs).

A, Representative images showing T cells (CD [cluster of differentiation]3+, magenta), endothelial cells (CD31+, green), and high endothelial
venule region (MECA-79+, red) enriched in TLO in the atherosclerosis (AS), intimal hyperplasia (IH), abdominal aortic aneurysm (AAA), isograft
(IG), and allograft (AG) models. The upper part showing the overall structure and cell distribution of each type of remodeling vessel; higher
magnifications are provided in the lower part. B, Representative images showing T cells (CD3+, magenta), endothelial cells (CD31+, green),
and high endothelial venule region (MECA-79+, red) enriched in TLO in the AS, IH, AAA, IG, and AG models. The upper part showing the
overall structure and cell distribution of each type of remodeling vessel; higher magnifications are provided in the lower part. A indicates
adventitia; DAPI, 4',6-diamidino-2-phenylindole; |, intima; and M, media.
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Using the integrated scRNA-seq data set, we also
found that the myeloid cell population had the strongest
interaction with vascular stromal cells, and this interac-
tion was achieved via chemotaxis (Figure 3H; Figure
S3I). The specific chemokines, such as CCL2 (C-C motif
chemokine ligand 2) and CCL21, have been shown to
be involved in TLO formation in previously published lit-
erature (Table Sb).3® There were 2 myeloid-stromal cell
interaction pairs in normal arteries, 6 pairs in the IH
model and isograft model, 8 pairs in the AAA model, 10
pairs in the atherosclerosis model, and 12 pairs in the
allograft model (Figure 3H). The allograft model had the
most myeloid-stromal cell interaction pairs (Figure 3l).
Furthermore, the expression levels of chemokines, adhe-
sion molecules, and proinflammatory factors in total
myeloid cells were significantly higher in the models than
in normal arteries, and the allograft model had the high-
est levels (Figure 3J).

In summary, myeloid cells not only initiate an acute
inflammatory response during vascular injury but also act
as LTi cells and antigen-presenting cells to attract and
activate lymphocytes to form TLOs (Figure 3K).

T Lymphocytes and Transcriptional Signaling in
the Development of TLOs

T cells are present both in healthy arteries and remod-
eled vessels but with a remarkably higher proportion
and heterogeneity in remodeled vessels (Figure 4A and
4B)3" The markers for identifying T-cell subclusters have
been defined in previous publications (Figure S4A; Table
S6).21% The proportions of effector T cells, including Cd4+
T cells, Cd8* T cells, cytotoxic T lymphocytes, Tth cells, T
helper (Th) 17 cells, Th1 cells, Th2 cells, Th22 cells, and
regulator T cells, in total vascular cells were increased
in the vascular remodeling models (Figure S4B). Th17
and TFH cells were also observed in human-remodeled
vessels (Figure Sb). Among effector T cells, proinflam-
matory T cells, including Th17, Th1, and Th22 cells, were
more predominant than immune regulatory T cells, such
as regulator T cells, in remodeled vessels (Figure 4A
and 4B; Figure S4B). The proportions of proinflamma-
tory to anti-inflammatory T cells were highest in the iso-
graft, allograft, and IH models (Figure 4A through 4C;
Table S7). These T cells secrete different levels of cyto-
kines in the early and late stages of vascular remodeling
(Figure 4D). Both proinflammatory factors (including IL
[interleukin]-2, IL-3, TNF, and IL-21) and vascular protec-
tive factors (including IL-5, IL-13, IL-10, and TGF [trans-
forming growth factor]-B) were found to be secreted by
effector T cells, generally showing higher expression in
the late stage than in the early stage (Figure 4D).*
Th17 cells have emerged as a new Cd4* T-cell sub-
set that characteristically secrete IL-17A, IL-17F, IL-21,
and IL-22 to contribute to proinflammatory responses in
vascular injury.*” Importantly, it has been reported that
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Th17 cells can function as a substitute for LTi cells in
the initiation of lymphoid neogenesis in various patho-
logical contexts.*® From the normal control to the ath-
erosclerosis, AAA, IH, isograft, and allograft models, the
proportion of Th17 cells incrementally increased (Fig-
ure 4E and 4F). Moreover, the average expression of
Th17-cell signature cytokine genes also increased in
the same pattern (Figure S4C). As shown in Figure 4G,
Th17 cells expressed the highest levels of surface LT
heterotrimer and other lymphatic developmental factors,
transcription factors, and cell surface markers, includ-
ing AHR, CCR6, and LTs, among T-cell subtypes.”® The
lymphatic tissue—inducing capacity of Th17 cells varied
by model. For instance, the expression of lymphatic tis-
sue—inducing genes, such as Lta, Ltb, and Sharpin, was
higher in all vascular remodeling tissues, with the high-
est expression in the allograft model, followed by the
isograft model (Figure S4D).

Tth cells are a specialized subset of Cd4* T cells that
play a significant role in providing critical help for B-cell
somatic hypermutation and maturation within the GCs of
TLOs. Few Tfh cells were observed in healthy vessels,
while the proportion of Tth cells was markedly increased
in remodeled vessels (Figure 4E and 4F). Furthermore,
the proportions of Tfh-like cells marked with Bcl6, Irf3,
and Irf7 but negative for CXCRb, as well as the expres-
sion of genes that promote Tth cell differentiation (Figure
S4F; Table S2), were also elevated in remodeled vessels.

A complex network of interactions between T lym-
phocytes and the vascular microenvironment exists in
vascular remodeling and has crucial roles in the chronic
immune responses that lead to the development of local
lymphatic organs (Figure 4L).“° Notably, the expression
level of proinflammatory genes in T cells was found to be
tightly associated with the expression of lymphatic genes
in Th17 cells and the proportion of Tth cells in different
models (Figure 4H). Using the integrated scRNA-seq
data set, we found that T-cell proliferation, TCR (T-cell
receptor) signaling, T-cell effector activation, and T-cell-
B-cell interactions were upregulated in all the vascular
injury models (Figure 41).

The interactions of T cells with other cell types within
the milieu were found to be extraordinarily dynamic. In
the early stage, T cells mainly interacted with T lympho-
cytes among all lymphocytes (Figure 4J; Figures S4G
and S3H; Table S8) and interacted with ECs among stro-
mal cells (Figure 4K; Figure S41; Table S8). Notably, Th17
cells, as LTi cells, showed the strongest interaction with
other vascular T lymphocytes during the early phase of
vascular injury (Figure 4J; Table S8), whereas the T-cell
with which Th17 cells interacted most strongly varied in
different models (Figure 4J; Table S8). Furthermore, in
the early phase, ECs attracted naive T cells (Cd4—Cd8-
and Cd4+Cd8* T cells), and Cd4* and Cd8* T cells mainly
relied on the CCL pathway during vascular remodeling
(Figure 4K; Table S8).
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In the late stage of vascular injury, the interaction
between T and B lymphocytes was enhanced among
all lymphocytes (Figure 4J; Figure S4G and S4H; Table
S8). Furthermore, T cells had stronger interactions with
stromal cells, particularly with SMCs (Figure S4l). Given
that Tfh cells are critical for the development of GCs in
TLOs, it is not surprising that B cells showed the high-
est interaction with Tth cells (Figure 4J). Tth cells were
found to communicate with B cells mainly through TCR
and costimulatory pathways in the models (Figure 4J;
Table S8). In the later phase, the interaction between T
cells and stromal cells increased (Figure S4G through
S41). The main interactions were between Th17 cells
and SMCs (Figure 4K). However, the major mecha-
nism mediating Th17-cell and SMC interactions differed
among the models. For example, the predominant signal-
ing pathways activated in the atherosclerosis model were
the FGF (fibroblast growth factor) and PSAP (prostatic
serum acid phosphatase) signaling pathways, while the
MK (mitogen-activated protein kinases), FGF, and PTN
(pleiotrophin) signaling pathways were activated in the
allograft model (Figure 4K; Table S8).

B Lymphocytes and Transcriptional Signaling in
the Development of TLOs

B lymphocytes are inflammatory cells that are recruited
to remodeled vessels in response to various vascular
injuries.?%" In normal arteries, there are very few B cells,
and the majority of B-cell clusters contain antigen-pre-
senting B cells. The quantity and complexity of B cells
were increased in remodeled arteries, which were com-
posed of memory B, antigen-presenting B, DZ B, LZ B,
isograft-specific, and plasma B cells (Figure BA and 5B;
Figure SBA; Table S9).2' Also, germinal center B cells
were observed in human-remodeled vessels (Figure
SbB). A previous study reported that B cells are recruited
to the vascular adventitia.®? In addition to diffuse peri-
vascular infiltrates, B cells come together with activated
T cells and DCs to form organized local TLOs."" GC B
cells, including LZ B and DZ B cells, and plasma cells
are distinct B-cell populations present in TLOs, and
these populations were largely increased in the indi-
cated remodeled vessels (Figure 5C and 5D). The num-
ber of LZ B and DZ B cells was tightly associated with
the quantity of Tfh cells in different models (Figure BE).
B cells, particularly LZ B cells, AP B cells, and memory B
cells, showed upregulated expression of genes related
to BCR (B-cell receptor) signaling promoting B-cell pro-
liferation (Csf1, Efnab, Epha?2, Fgf1, etc) and BCR gene
rearrangement (Myc, FoxO1 [forkhead box O1], etc) in
remodeled vessels compared with healthy vessels (Fig-
ure bF and 5G). DZ B cells had the highest prolifera-
tive properties among B-cell populations in the vascular
injury models (Figure 5F and 5G). Pathways related to
the maintenance of TLOs showed higher activities in the

1882  October 2023

scRNA-Seq Atlas of TLO in Vascular Disease

later stage of vascular remodeling than in the early stage
(Figure 5F and 5G).%® Follicle B cells are one of the key
cell types for TLO formation. Since the number of follicle
B cells is limited, we failed to capture such B cells dur-
ing single-cell sequencing. We further performed immu-
nofluorescence staining evidence to confirm that the
follicle B cells exist in TLOs of the remodeled vessels.
Immunofluorescence imaging showed CD20 expressing
B cells mainly resided in CD3*B220* cells aggregated
area (Figure S6F).

As shown in the ligand-receptor interaction analysis,
B-cell subtypes had the closest interactions with T lym-
phocytes (Figure 4l; Figures S4H and S6B), especially
with Tfh cells (Figure BH), during vascular remodeling.
LZ B cells were found to interact with Tth cells mainly
through TCR-associated pathways in the various remod-
eled vessel models (Figure 5H). The interactions between
stromal cells and B cells were found to increase and play
a more dominant role during the late phase of vascular
remodeling (Figure S6B). Furthermore, there were differ-
ences in the interactions between B cells and stromal cell
subtypes in different phases of vascular remodeling (Fig-
ure Bl; Figure S6C; Table S8). In the early stage, the inter-
actions were the highest between GC B cells (LZ and DZ
B cells) and ECs. In the later stage, plasma B-cell and
mesenchymal stem cell interactions became dominant,
and these interactions were primarily mediated by FGF
pathways in the models (Figure Bl; Figure S6C; Table S8).
In summary, B lymphocytes are involved in the develop-
ment of TLOs and the active inflammatory response in the
GC during vascular remodeling (Figure 5J).

In Situ and Human Evidence of TLO Generation
in Vascular Remodeling

The above-mentioned RNA-seq data strongly supported
that TLOs appear in remodeled vascular tissue. To obtain
more direct evidence supporting the presence of TLOs
in such vascular pathologies, we provide immunofluores-
cence staining and observed T cells (CD3*) and B cells
(B220*) aggregated in para-vascular TLO. Meanwhile,
high endothelial venule (MECA-79*) colocalized with TLO
in atherosclerosis, AAA, IH, isograft and allograft from

Table. Information of Published HE-Stained Images of TLOs
in Vascular Remodeling Models

Model | Species | Reference

AS Mice Isoda et al” Figure 4A
AS Human Akhavanpoor et al™® Figure 3A
AS Human van Dijk et al™ Figure 4
AAA Human Roberts et al”™® Figure 5
AAA Human Trinidad-Hernandez et al” Figure 4
AG Mice Cai et al” Figure 4l

AAA indicates abdominal aortic aneurysm; AG, allograft; AS, atherosclerosis;
HE, hematoxylin and eosin; and TLO, tertiary lymphoid organs.
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rodents (Figure 6A and 6B; Figure S7). Also, we systemi-
cally reviewed vascular remodeling studies and examined
HE-stained images of the atherosclerosis, AAA, IH, iso-
graft, and allograft from rodents and humans with these
diseases and found organized and tight lymph node-like
structures in the adventitia area of remodeled arteries,
particularly on the sides with more severe IH (Table; Fig-
ure S8). Both in mice and in human data, we defined the
key cell types for vascular TLO formation. The finding in
human-remodeled vessels is consistent with the findings
in mice (Figure Sb; Tables S11 through S13).

DISCUSSION

We integrated 28 scRNA-seq data sets derived from
5 vascular remodeling model types to systematically
explore the existence of TLOs and the complexity of
the environment that supports their growth. The struc-
tural cells of TLOs and their inducing conditions, includ-
ing myeloid cell populations, Tth cells, Th17 cells, GC B
cells, and stromal cells, were observed in all remodeled
vessels. Notably, the levels of inflammatory responses
in TLi cells varied among the models and were tightly
associated with the numbers of TLO structural cells. We
also systematically reviewed vascular remodeling studies
and obtained direct evidence supporting the presence of
TLOs using histological images. This study shows that
TLOs are present in remodeled vessels and provides a
resource to explore the mechanisms mediating TLO for-
mation in vascular pathology.

TLOs are highly active lymphatic organs that develop in
sites with long-lasting inflammatory responses, such as in
tumor tissue and tissues in autoimmune diseases.®*® Our
group was the first to identify vascular-associated lym-
phoid tissue surrounding atherosclerotic lesions approxi-
mately 3 decades ago.'””'® Later studies also showed
TLOs in the aorta adventitia adjacent to atherosclerotic
plaques in Apoe™~ mice during aging, and the size of
the TLOs was correlated with vascular remodeling sever-
ity in an LTPR-dependent manner.4*¢ The presence of
TLOs is not limited to atherosclerosis and is also found
in other vascular pathologies. Researchers have found
that TLOs are involved in the development of aneurysms
and that blocking proteasome-associated TLO formation
significantly attenuates the development of aneurysms
and allograft remodeling.5®® Recently, we also discovered
the local formation of TLOs in allograft arteriosclerosis,
which was found to be detrimental to the long-term sur-
vival of transplant tissues.?’ Based on such observations,
we reasoned that the presence of TLOs could be a com-
mon phenomenon in remodeled vessels and may indicate
therapeutic potential. Therefore, we leveraged scRNA-
seq data sets from atherosclerosis, AA, IH, isograft, and
allograft models to explore this hypothesis.

Our vascular scRNA-seq analysis showed that both
the innate and adaptive immune systems participated in
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vascular remodeling in all the models, while the extent to
which each immune system participated varied among the
models. The models of transplant vascular pathologies,
including the isograft and allograft models, demonstrated
the strongest inflammatory response, followed by the AA
and IH models. The atherosclerosis model had the low-
est number of immune cells. In addition, the level of the
inflammatory response, especially in the early phase of
vascular injury, was closely associated with the numbers
of TLO structural cells in the later phase. Interestingly, this
finding is in agreement with the clinical observation that
50% of transplant vessels show graft arteriopathy within 5
years, which is the leading cause of restenosis in vascular
pathology®®° The rate of restenosis is as high as 51% in
peripheral arterial intervention.®’ For atherosclerosis, nar-
rowing of the diameter of the coronary artery (stenosis) by
50% takes 3 years or b years.®? The correlation between
the immune responses and clinical deterioration rates for
each vascular pathology further supports the important
role of the immune response in their progression.

Using longitudinal scRNA-seq data derived from
vascular remodeling models, we analyzed the vascular
microenvironment that serves as the soil for the seeding
and proliferation of tertiary lymph nodes. Myeloid cells
are one of the major cell types detected at an early stage
of vascular remodeling and have the strongest interac-
tion with stromal cells.®® In our study, the myeloid cell
population interacted with stromal cells via chemotactic
effects related to CCLs and CCRs, which potentiate the
recruitment of lymphocytes during vascular remodeling.
We also demonstrated that among myeloid cells, inflam-
matory macrophages acted as the predominant LTi cells
initiating TLO generation. A series of recent large-scale
genetic and observational epidemiological studies and
data from human atherosclerotic plaques highlight the
relevance and therapeutic potential of the CCL2-CCR2
axis in human atherosclerosis.%® In addition to inflamma-
tory macrophages, Th17 cells are regarded as vital LTi
cells. Th17 cells and cytokines, such as IL-17 and IL-22,
contribute to the development of ectopic lymphoid struc-
tures in chronically inflamed tissue.®* In our study, Th17
cells had the strongest interaction with other T cells
beginning in early vascular injury. Such LTi cells seed the
developing perivascular lymphoid organs in the vascular
microenvironment and are essential for determining TLO
formation and the degree of vascular remodeling.

LTi cells produce chemokines and cytokines that allow
lymphatic cells, including T cells and B cells, to travel
to perivascular spaces via high endothelial venules.®®
The presentation of self-antigens or allogenic antigens
by DCs and education of subsequent T-cell and B-cell
responses result in the generation of effector T cells and
B cells and antibodies. Thus, it is not surprising that we
observed strong interactions of T cells and B cells with
ECs via CCL, CXCL (C-X-C motif ligand), and LT BMP
(bone morphogenetic protein) pathway signaling in the
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early phase of vascular injury. In the late phase of vas-
cular injury, TCR, CD40 (cluster of differentiation 40),
and CXCL signaling interactions between T cells and B
cells became highly active, which potentiated T-cell and
B-cell development and maturation. Among the T-cell
population, Tth cells are a specialized subset of CD4+ T
cells located in lymphoid organs and play a critical role in
helping B cells in BCR recombination and antibody pro-
duction to combat foreign pathogens. We observed a sig-
nificant number of Tth cells in all vascular injury models,
and these cells showed strong interactions with B cells,
particularly with LZ B cells. Recent studies have identi-
fied T-cell-dependent B cells as potent proatherogenic
mediators in ApoE-knockout mouse models.®®¢" Restor-
ing control of the Tfh-GC B-cell axis by blocking the
inducible costimulator—=ICOSL interaction reduced lesion
development in atherosclerotic and artery-transplanted
mice.53%8 Notably, in our results, the inducible costimula-
tor—ICOSL interaction in the IH model played a significant
role in vascular remodeling, although this result needs to
be further verified. Tth cells select high-affinity B cells for
clonal expansion in GCs,%® we also observed markedly
enhanced B cell proliferation and BCR signaling during
vascular remodeling. The active T-B cell interactions and
lymphocyte activation in GC response are crucial in the
generation of efficacious immunity. In healthy arteries,
B cells are found in the adventitia and perivascular adi-
pose tissue, with a higher proportion than some remodel-
ing vessel®'7! It is due to large number of immune cells
infiltrated in various remodeling vessels, which take up
great propositions of cells in vessels. The actual num-
ber of B cells increased in remodeling vessels. Moreover,
B cells in healthy vessel are antigen-presenting B cells
rather than antibody-producing plasma B cells or highly
activated germinal center B cells.”

Regarding study limitations, we acknowledge that
the data set of our study was derived from data from
a diverse set of previously published studies; however,
the bioinformatics data processing was standardized.
Although we find that different vessel parts had similar
cellular composition and signature gene expressions,
the impact of different vessel parts collected in ath-
erosclerosis, aneurysm, and hyperplasia models on the
results should not be neglected when comparing gene
expression levels during functional analysis. No signifi-
cant difference exists in cell clustering and average gene
expressions of the data with different sequencing depths
ranging from 40 000 to 908 007, but the potential bias
from sequencing depth might still bring in unwanted bias.
In addition, we estimated expression at the mRNA level
rather than the protein level, especially some T-cell sub-
sets, and thus, the results need to be further explored and
verified. Moreover, due to limitations of the public data-
bases, we only studied murine models of artery remod-
eling. Although several pathological images of human
tissues were included in the study, the heterogeneity
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of TLO structures in human arteries deserves further
research. Our studies both in mice and in human data
define key cell types for vascular TLO formation. The
finding in human-remodeled vessels is consistent with
the findings in mice and provides a mechanistic basis
and human context for further clinical translation target-
ing TLO for alleviating vascular remodeling.

In summary, we systematically explored the existence
of TLOs and the microenvironment responsible for the
growth of lymphatic organs in 6 vascular injury models.
Mechanistically, myeloid cells interact with stromal cells
via CCLs-CCRs potentiating the recruitment of lympho-
cytes. Along a chemokine gradient, T cells interact with
TLi cells via CCLs, CXCLs, LT, and BMP to infiltrate.
Although B cells mainly interact with T cells, particularly
Tfh via TCR, CD40, and CXCLs for development and
maturation in the germinal center. Our data can serve as
a resource to gain a deeper understanding of the mech-
anisms mediating TLO formation in vascular pathologies
and may provide valuable insights for new therapeutic
strategies targeting various forms of vascular injury.
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