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Abstract

Background: Perivascular fibrosis, characterized by increased amount of connective tissue
around vessels, is a hallmark for vascular disease. Angiotensin Il (Ang Il) contributes to vascular
disease and end-organ damage via promoting T-cell activation. Despite recent data suggesting the
role of T cells in the progression of perivascular fibrosis, the underlying mechanisms are poorly
understood.

Methods: Transcription factor profiling was performed in peripheral blood mononuclear

cells of hypertensive patients. CD4-targeted KLF10 deficient (K/f 10" CD4e*; (TKO)) and
CDA4-Cre (KIf10"/*CD4C"€*; (Cre)) control mice were subjected to Ang I1 infusion. Endpoint
characterization included cardiac echocardiography, aortic imaging, multi-organ histology, flow
cytometry, cytokine analysis, aorta and fibroblast transcriptomic analysis, and aortic single-cell
RNA-sequencing (scRNA-seq).

Results: Transcription factor profiling identified increased KLFI0expression in hypertensive
human subjects and in CD4+ T cells in Ang Il treated mice. TKO mice showed enhanced
perivascular fibrosis, but not interstitial fibrosis, in aorta, heart, and kidney in response to Ang
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I1, accompanied by alterations in global longitudinal strain, arterial stiffness, and kidney function
compared to Cre control mice. However, blood pressure was unchanged between the two groups.
Mechanistically, KLF10 bound to the IL-9 promoter and interacted with HDACL to inhibit IL-9
transcription. Increased IL-9 in TKO mice induced fibroblast intracellular calcium mobilization,
fibroblast activation and differentiation, and increased production of collagen and extracellular
matrix, thereby promoting the progression of perivascular fibrosis and impairing target organ
function. Remarkably, injection of anti-IL9 antibodies reversed perivascular fibrosis in Ang Il-
infused TKO mice and C57BL/6 mice. scRNA-seq revealed fibroblast heterogeneity with activated
signatures associated with robust ECM and perivascular fibrosis in Ang Il-treated TKO mice.

Conclusions: CD4+ T cell deficiency of K/f10exacerbated perivascular fibrosis and multi-
organ dysfunction in response to Ang Il via upregulation of IL-9. K/fZ0or IL-9 in T cells might
represent novel therapeutic targets for treatment of vascular or fibrotic diseases.
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Introduction

Methods

Perivascular fibrosis is a hallmark of advanced vascular disease states often associated
with elevated blood pressure, vascular stiffness, adverse vascular remodeling, and end-
organ dysfunction such as in the heart and kidney.1: 2 Continuous excessive stress and
inflammation during hypertension increase the amount of perivascular connective tissue
and collagen deposition that is characteristic of pathological perivascular fibrosis.3 Indeed,
hypertension remains a serious public health problem that contributes to considerable
global cardiovascular disease and premature death worldwide? by increasing the risk

of ischemic heart disease, stroke, and chronic kidney disease.® Early management and
therapeutic intervention may greatly reduce the occurrence or postpone the development of
chronic fibrotic diseases, especially hypertensive cardiovascular, kidney, and aortic disease.
However, therapeutic targets that specifically control perivascular fibrosis are not well
defined.

Accumulating studies revealed that perivascular fibrosis is greatly dependent on perivascular
inflammation and immune cells in hypertension.6-9 Angiotensin 11 (Ang I1) contributes to
vascular damage and end-organ damage via promoting T-cell activation and proliferation.10
The importance of T cells in the progression of perivascular fibrosis has been highlighted
recently through the prevention of aortic fibrosis and stiffening in RagZ-/-mice, which

was reversed by adoptive transfer of T cells after Ang Il infusion.8Furthermore, Ang Il
induced T cell-derived microRNA-214 mediated perivascular fibrosis, vascular stiffening,
and dysfunction by regulating T cell activation and chemotaxis in hypertension.1 Despite
recent data suggesting the role of T cells in the progression of perivascular fibrosis, the
underlying mechanisms remain poorly understood.

Kruppel-like Factor 10 (KLF10), a transcription factor that belongs to the kruppel-like
zinc-finger family, was found to be expressed in T cell subsets. Our previous studies
demonstrated that KLF10 regulates both CD4+CD25- T cell effectors and CD4+CD25+
regulatory T cells thereby regulating atherosclerotic lesion formation in a murine
atherosclerosis model 2. Furthermore, we also found that KLF10 in CD4+ T cells regulate
obesity, insulin resistance, and fatty liver in the presence of a high fat diet.13 Given the
prominent role of CD4+ T cells in mediating a range of Ang ll-associated vascular diseases,
we hypothesized that KLF10 in CD4+ T cells may contribute to the regulation of vascular
remodeling. Herein, we find that CD4-targeted KLF10 deficient (TKO) mice develop
marked acceleration of perivascular fibrosis, but not interstitial fibrosis, through distinct
mechanisms involving CD4+ T cell release of IL-9 and activation of specific fibroblast and
myofibroblast subsets.

Data Availability

The data, methods used in the analysis, and materials used to conduct the research of this
study are available from the corresponding author upon reasonable request. Major Resources
Table, detailed methods, and supplementary figures are provided in the Supplementary
Material.
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KLF10 expression is increased in CD4+ T cells after Ang Il treatment

Given the importance of transcriptional control of leukocytes in hypertension14-18,
dysregulated transcription factors (TFs) were examined from a published dataset of
hypertensive patients with or without left ventricular (LV) remodeling in peripheral blood
mononuclear cells (PBMCs). Multiple TFs were found dysregulated in hypertensive patients
with or without LV remodeling compared with control individuals (Figure 1A). However,
only two TFs (KLF10and STAT3) were found commonly dysregulated in hypertensive
patients with or without LV remodeling compared to controls (Figure 1B). The increased
expression of KLF10was further confirmed in an independent dataset of uncontrolled
hypertensive subjects (Figure 1C). Considering the important regulatory role of KLF10 in
CD4+ T cells in atherosclerosis, 12 obesity and insulin resistancel3, we sought to investigate
if KIf10expression was altered in T cells in a murine model of hypertension. RNA-
sequencing from Ang ll-treated mice revealed K/f10to be one of the top TFs significantly
increased in splenic CD3+ T cells (Figure 1D). This was confirmed by RT-qPCR analysis
of isolated CD3- cells, CD3+, and CD4+ T cells from the spleen after 28 days of Ang Il
treatment in which K/f10expression increased in response to Ang Il in CD3+ T cells and
even higher in CD4+ T cells (Figure 1E). Because Ang Il treatment is known to impact
vascular remodeling®®, co-staining of KLF10 and CD4+ T cells was performed in cross-
sections of the descending aorta. Higher counts of CD4+KLF10+ cells were observed after
Ang Il treatment compared with the PBS infused group (Figure 1F). To identify whether
Ang Il can increase K/f10in T cells, CD4+ T cells were isolated from C57BL/6 mice and
treated with increasing amounts of Ang Il. K/f10expression was found to be significantly
up-regulated by Ang Il in a dose-dependent manner (Figure 1G). Taken together, KLF10
expression increased in PBMCs in hypertensive patients, and in CD4+T cells after Ang Il
treatment in mice, highlighting a potential role of K/f20in CD4+T cell in Ang Il-induced
vascular remodeling.

KLF10 deficiency in CD4+ T cells impairs the function of hypertension-related organs and
triggers perivascular fibrosis independent of blood pressure

To evaluate the role of KLF10 in CD4+ T cells in Ang Il-induced vascular remodeling,
CD4-targeted KLF10 deficient (K/f10"7CD4Ce* (TKO)) and CD4-Cre (KIf10*!*CD4Ce*
(Cre)) control micel3 were infused with PBS or Ang 11 for 28 or 42 days (Figure 2A).
Aortic blood pressure increased in the Ang 11 treatment groups compared to PBS controls;
however, no difference was found between TKO and Cre control mice in both 28 days and
42 days (Figure 2B). Considering Ang ll-induced hypertension can cause tissue remodeling
and multi-organ dysfunction, we further evaluated the function of heart, aorta, and kidney
in these mice. After 28 days of Ang Il infusion, hearts of TKO mice demonstrated impaired
LV global longitudinal strain (GLS, Figure 2C, Table S3); furthermore, aortas of TKO

mice developed increased abdominal pulse-wave velocity (PWV, Figure 2D) and decreased
circumferential strain (Circ Strain, Figure 2E) compared to Cre control mice, while there
were no differences prior to Ang Il infusion (Figure S1A, B). Similarly, following 28 days
of Ang Il infusion, TKO mice demonstrated smooth muscle hypercontractility compared to
Cre control mice, and both smooth muscle hypercontractility and impaired smooth muscle
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relaxation manifested after 42 days of Ang Il infusion (Figure S1C, D). Ang Il infusion also
resulted in a marked increase of albuminuria and kidney injury molecule-1 (KIM-1) levels
as detected in the urine of TKO mice (Figure 2F, G), while no statistical difference was
observed under basal conditions compared with control mice (Figure S1E, F). Altogether,
our results suggest end organ dysfunction and likely tissue remodeling occurred after Ang Il
infusion in mice deficient of K/f20in CD4+ T cells, effects that were independent of blood
pressure differences between TKO and Cre control mice.

As a cardiovascular damage inducer, chronic Ang Il infusion can induce significant
hypertension, cardiomyocyte hypertrophy, and fibrosis in mice2%: 21, To identify
histopathological changes, we first evaluated the hearts and found no histopathological
difference in total fibrosis, interstitial fibrosis, and myocyte cross-sectional area between
Cre and TKO groups after Ang Il infusion (Figure S1G, H). However, perivascular fibrosis
in the heart was markedly increased in TKO mice after Ang Il treatment compared to

Cre mice (Figure 2H). Similarly, increased perivascular fibrosis was also observed in the
kidneys of TKO mice (Figure 21). Furthermore, severe aortic perivascular fibrosis and
adventitial collagen deposition were detected in Ang Il treated TKO mice by Masson
trichrome staining and Sirius red staining (Figure 2J and 2K). No differences in fibrosis

or collagen were observed between TKO and Cre before Ang Il treatment (Figure

S1I). Analogous perivascular phenotypes were also found in female mice (Figure S1J).
Collectively, our results indicate that mice deficient of K/f20in CD4+ T cells develop
accelerated perivascular fibrosis compared to Cre control mice in aortas, hearts, and kidneys
after Ang Il infusion.

KLF10 deficient CD4+ T cells release IL-9 that mediates perivascular fibrosis

To elucidate possible mediators involved with the observed multi-organ perivascular fibrosis,
we first examined the expression of angiotensin Il receptors in CD4+T cells and fibroblasts;
however, no differences were observed between the TKO and Cre control groups (Figure
S2A and 2B). To identify potential mediators in the circulation, we performed plasma
cytokine profiling from Ang Il treated TKO and Cre mice (Figure S2C). Amongst a panel

of inflammatory markers, 1L-9 was the only significantly increased cytokine after Ang Il
treatment in both male and female TKO mice compared to controls (Figure 3A and S2D).

In concordance, //9expression was also upregulated in PBMCs, hearts, kidneys, and aortas
(Figure 3B). Considering that Ang Il treatment is known to increase the accumulation

of leukocytes and T cells in tissues to mediate vascular dysfunction, hypertension, and
end-organ inflammation0: 22. 23 we sought to determine the role of CD4+IL9+ cells in
vascular inflammation. Flow cytometry from single-cell suspensions of the thoracic aorta
showed that the percentage of CD4+1L9+ cells and CD4+IL4+ cells increased in TKO mice
after Ang Il treatment, while no differences were observed in other cell types compared to
Cre control including CD8+1L9+ cells (Figure 3C, S2E through S2G). Similar changes were
found in the spleen (Figure 3D, S2H and S2I). Consistently, immunofluorescence imaging
also captured the increase of CD4+IL9+ cells in the periadventitial tissue (Figure 3E, and
S21J). Although the percentage of CD4+IL4+ T cells increased in TKO mice, there were no
differences of released I1L-13, IL-5, and IL-4 in both male and female TKO mice compared
with Cre controls (Figure S2K and S2L). To confirm whether KLF10 deficiency in CD4+
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T cells affected the production of IL-9, CD4+ T cells were isolated from Ang Il-treated
TKO and Cre mice (Figure 3F). CD4+ T cells from TKO mice had higher mRNA expression
for //9and released more IL-9 protein in supernatants compared to Cre controls (Figure

3G and S2M), while no differences were observed in secreted IL-5 and IL-4 (Figure S2N).
Similarly, CD4+ T cells isolated from TKO or Cre mice and subsequently treated with Ang
Il ex vivo for 1 day (Figure 3H) demonstrated increased //9 expression and had a higher
level of IL-9 protein release in supernatants from TKO CD4+ T cells compared to Cre CD4+
T cells (Figure 3I).

To further assess the role of IL-9 in the development of perivascular fibrosis, recombinant
mIL9 was administrated in Ang Il-treated Cre mice (Figure 3J). Systemic delivery of mIL9
markedly impaired LV GLS (Figure 3K, Table S4), increased PWYV, and decreased Circ
Strain (Figure 3L) in Cre mice. In addition, the ratio of albumin and creatinine, and the value
of KIM-1 increased after treating with mIL9 (Figure 3M). Importantly, histopathological
analyses confirmed that the mIL9 treated group developed severe perivascular fibrosis and
increased adventitial collagen deposition (Figure 3N and 30). Taken together, deficiency

of KIf10in CD4+ T cells increased I1L-9, and ectopic delivery of IL-9 mediated the
perivascular fibrosis phenotype, effectively phenocopying the perivascular fibrosis observed
in K/f10-deficient CD4+ T cell mice.

KLF10 binds to the IL-9 promoter and interacts with HDACL to inhibit IL-9 activation

Previous studies have demonstrated that KLF10 could bind to target gene promoters to
regulate transcription.24 25 Given the increased expression of 1L-9 in TKO mice and in TKO
CD4+ T cells, we explored potential underlying mechanisms of this regulation. As shown in
Figure 4A, there are four putative KLF10 DNA-binding sites in the //9 promoter sequence
26,27 Using chromatin immunoprecipitation assays with KLF10 antibodies in CD4+ T cells
and the designated primer pairs directed for each putative binding site, we found that Ang

I1 markedly increased the KLF10 enrichment to these sites (Figure 4B). Overexpression of
mouse KLF10 by transfecting overexpression plasmid in a heterologous HEK293T cell was
confirmed by Western blot (Figure 4C). It was shown that overexpression of mouse KLF10
in HEK293T cell significantly inhibited the transcriptional activity of a mouse IL9 promoter
reporter (Figure 4D). In addition, 5’ truncations of the IL-9 promoter demonstrated that
successive deletions of the putative KLF10 binding sites increased transcriptional activity
of the IL-9 promoter, suggesting that KLF10 mediates transcriptional repression (Figure
4E). KLF10 has been reported to interact with histone deacetylase 1 (HDACL) to facilitate
transcriptional repression.24: 25 Consistently, we found that KLF10 recruited HDAC1 in T
cells, especially after Ang Il treatment (Figure 4F). Next, we assessed the role of HDAC1
on IL-9 promoter in the presence of KLF10 by performing luciferase reporter assays (Figure
4G). Depletion of HDAC1 with siRNAs demonstrated elevated luciferase activity among
the WT and 3 mutant IL-9 promoters (Figure 4G-H). Collectively, these findings suggest
that KLF10 interacts with HDACL1 and binds to the proximal IL-9 promoter to inhibit IL-9
transcriptional activity.

Circ Res. Author manuscript; available in PMC 2023 May 27.
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Transcriptomic changes involved in Ang ll-induced perivascular fibrosis

To ascertain the underlying global transcriptomic changes involved in perivascular
fibrosis, we performed RNA-sequencing and gene ontology pathway analysis on stripped
(perivascular adventitial tissue removed) (Figure S3) and non-stripped aorta (perivascular
adventitial tissue remained intact) (Figure S4) from Cre or TKO mice after Ang Il
treatment. Comparison of stripped aortas between Cre and TKO mice revealed that most
differentially regulated genes are related to metabolic processes but not to fibrotic process
(Figure S3D through 3F). Considering the pathophysiological changes of fibrosis occurred
in the perivascular adventitial tissue, we next focused our bioinformatic analysis on the
non-stripped aortas. In contrast to Ang ll-treated Cre mice, non-stripped aortas of TKO mice
manifested pathways involved in assembly and muscle contraction (‘Muscle contraction’,
‘Myofibril assembly”), ion transport, and sarcomere organization (Figure S4, 5A, S4E

and S4F). To identify transcriptomic differences derived from the vessel and adventitial
tissues, we compared overlapping and unique differentially expressed genes (DEGs) (FDR
<0.05) from the stripped and non-stripped aortic TKO vs Cre contrasts (Figure 5B and

S5). From a total of 48 overlapping DEGs between TKO and Cre aortas, gene set
enrichment analyses revealed several pathways involved in fibrosis, junctional signaling,
and ion-related pathways (Figure 5C). Notably, from the 748 unique DEGs derived from
the non-stripped aorta, calcium signaling emerged as a dominant pathway in the TKO
group (Figure 5D) and the significantly regulated calcium signaling pathway genes were
shown in the heatmap (Figure 5E). As such, we performed von Kossa staining which
revealed higher calcium deposition in the adventitial tissues from Ang Il treated TKO
mice compared to Cre controls (Figure 5F). Furthermore, calcium flux assays in isolated
aortic fibroblasts (Figure S6A through S6D) from C57BL/6 mice were performed to detect
the effect of 1L-9 on intracellular calcium levels. Consistent with previous reports28: 29,

we found that Ang Il as a pro-fibrotic agonist increased intracellular calcium; however,
IL-9 further augmented this intracellular calcium flux in the presence of Ang Il (Figure
5G, Video S1). Collectively, comparative RNA-seq transcript profiling identified several
pathways associated with periadventitial remodeling and that the calcium signaling pathway
is dominantly upregulated in non-stripped aortas of TKO mice after Ang Il treatment. In
addition, I1L-9 and Ang Il cooperatively increase calcium flux in aortic fibroblasts ex vivo.

TKO fibroblasts display an activation signature and IL-9 and Ang Il treatment recapitulate
the phenotype in control fibroblasts

Given that calcium is involved in particularly critical signaling pathways for fibroblast and
myofibroblast differentiation?8: 30, we isolated and cultured aortic fibroblasts from Ang
I1-treated Cre control and TKO mice (Figure 6A). Immunofluorescence staining showed
that the expression of Collal and a-SMA increased significantly in aortic fibroblasts of
TKO mice compared with those from Cre mice (Figure 6B, and S6A). RNA-sequencing
of those TKO and Cre fibroblasts revealed upregulation of myofibroblast marker related
genes (Cnnl, ActaZ, etc.) and fibroblast activation signature genes (Collal, Fnli, etc.)

in aortic fibroblasts from TKO mice (Figure 6C, S6B through E). Furthermore, calcium
signaling related genes were also increased in TKO fibroblasts (Figure 6C). To further assess
whether these fibrotic related changes were mediated by IL-9, primary aortic fibroblasts
were isolated from C57BL/6 mice and supernatants from WT or KO CD4+T cells were
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added to the fibroblasts grown in culture with and without anti-1L-9 antibodies (Figure

6D). Supernatants from KO CD4+T cells increased the expression of multiple fibrotic genes
including Collal, Col3al, Col8al, ActaZ, Angptl1, Fmod, and Mmp9d, whereas anti-1L-9
antibodies reversed their expression (Figure 6E). Conversely, treatment of fibroblasts with
recombinant IL-9 or Ang Il increased the expression of Collal, Col3al, Col5al, Actaz,
and Mmp9, and treatment with IL-9 plus Ang |1 together demonstrated additive effects
(Figure 6F). Immunofluorescence also confirmed that IL-9, Ang I, or IL-9 plus Ang Il
additively increased the expression of Collal and a-SMA (Figure 6G). Notably, there

were no differences in expression of /L9rin any of the CD4+ T cell, fibroblast, or aortic
tissue RNA-seq datasets (Figure S6F). Altogether, fibroblasts from TKO mice exhibit an
activated fibroblast signature along with myofibroblast-related genes, which is recapitulated
in C57BL/6 fibroblasts treated with 1L-9 and Ang I1.

Considering KLF10 is a putative regulator of transforming growth factor (TGF)-p signaling
in specific disease states,12 13 we evaluated the expression of TGF- isoforms in plasma.
There were no differences in TGF-p1 or TGF-p2 in plasma between KO and Cre control
mice treated with Ang Il (Figure S7A). Despite a modest reduction in TGF-B3 in the plasma,
there were no differences in expression levels for TGFB1-3 between KO and Cre control
CD4+ T cell supernatants (Figure S7A and S7B). In addition, examination for mediators

of the TGF- signaling pathway in our 3 RNA-seq datasets and 1 published T CD4+ cell
dataset showed no impact of KLF10 on TGF- signaling in vivo supported by pathway
analyses from these 4 different RNA-seq datasets (Table S5). These findings suggest that the
KLF10-mediated effects in CD4+ T cells on fibroblasts were likely independent of TGF-$
signaling.

Single-cell RNA sequencing revealed fibroblast heterogeneity and activation signatures
induced in TKO aortas.

To further understand the differences in phenotypic heterogeneity in fibroblasts during the
progression of perivascular fibrosis between TKO and control mice in response to Ang

Il treatment, we performed single-cell RNA-sequencing (SCRNA-seq) of the descending
aorta (Figure 7A). A total of 53,346 cells from our four samples met quality control

metrics (Figure S8A) and were integrated and analyzed. The Seurat package3! was used

for integration, clustering, and marker analysis (detailed in extended methods). We classified
the cells in 10 major aortic cell types based on identified marker genes in each cluster
(Figure S8B, S8C, S9A through S9D, and Table S6). The Uniform Manifold Approximation
and Projection (UMAP) with the labeled clusters are shown in Figure 7B and Figure S9B.
The percentage and the number of aortic cells from TKO and Cre aorta in each cell type

are shown in Figure 7C, S9E, and Table S7. Considering the important biological role of
fibroblasts in perivascular fibrosis, fibroblasts in the integrated dataset were identified by
established markers such as platelet-derived growth factor receptor-a. (Pdgfra)32 33 (Figure
S10A). Notably, we found that both the percentage and the number of fibroblasts increased
in Ang ll-treated TKO aortas compared to Cre controls (Figure 7C, 9E, and Table S7).
Differential expression analysis between TKO and Cre aortas in the fibroblast clusters
revealed a total of 627 DEGs. Pathway enrichment analysis of these DEGs highlighted
several pathways associated with fibrosis in the TKO aorta including extracellular matrix
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(ECM), ECM organization, and collagen fibril and extracellular fibril organization (Figure
7D). Considering the important biological role of fibroblasts in the production of the
enriched ECM34, we assessed for relative changes in fibroblast activation signature genes,
collagen family genes, and matrix metalloproteinases (MMPs) between TKO and Cre aorta
controls, and found that many were upregulated in the Ang Il treated TKO group (Figure
S10B).

Further subsetting and cluster analysis®! was performed in the fibroblast group and 9
fibroblast subclusters (FBS) were identified based on the unique enriched markers (Figure
7E, S10C, S10D, S11, Table S8). Specifically, FBS 1 and FBS_2 showed high expression
of Pdgfa, a canonical fibroblast marker that was found in perivascular regions rarely
overlapping with aSMAS3%; FBS_3 and FBS_4 were enriched in lymphocyte markers;
FBS_5 was an EC-like fibroblast cluster that highly expressed Cah5and Kar: 37,
suggesting potential endothelial-mesenchymal transition during fibrosis 38 39; FBS_6 highly
expressed Col4ab, a collagen marker that was found to be related to a matrix fibroblast
signature with endoplasmic reticulum stress activation®: 41: FBS_7 highly expressed Mmps,
also considered as matrix fibroblasts highly expressing Mmp3*1:42; FBS_8 highly expressed
Col8al, Colllal, Angpt/l,and Cthrcl, and was considered as a group of collagen-related
pathological fibroblasts that are activated43-4%; and FBS_9 highly expressed Lyz2and

Ccl6, considered as a group of inflammation-related activated fibroblasts3? (Figure.S11).

A differential abundance analysis for the conditions in each fibroblast subcluster showed a
decrease in FBS_2 (log2FC = -1.18, adj. pval = 0.04), while there was an increase in the
number of cells in FBS_8 (log2FC = 1.64, adj. pval = 0.01) from the aorta of Ang Il-treated
TKO mice compared to Cre control (Figure 7F, S12A, and Table S9). Interestingly, the
increased FBS subclusters (FBS_8) in TKO mice were highly associated with pathological
or disease enriched fibrosis-related genes (Figure 7G, Table S10). A combined gene score
using a previously defined fibrosis-related gene list (Table S11) showed that FBS_8 had the
highest score among all the FBS subclusters, suggesting the FBS_8 was a key fibrosis-driven
subcluster (Figure 7H). In contrast, a combined gene score using a group of canonical
fibroblast genes (Table S11) showed that FBS_2 had the highest score, suggesting that
FBS_2 may be the canonical type of fibroblast (Figure S12B).

We next performed RNA velocity analysis, a method which calculates both spliced and
unspliced mRNA counts to predict potential future directionality and speed of cell state
transitions®’. Higher proportions of unspliced to spliced mRNA highlights the active
transcription state within a given cell cluster. Using this analysis, we obtained a trajectory
of the different FBS subclusters states (Figure 71). FBS_2 appeared to be the initial state of
FBS in the stream plot (Figure 71), which was consistent with our previous observation on
the enriched markers of canonical FBS genes in FBS_2. Following the paths from FBS 2 in
the stream plot, we observed FBS_8 as the most progressed state from FBS_2 (Figure 71).

Together with the observation of a higher percentage of cells in FBS_8 in TKO samples
and fibrosis-related gene markers for this subcluster, FBS_8 is likely the most important
cluster contributing to the perivascular fibrosis in TKO mice. Furthermore, k-means cluster
analyses confirmed FBS_8 is completely different with FBS_1-5 and FBS_9 (Figure 7J).
Further pathway analysis found that FBS_8 is highly involved in extracellular matrix and
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structure organization (Figure 7K). Since Col8al is one of the unique collagen-related
genes in FBS_8, we assessed its expression by co-staining with PDGFRa in the aorta. The
Immunofluorescence staining result showed that Col8al+PDGFRa+ cells were located in
the perivascular area and the expression of Col8al increased in Ang |l treated-TKO group
(Figure 7L). Interestingly, we also found that Co/8al increased in the aortic fibroblasts from
TKO mice after overlapping transcripts between the fibroblast upregulated DEGs from the
scCRNA-seq dataset and the upregulated DEGs from the isolated fibroblast bulk RNA-seq
dataset (Figure 7M). Taken together, scRNA-seq of aortas from Cre and TKO mice after
Ang Il treatment revealed fibroblast heterogeneity with activated signatures most prominent
among FBS_8, and induction of pathways associated with robust ECM and perivascular
fibrosis.

Neutralization of endogenous IL-9 reversed the Ang ll-induced perivascular fibrosis and
ameliorated injury of hypertension-related organs

Considering the crucial profibrotic role of IL-9 in Ang Il-treated perivascular fibrosis and
the elevated plasma levels observed in the TKO mice, we hypothesized that perivascular
fibrosis might be rescued by administration of anti-I1L-9 neutralizing monoclonal antibodies
(mAbs) in Ang Il-treated TKO mice (Figure 8A). TKO mice treated with anti-IL9 mAbs
showed improved LV GLS (Figure 8B, Table S12), decreased PWYV, and increased Circ
Strain (Figure 8C) compared with the 1gG treated Ang Il group, while no difference was
observed in PBS groups. In addition, the ratio of albumin/creatinine and the value of
KIM-1 decreased after treatment with IL-9 mAb in Ang Il group (Figure 8D). Furthermore,
histopathology analyses revealed significantly decreased perivascular fibrosis in the aorta,
heart, and kidney in the anti-IL-9 mAb treatment group, and reduced aortic adventitial
collagen was also observed in the anti-1L-9 mAb treated Ang Il group compared with the
IgG treated Ang Il group (Figure 8E, 8F and S13A through D). Moreover, the increased
calcium deposition in the perivascular adventitia was reversed by treatment with anti-I1L-9
mADb in Ang ll-treated TKO mice (Figure S13E).

To further understand the transcriptomic changes associated with the rescue of perivascular
fibrosis with anti-1L-9 mAbs, RNA-seq differential expression analysis was performed from
the anti-1L9 mAbs vs 1gG groups in non-stripped aortas from TKO mice after Ang Il
treatment (Figure S13F through I). By analyzing the overlap between upregulated genes

in non-stripped aortas from Ang ll-treated TKO vs Cre mice with the downregulated
transcripts in the anti-IL-9 mAb-treated TKO aortas, we identified potential genes involved
with reversal of perivascular fibrosis, including Afox25and Hp (Figure S12J). 48-50 We also
compared the significant downregulated transcripts from the non-stripped aortic anti-1L-9
mADb treatment with the significant upregulated transcripts from aortic fibroblasts of Ang

Il treated TKO vs. Cre mice to identity transcripts uniquely changed in fibroblasts after
anti-1L-9 mADb rescue (Figure 8G). Indeed, the profibrotic genes Col8al, Mmp2, Fmoq,

and Angptl1, which were identified as significantly increased in TKO aortas and in isolated
fibroblasts by both bulk RNA seq and scRNA seq (Figure 7M), were all decreased after
treatment with anti-1L-9 mAbs (Figure 8G). In addition, these genes were observed as
overlapping from the upregulated genes from scRNA-seq with the downregulated genes
from anti-IL-9 mAb RNA-seq dataset (Figure 8H).
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To further determine if anti-1L-9 mAbs could provide therapeutic benefit outside of the
context of genetically modified mice, we treated C57BL/6 mice with Ang Il and with

or without anti-1L-9 mAbs. Treatment with anti-1L9 mAbs showed decreased PWV and
increased Circ Strain compared with the 1gG treated control group (Figure 8I). Furthermore,
histopathology analyses revealed significantly decreased perivascular fibrosis and reduced
aortic adventitial collagen in the aorta in the anti-1L-9 mAb treatment group compared with
the 1gG control group (Figure 8J-K).

Collectively, neutralization of endogenous 1L-9 ameliorated the Ang Il-induced dysfunction
of hypertension-related organs and reversed perivascular fibrosis not only in TKO mice by
suppressing the expression of profibrotic genes, but also in C57BL/6 mice.

Discussion

Accumulating studies reveal the critical role of T cells not only in hypertension

and hypertensive cardiovascular injury, but also in interstitial and perivascular

fibrosis.6: 10. 11,19, 51-54 A variety of cell surface receptors, enzymes, and transcription
factors associated with T cells have been implicated in the development of hypertension and
target organ damage.11 21. 23 However, the molecular events in T cells specifically driving
perivascular fibrosis in response to Ang Il remain poorly understood. In this study, we found
that Ang Il induced K/f10expression in CD4+ T cells /n vitroand in vivo, suggesting the
potential involvement of KLF10 in Ang Il mediated end organ damage and possibly fibrosis.
We found that Ang Il treated TKO mice developed adverse cardiac remodeling reflected by
impaired GLS®®, worse arterial stiffness (evaluated by PWV and Circ Strain)®6, and more
kidney injury (evaluated by the levels of albuminuria and KIM-1 expression)Z3. Notably, the
TKO mice exhibited marked perivascular fibrosis in hearts, aortas, and kidneys. However,
we found that those functional and histopathological changes were independent of blood
pressure. These findings build upon a broader role for KLF10 in CD4+ T cells in a range

of chronic inflammatory disease states including atherosclerosis, insulin resistance, and fatty
liver disease.12 13

A prior report considered that hypertension, vascular remodeling, and subsequent end-organ
damage not only can be induced by mechanical forces, but also can result from other

forms of mediators independent of arterial pressure®/, which suggests that blood pressure
alone is not sufficient to predict end organ damage in hypertension. Indeed, abnormalities

in aortic stiffness and PWYV are typically associated with hypertensive subjects well before
phenotypic manifestations of cardiac hypertrophy or other end-organ damage. Furthermore,
more accurate clinical diagnostics are needed to detect early end organ damage in
hypertensive patients.58 Surprisingly, we did not find any differences in cardiac hypertrophy
or interstitial fibrosis between Ang ll-induced TKO and Cre control mice. Considering
cardiac hypertrophy results from sustained pressure overload or heart injury %9, the lack

of difference in blood pressure is consistent with the findings of similar extent of cardiac
hypertrophy between TKO and Cre mice. The lack of difference in blood pressure between
TKO and Cre also allowed us to leverage novel molecular insights into perivascular fibrosis.
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Consistent with a prior finding1, Ang Il treatment increased the expression of the
profibrotic cytokine IL-9 in both groups. Surprisingly, IL-9 was the only cytokine detected
much higher in the TKO mice after Ang Il treatment compared with Cre mice, which
suggested that I1L-9 played a crucial role in this perivascular fibrosis phenotype. IL-9 was
reported in the regulation of immune responses and involved in the pathogenesis of various
inflammatory diseases 69, including a profibrotic role in lung inflammation and fibrosis6?,
liver fibrosis®2, and kidney fibrosis®3. In cardiovascular disease, 1L-9 has been implicated
in the pathogenesis of atherosclerosis (exerting pro-atherosclerotic effects) 64 and in heart
failure (aggravating isoproterenol-induced heart failure) %, To confirm the profibrotic role
for IL-9 in Ang Il-induced perivascular fibrosis, we systemically administrated recombinant
murine I1L-9 in Ang ll-treated Cre mice and found that it increased perivascular fibrosis
and induced dysfunction in heart, kidney, and aortas, which effectively phenocopied

that observed in Ang ll-treated TKO mice. Importantly, both the end organ injury and
perivascular fibrosis were rescued by administration of anti-IL-9 neutralizing monoclonal
antibodies in Ang Il-treated TKO mice. Future studies evaluating the kinetics of IL-9 in
plasma, CD4+ T cells, or PBMCs of hypertensive human subjects with increasing severity
of end organ injury will be informative. Taken together, blocking IL-9 may be an attractive
novel therapeutic strategy for treatment of perivascular fibrosis or hypertensive-associated
end organ damage.

The main cellular sources of IL-9 are T cell subsets, including Th2, Treg, and from
recently identified Th9 cells.5% Consistently, flow cytometry also found that the percentage
of CD4+1L9+ and CD4+1L4+ T cells increased in the aortic tissue and spleen in Ang I1-
infused TKO mice compared with Cre mice, while there were no differences in CD4+IL17+,
CD4+FoxP3+, or CD4+ IFN-y+ T cells. Although the percentage of CD4+IL4+ cells
increased in TKO mice, there were no differences of released IL-13, IL-5, or IL-4 in both
male and female TKO mice compared with Cre controls. In addition, using flow cytometry
we found there was no difference in the percentage of CD8+IL-9+ cells between Ang

Il treated Cre and TKO mice in both aorta and spleen. Furthermore, we found increased
transcript and protein expression of IL-9 in both isolated CD4+T cells from Ang Il-infused
TKO mice in vivoand Ang ll-treated primary TKO CD4+T cells /n vitro, which suggested
that KLF10 may directly regulate IL-9 expression in CD4+ T cells. Unlike many other
transcription factors, KLF10 is primarily known to repress transcription of targeted genes.
For example, KLF10 can negatively regulate cardiac MCP-1 expression by blinding to the
MCP-1 promoter with HDAC1.24 Moreover, KLF10 can reduce acetylated histone H4 on
the C/EBPa promoter and inactivate C/EBPa transcription.¢ In our study, we found that
KLF10 can bind to the IL-9 promoter and interact with HDACL to inhibit //9transcription.
These findings suggest that the Ang Il-mediated increase in KLF10 expression in CD4+

T cells may serve a protective, counter-regulatory mechanism to limit perivascular fibrosis.
However, this increase is likely not sufficient to inhibit IL-9 release completely and can
still trigger perivascular fibrosis. As a pro-fibrotic cytokine, I1L-9 could also be regulated
by multiple factors. As a tonic repressor of 1L-9, KLF10 once deleted in CD4+ T cells
triggers more IL-9 production and subsequently perivascular fibrosis. Further exploration
of the interaction between KLF10, IL-9, and the promoters of other relevant targets may
provide insights for the role of KLF10 more broadly in health and disease.
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Ang |1 treatment, as a pathological stress, increases intracellular calcium to stimulate
fibroblasts to differentiate into myofibroblasts, which can further induce fibrosis by secreted
ECM proteins, MMPs, and others. 87 In our study, we found that fibrosis related signaling,
ECM related pathways, and calcium signaling were particularly upregulated in Ang 11-
treated TKO mice compared with Cre control mice by RNA-seq. Given that calcium
homeostasis is important in pulmonary fibroblasts 68 and cardiac fibroblasts 2% 67, we
isolated aortic fibroblasts and found myofibroblast markers, fibroblast activation signature
genes, and calcium signaling genes to be highly expressed from Ang Il-treated TKO
fibroblasts by RNA-seq. In particular, we show for the first time that 1L-9 can also stimulate
increased calcium flux and fibrosis phenotypes in isolated primary fibroblasts under basal
and Ang Il treatment. Thus, the IL-9 mediated perivascular fibrosis may be dependent in part
on hyperactivation of calcium signaling in fibroblasts.

Fibroblasts are important cells involved in the maintenance of tissue integrity and tissue
repair in response to injury.8% They can differentiate into different phenotypes including

an ECM-producing contractile phenotype that further contributes to the secretion and
accumulation of ECM and MMPs leading to the progression of fibrosis in a range of fibrotic
diseases. An appreciation of fibroblast heterogeneity within disease-specific conditions
developed only recently with the advent of newly developed approaches using single cell
transcriptome analysis. By using ScCRNA-seq, TKO aortic fibroblasts subsets exhibited
higher activation markers including Coflal, Col8al, and CollaZ. Furthermore, nine
identified subpopulations of fibroblasts displayed different aspects of fibroblast activation in
TKO aortas, which demonstrated their relevance to perivascular fibrosis. In addition, in the
Ang ll-treated TKO aortas, the percentage of fibroblasts increased and the number and the
percentages of specific FBS clusters were more abundant especially FBS 8. FBS_8 shows
high expression of collagen-related genes including: Cthrcl, a potential marker for activated
fibroblasts in the heart and lungs*® 70. 71: Tnc, a marker involved in stimulating collagen-
related gene expression, myofibroblast transformation,’2 and perivascular inflammation and
fibrosis’3; and Daahi, a marker related to perivascular or adventitial fibrosis and vascular
remodeling”®. Using RNA velocity analyses, FBS_8 represented one of the most advanced
fibroblast clusters, while FBS_2 appeared as an earlier state reflecting less activation.
Indeed, our results showed that FBS_8 is highly involved in the extracellular matrix and
structure organization pathway and highly enriched for fibrosis-related genes, whereas
FBS_2 was enriched for most of the canonical fibroblast genes. Col8al was found to be

a unique gene in FBS_8, and Col8al+ PDGFRa+ cells were located in the perivascular area
and the expression of Col8al increased in the Ang Il treated-TKO group. Thus, we consider
the FBS_8 subcluster as the key fibroblast subcluster contributing to the perivascular fibrosis
in the Ang Il treated-TKO group. In addition, the majority of the other increased genes in
the TKO group are known to contribute to the development of fibrosis,*3: 7579 including
Collal, Mmp2, Angptll, Comp, Fmod, and ActaZ—all decreased after administration of
anti-1L-9 mAbs. Collectively, this anti-1L-9 therapeutic strategy demonstrated reduced end-
organ injury and perivascular fibrosis in part by downregulating these fibrosis-related gene
signatures.

In summary, KLF10is upregulated in PBMCs of hypertensive patients and in peripheral
CD3+ T cells and CD4+ T cells in Ang Il-treated mice. Administration of Ang Il in
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TKO mice triggered perivascular fibrosis, multi-organ dysfunction in heart, kidney, and
aorta, and release of 1L-9 from CD4+ T cells. These functional and histopathological
differences were independent of blood pressure between Ang Il-treated TKO and Cre
mice. Mechanistically, in response to Ang Il treatment, KLF10 bound to the IL-9 promoter
and interacted with HDACL1 to inhibit IL-9 transcription. Ectopic IL-9 activated calcium
flux, induced fibroblast activation and differentiation, increased production of collagen and
ECM, thereby promoting the progression of perivascular fibrosis and inducing target organ
dysfunction. Importantly, IL-9 neutralizing antibodies potently rescued perivascular fibrosis,
and target organ dysfunction in Ang Il treated TKO and C57BL/6 mice. RNA-seq and
scCRNA-seq revealed the presence of fibroblast heterogeneity and marked myofibroblast
activation in non-stripped aortas from Ang Il-treated TKO mice. These results indicate
that the KLF10-1L-9 signaling axis in CD4+ T cells tightly regulate the processes of

Ang ll-induced pathological perivascular fibrosis and end organ damage and provide novel
therapeutic opportunities for the treatment of hypertensive-associated disease.
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IL interleukin

TFs transcription factors

LV left ventricular

PBMCs peripheral blood mononuclear cells
GLS global longitudinal strain
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Novelty and significance
What is Known?

. Perivascular fibrosis, often associated with hypertension, accelerates vascular
aging, mediates vascular stiffness, induces vascular remodeling and target
organ dysfunction.

. Perivascular fibrosis has been linked to perivascular inflammation and T
cell activation in hypertension, although the precise mechanisms are poorly
understood.

. KLF10 expression in CD4+ T cells regulates atherosclerotic lesion formation,

obesity, insulin resistance, and fatty liver in mouse models.
What New Information Does This Article Contribute?

. Deficiency of K/f20in CD4+ T cells enhanced perivascular fibrosis in
hearts, aortas, and kidneys after Ang Il infusion and promoted multi-organ
dysfunction independent of blood pressure.

. KLF10 deficiency in CD4+ T cells increases IL-9 expression and release,
activating calcium flux and inducing a fibroblast activation signature, thereby
accelerating perivascular fibrosis and end-organ damage in Ang |l treated
mice.

. Neutralization of endogenous IL-9 potently rescued the Ang Il-induced end-
organ dysfunction and perivascular fibrosis in TKO and C57BL/6 mice.

Perivascular fibrosis, a hallmark for advanced vascular disease states often associated
with elevated blood pressure (BP), vascular stiffness, adverse vascular remodeling, and
end-organ dysfunction, is greatly dependent on perivascular inflammation and immune
cells in hypertension. Deficiency of K/f20in CD4+ T cells triggered perivascular fibrosis,
multi-organ dysfunction in heart, kidney, and aorta, and release of 1L-9 from CD4+

T cells after Ang Il infusion independent of blood pressure. In response to Ang Il
treatment, KLF10 bound to the IL-9 promoter and interacted with HDAC1 to inhibit
IL-9 transcription. Ectopic I1L-9 activated calcium flux, induced fibroblast activation
and differentiation, increased production of collagen and ECM, thereby promoting the
progression of perivascular fibrosis and inducing target organ dysfunction. Importantly,
IL-9 neutralizing antibodies potently rescued perivascular fibrosis, and target organ
dysfunction in Ang Il treated TKO and C57BL/6 mice. RNA-seq and scRNA-seq
revealed the presence of fibroblast heterogeneity and marked myofibroblast activation
in non-stripped aortas from Ang Il-treated TKO mice. These results indicate that the
KLF10-1L-9 signaling axis in CD4+ T cells tightly regulate the processes of Ang
I1-induced pathological perivascular fibrosis and end-organ damage and provide novel
therapeutic opportunities for the treatment of hypertensive-associated disease.

Circ Res. Author manuscript; available in PMC 2023 May 27.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhuang et al.

Page 23
Hypertension vs. Control Hypertension with LV_Re vs. Control " 10.0 11
Transcription factor Transcription factor Hypertension g . PuT 0605 o
TFAP2A VAV1 Vs, o s g
MYF5-9 K’i:i_; 15 . STAT3-e4 KL/f-:1o Control [ JUPNIS o e
X : WT1-¢ _— o
1.5 o-BHLHE#1 & o 2. SRR & N 8 Petae02 28
y >~ ° @ PALY® 3 g6
~ @ : N
. = o N
T £l (] 8.5+ © 9-
1.0 . 8" S ®) ES
2 ® =3 ° ] ®) S'G
e e e E D 3]
2| . | B S 2%
705 <05 Hypertension E 27
with LV remodeling g c
VS. 7.0 T T T 7 T T
0.0 0.0 Control 0§ éé Q@ s
03 00 03 R & &
Log2FC Hypertension (¢ R
D Ang |l infusion vs. Sham C57 mice 3.0+ P
Transcription factor __ @Y= cs7-PBS —=
o £ . C57-Ang Il
ﬁ @ Pump implantation t"q,
2 PBSinfusion W 28d S P=1.590.02
9 Harvesting °
- g o5
E g Ang Tinfusion $ §
1 e S Cell %
Tc:a S Isolationl 3
= $ %
4
CD3+ CD4+
2
2 20 304 e
a — =2,
N < P=3.17e-02 £ C—
23 £ — o
o P P=1.226-02
& A ) —
2 T
? 10 g2 15
S g2
= 5 o z
=i : =
= ¥ 2
£ 8
I 4
o 0l 00
S N anti-CD3/CD28 - + + o+
& ,?‘?’61»“9 Angll = 0 ol 200nM
<

Figure 1. KLF10 expression is increased in T cells after Ang Il treatment
A, Volcano plot highlighting regulated transcription factors in peripheral blood mononuclear

cells (PBMCs) comparing hypertensive patients with normal left ventricular (LV) size and
healthy controls (left), and hypertensive patients with LV remodeling and healthy controls
(right). B, Venn diagram indicating the number of transcription factors regulated from

two comparisons (left), and the normalized reads of KLF10in PBMCs from the healthy
control group (n=8), hypertensive patients with or without LV remodeling (n=14 in each
group). C, Normalized reads of KLF10in PBMCs from controlled (n=11) and uncontrolled
hypertensives (n=9). D, Volcano plot highlighting regulated transcription factors in splenic
CD3+ T cells (left), and the normalized reads of K/f10in splenic CD3+ T cells in sham and
Ang ll-treated mice. E, Schematic diagram of CD3-, CD3+ and CD4+ cell isolation from
PBS or Ang Il treated C57BL/6 mice, and the mRNA expression of K/f10in different cells
(n=5). F, Representative Immunofluorescence staining, and the number of CD4+KLF10+ T
cells in the adventitial regions in PBS or Ang Il treated groups (n=>5, scale bars =50um).

G, the expression of K/f10in Ang Il treated CD4+ T cells. Pvalues correspond to one-way
ANOVA with Tukey's multiple comparisons tests (B, G), or unpaired two-tailed #tests

(C). D, differentially expressed transcription factors were calculated by DEseq2 package.

E and F, Pvalues correspond to unpaired two-tailed Mann-Whitney U-tests. LV indicates
left ventricle; Con, control; Nor, normal LV size; Re, remodeling; WT, wild type; Ang II,
Angiotensin I1.
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Figure 2. KLF10 deficiency in CD4+ T cells impairs the function of hypertension-related organs
and triggers perivascular fibrosis independent of blood pressure.

A, Schematic diagram of experimental set-up of mice groups treated with PBS or Ang Il
infusion. B, Aortic blood pressure in Cre and TKO mice with PBS (n=4) or Ang Il (n=6)
treatment for 28 days or 42 days. C, Global longitudinal strain (GLS) in Cre and TKO
mice before and after Ang Il treatment (n=6 in Cre mice, n=7 in TKO mice, and n=10

in Ang Il groups). D-E, Representative ultrasound imaging of the suprarenal abdominal
aorta, and measurements of pulse wave velocity (PWV, D) and circumferential strain in
Cre (n=8) and TKO mice (n=10) after 28 days of Ang Il treatment. F-G, The ratio of
albumin and creatinine (F), and the level of kidney injury molecule (KIM)-1 (G) in urine
from Cre (n=7) and TKO mice (n=6) after Ang Il treatment. H-1, Representative images
of Masson trichrome staining, and quantification of perivascular fibrosis in the heart (H,
scale bars =100um) and kidney (I, scale bars= 200um) (n=10). J-K, Representative images
of Masson trichrome staining, and Sirius red staining and quantification of perivascular
fibrosis and adventitial collagen in the aorta (n=5, scale bars= 200um). B-1, Pvalues
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correspond to unpaired two-tailed #tests. J and K, Pvalues correspond to unpaired
two-tailed Mann-Whitney U-tests. Ang Il indicates angiotensin II; Echo, echocardiogram;
AOP, aortic pressure; ns, not significant; GLS, global longitudinal strain; PWYV, pulse wave
velocity; Circ Strain, circumferential strain; KIM-1, kidney injury molecule-1.
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Figure 3. KLF10 deficient CD4+ T cells release 1L-9 that mediates perivascular fibrosis
A, IL-9 levels were measured in plasma in PBS or Ang Il treated Cre and TKO mice (n=4

in PBS groups, and n=8 in Ang ll-treated groups). B, mRNA expression level of //9in

the PBMCs, heart, kidney, and aorta in Ang Il-treated Cre and TKO mice (n=6 in aortic
groups, and n=8 in others). C-D, Representative flow cytometry plots and the percentage
of CD4+IL9+ T cells gated in CD3+ T cells in the aorta (C, n=5) and spleen (D, n=5).

E, Representative immunofluorescence staining, and the number of CD4+IL9+ T cells in
the aorta in Ang 1l treated Cre and TKO mice (n=5, scale bars= 50um). F-G, Schematic
diagram of the experimental setup for CD4+T cell isolation from Ang Il-treated Cre or
TKO mice (F), and quantification of //9 mRNA in isolated CD4+ T cells, and IL-9 protein
released into the supernatants of CD4+ T cells (G, n=6). H-1, Schematic diagram of the
experimental setup of CD4+ T cell isolation from Cre control mice for /in vitro treatment
(H), quantification of //9 mRNA in the treated CD4+ T cells, and IL-9 protein released
into the supernatants of treated CD4+ T cells (I). J, Schematic diagram of the experimental
setup for recombinant mIL-9 treatment in Cre mice. K, GLS in mIL-9 or PBS treated Cre
mice after Ang Il infusion (n=6). L, the value of PWV and circumferential strain in miL-9
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or PBS treated Cre mice after 28 days Ang Il treatment (n=6). M, the ratio of albumin

and creatinine, and the level of KIM-1 in urine in mIL-9 or 1gG treated Cre mice after 28
days Ang Il treatment (n=6). N-O, Representative images of Masson trichrome staining and
Sirius red staining, and the area of perivascular fibrosis and adventitial collagen in the aorta
(n=6, scale bars= 200um). Pvalues correspond to two-way ANOVA with Tukey's multiple
comparisons tests (A, and 1), or unpaired two-tailed #tests (B, G, and K-O). C-E, Pvalues
correspond to unpaired two-tailed Mann-Whitney (-tests. PBMC indicates peripheral blood
mononuclear cells; Ang Il, angiotensin Il; GLS, global longitudinal strain; PWV, pulse wave
velocity; Circ Strain, circumferential strain; KIM-1, kidney injury molecule-1.
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Figure 4. KLF10 binds to the IL-9 promoter and interacts with HDAC to inhibit IL-9 activation
A, Putative KLF10 transcription factor-binding sites in the mouse IL-9 promoter region.

The putative binding sequences are highlighted. The transcription initiation site is defined
as +1. B, Primary CD4+ T cells were isolated from Cre control mice and subjected to

the chromatin immunoprecipitation (ChlP) assay with antibodies against 1gG or KLF10.
The immunoprecipitated DNA was subjected to semiquantitative PCR and g-PCR. C, The
protein level of KLF10 after transfection. D-E, HEK293T cells were transfected with a
full-length mouse 1L-9 promoter luciferase reporter or 5’ truncations of the IL-9 promoter,
together with expression plasmids encoding full-length mouse KLF10 or empty vector
(mock control). F, Primary CD4+ T cells were treated with Ang 11 for 12h, then cells

were harvested, lysed, and subjected to immunoprecipitation by the indicated antibodies.
Immunoprecipitation (IP) were subjected to Western blotting with the indicated antibodies,
and the quantification of IP. G-H, HEK293T were co-transfected with mouse KLF10
expression vector and the indicated mouse IL-9 promoter luciferase reporters (WT, Mut1,
Mut2, or Mut3), and siRNA (non-specific or HDACL), and the relative luminescence

units (RLU) after transfection. B, and F, Pvalues correspond to unpaired two-tailed Mann-
Whitney U-tests. For normal distributed data, 2 values correspond to unpaired two-tailed
ttests (D, and G), or two-way ANOVA with Tukey's multiple comparisons tests (E, and
H). Ctrl indicates control; Ang Il, angiotensin Il; Luc, luciferase reporters; RLU, relative
luminescence units.

Circ Res. Author manuscript; available in PMC 2023 May 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhuang et al.

Page 29

Muscle contraction
Stripped 530 48 748 Non-stripped
~ Sarcomere )
- 'Organization e
Overlap
il o 1NOS Signaling in Skeletal Muscle Cells
Diated Carciomyopathy Sgnating Patrway .
Calcium Signaling o
WK Signaling o Cardin badrenergi Signaing o

Typo l iabetes el Signaing o

Atherosciaosts Signaling . Tightdunction Signaiing .
White Adiposo Tissue Browning Patiway.
Epithelal Adhorons Junction Signaling Evithlal Adherons dunction Signaling

Actin Cytoskaeton Signaling °

o A Cposkaeon Siraling . g e o
» . Gustation Pathvay
‘Tight Junction Signaling H GNRH Signaling:

. Rolo of NFAT in Cardiac Hypertrophy-  ©
Actle Ehess eokonss Siomatg: Hepatic Fibrosis / Hepatic Stellate Cell Activation
Calium Signaling +
el “nr,
\ / NRF2-mediated Oxidative Stress Rosponso- -
AN )
S\ gy LPSIL1 Mediated Inibion of RXR Functon: -
N N P t4
~ £ 3 ’
T ods ooz odis oo oo ot 0w
F P=3.170-02
Cre+Angll TKO+Angll 20

Von Kossa Stain
/D\
{
Calcium deposition area
(x102um?)
o 3
(0]

G Cont IL9 &
-O- Cont = IL-9 e
& Angll =& Angll+IL9 L

N
&

- o's
s
2
T
4
Ang Il Ang |I+IL9 é 0.2
€
2
3
S TR0
(8]
0.2 —_
00 1000 2000  300.08

Figure 5. Transcriptomic changes involved in Ang Il-induced perivascular fibrosis
A, GOChord plot showing the significantly regulated genes (log2 fold change >1.5; FDR

<0.05) involved in the top 7 enriched pathways in non-stripped aorta. B, Differentially
expressed genes in stripped and non-stripped aortas in Ang Il treated Cre and TKO mice
(FDR, <0.05). C, IPA Canonical pathway analysis after overlapping differentially expressed
genes in stripped and non-stripped aortas. D, IPA Canonical pathway analysis by using
unique differentially expressed genes in non-stripped aorta. E, Differentially expressed
calcium pathway related genes. F, Representative images of Von Kossa staining, and the
area of calcium deposition in the aorta (n=5, scale bars= 100um). G, Real-time changes

in intracellular calcium flux following IL-9, Ang Il or Ang Il and IL-9 treatment (Scale
bars= 50 um). F, Pvalues correspond to unpaired two-tailed Mann-Whitney U-tests. Ang Il
indicates angiotensin 1, Cont, Control.
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Figure 6. TKO fibroblasts display an activation signature and IL-9 and Ang Il treatment
recapitulate the phenotype in control fibroblasts

A, Schematic diagram of fibroblast isolation from Ang Il-treated Cre or TKO mice.

B, Representative immunofluorescence images, and the mean fluorescence intensity of
Collal and a-SMA in the isolated fibroblasts from Ang li-treated Cre or TKO mice
(n=6, scale bars= 50 um). C, Heatmap of dysregulated genes related to myofibroblast
markers, fibroblast activation signature, and calcium signaling in isolated fibroblasts. D,
Schematic diagram of primary aortic fibroblast isolation from C57BL/6 mice for further
in vitro experiment. E, Gene expression of fibrotic markers in primary aortic fibroblasts
grown in supernatants from KO or Cre CD4+T cells treated with Ang Il in the presence
of 1gG or anti-IL-9 mAbs. F, Gene expression of fibrotic markers in primary aortic
fibroblasts after treatment with IL-9, Ang Il, or Ang Il and IL-9 treatment. G, Representative
immunofluorescence images, and the mean fluorescence intensity of Collal and a-SMA
in primary aortic fibroblasts after IL-9, Ang I, or Ang Il and IL-9 treatment (n=6, scale
bars= 50um). Pvalues correspond to an unpaired two-tailed ftest (B), one-way ANOVA
with Tukey's multiple comparisons tests (G). Ang Il indicates angiotensin I1.
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Figure 7. Single-cell RNA sequencing revealed fibroblast heterogeneity and activation signatures
induced in TKO aortas.

A, Schematic diagram of aortic cells isolated from Ang lI-treated Cre or TKO mice for
single-cell RNA sequencing. B, Uniform Manifold Approximation and Projection (UMAP)
of different aortic cell types. C, the percentage of different aortic cell types. D, IPA pathway
analysis using total differentially expressed genes in fibroblasts. E, UMAP of 9 main
fibroblast cell clusters. F, the number of different fibroblast clusters in Ang Il treated Cre
and TKO mice. G, dot plot of fibroblast activation signature-related genes. H, the UMAP
of fibrosis genes by using add module score analysis. I, Velocity vector field displayed over
the FBS UMAP. J, K-means cluster analysis for each fibroblast subclusters. K, Pathway
analysis using the specific genes enriched in FBS_8. L, Representative immunofluorescence
images of PDGFRa and Col8al in aorta (n=5, scale bars= 50um). M, Overlapping
upregulated genes from the indicated single-cell RNA seq dataset and isolated fibroblast
bulk-RNA seq datasets (top); the overlapping increased genes from single-cell RNA seq
(bottom). L, Pvalues correspond to an unpaired two-tailed Mann-Whitney U-test. DC
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indicates dendritic cells; FBS, fibroblasts; EC, endothelial cells; RBC, red blood cells;
VSMC, vascular smooth muscle cells; Ang I, angiotensin I1.
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Figure 8. Neutralization of endogenous IL-9 reversed the Ang l1-induced perivascular fibrosis
and ameliorated injury of hypertension-related organs

A, Schematic diagram of the experimental setup for treatment with anti-1L-9 antibodies
(mADb) in PBS or Ang Il treated-TKO mice. B-C, Quantification of GLS (B), PWV and

Circ Strain (C) in anti-I1L-9 antibodies (mAb) or IgG treated TKO mice after 28 days PBS
(n=4) or Ang Il (n=5) infusion. D, The ratio of albumin and creatinine, and the level of
KIM-1 in urine (n=4 in PBS groups, and n=5 in Ang Il groups). E-F, Representative images
of Masson trichrome staining and Sirius red staining, and quantification of perivascular
fibrosis and adventitial collagen in the aorta (n=4 in PBS groups, n=6 in Ang Il groups, scale
bars= 200um). G, Venn diagram of overlapping dysregulated genes from the upregulated
genes from the isolated fibroblast bulk-RNA seq dataset and the downregulated genes in

the anti-1L-9 mAb or IgG treated TKO mice bulk-RNA seq datasets (top), and the heatmap
of downregulated genes in IL-9 mAb and 1gG treated TKO mice non-stripped aortas after
overlapping (bottom). H, Venn diagram of overlapping dysregulated genes from upregulated
genes in the single cell-RNA seq dataset and the downregulated genes in the anti-1L-9 mAb
or IgG treated TKO mice bulk-RNA seq datasets (top), the increased overlapping genes from
single-cell seq (bottom), and the heatmap of downregulated overlapping genes in anti-1L-9
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mAb and IgG treated of non-stripped aortas from TKO mice (right). I, quantification of
PWV and Circ Strain in anti-1L-9 mAb (n=4) or IgG (n=5) treated WT mice after 28 days

of Ang Il treatment. J-K, Representative images of Masson trichrome staining and Sirius red
staining, and quantification of perivascular fibrosis and adventitial collagen in the aorta in
anti-IL-9 mAb (n=10) or IgG (n=6) treated WT mice after 28 days of Ang Il treatment (scale
bars= 200um)., Pvalues correspond to two-way ANOVA with Tukey's multiple comparisons
tests (B-F), or unpaired two-tailed ztests (1-K). Ang Il indicates angiotensin Il; PWYV, pulse
wave velocity; Circ Strain, circumferential strain; KIM-1, kidney injury molecule-1.
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Major Resources Table

In order to allow validation and replication of experiments, all essential research materials listed in the
Methods should be included in the Major Resources Table below. Authors are encouraged to use public
repositories for protocols, data, code, and other materials and provide persistent identifiers and/or links to
repositories when available. Authors may add or delete rows as needed.

Animals (in vivo studies)

Species  Vendor or Source  Background Strain  Sex  Persistent ID / URL

https://www.criver.com/products-services/find-model/c57bl6-mouse?

Mouse  Charles River C57BL/6 region=3611
Genetically Modified Animals
Strain Vendor or Source Background Strain  Other Information  Persistent ID / URL
CD4-Cre
— Our laboratory (Laboratory of Mark W.Feinberg) C57BL/6 ———— Original Publication: 13
KIf10-flox
Antibodies
Target antigen ggﬂ?ger or Catalog # Xgﬁg;:lgati on Persistent ID / URL
Anti-mouse IL-9 Bio X Cell BE0181 https://bxcell.com/product/m-il-9
200ug per mouse https: oy
. . ps://bxcell.com/product/invivomab-mouse-
Mouse 1gG2a isotype control ~ Bix X Cell BEO0085 igg2a-isotype-control-unknown-specificity
https://www.thermofisher.cn/cn/en/antibody/
Anti-KLF10 Invitrogen PA5-19845 1 pg/mL product/KLF10-Antibody-Polyclonal/
PA5-19845

. . https://www.abcam.com/il-9-antibody-
Anti-1L-9 Abcam Ab227037 1:500 epr23484-151-ab227037.html

. https://www.abcam.com/kIf10-antibody-
Anti- KLF10 Abcam Ab73537 1 pg/ml ab73537.html

- Santa Cruz g . https://www.scht.com/zh/p/tiegl-antibody-95-d?
Anti-KLF10 Biotechnology 56-130408 . requestFrom=search

. . https://www.genetex.cn/Product/Detail/HDAC1-
Anti-HDAC1 GeneTex Gtx100513 1:100 antibody/GTX100513

. . https://www.abcam.com/cd4-antibody-
Anti-CD4 Abcam Ab183685 1:200 epr19514-ab183685.html
Anti-Col8al Abcam Ab236653 1:200 https://www.abcam.com/col8al-antibody-

ab236653.html

https://www.thermofisher.cn/cn/en/antibody/
Anti-PDGFRa Thermo Scientific MA541209 1:200 product/PDGFRA-Antibody-clone-JF104-6-
Recombinant-Monoclonal/MA5-41209

https://www.novusbio.com/products/collagen-i-

Anti-Collal Novus Biologicals NBP1-30054  1:250 alpha-1-antibody._nbp1-30054

. — . . https://www.sigmaaldrich.cn/CN/en/product/
Anti-aSMA Sigma-Aldrich A5228 1:500 sigma/a5228
Cy3 conjugated donkey anti- fﬁ”frﬁsuonnoR esearch 712-165153  1:300 https://www.jacksonimmuno.com/catalog/
rat secondary antibody Lab ’ products/712-165-153
Alexa 647 conjugated Jackson . ; ;
donkey anti-rabbit secondary ~ ImmunoResearch 711-605152  1:300 httpds .//}/V}/;\ivi]%colgsirggw muno.com/catalog/
antibody Lab ProductsfL1-685-
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https://www.thermofisher.cn/cn/en/antibody/product/PDGFRA-Antibody-clone-JF104-6-Recombinant-Monoclonal/MA5-41209
https://www.novusbio.com/products/collagen-i-alpha-1-antibody_nbp1-30054
https://www.novusbio.com/products/collagen-i-alpha-1-antibody_nbp1-30054
https://www.sigmaaldrich.cn/CN/en/product/sigma/a5228
https://www.sigmaaldrich.cn/CN/en/product/sigma/a5228
https://www.jacksonimmuno.com/catalog/products/712-165-153
https://www.jacksonimmuno.com/catalog/products/712-165-153
https://www.jacksonimmuno.com/catalog/products/711-605-152
https://www.jacksonimmuno.com/catalog/products/711-605-152
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Antibodies
Target antigen \S/sz(rjé)er or Catalog # \C’X?]Emg ation Persistent ID / URL
Alexa 488 conjugated Jackson . - .
donkey anti-rabbit secondary ~ ImmunoResearch 711-545152 1:300 htr;p(jsdlclmij_asalésirg;wmuno.com/ catalog/
antibody Lab P
AP, https://www.biolegend.com/en-us/products/
4h£r;dll{ann3:)[i:er(]g§bl) BioLegend 422801 300 nM dapi-4-6-diamidino-2-phenylindole-
pheny dilactate-81082Groupl D=BLG2181
https://www.bdbiosciences.com/en-us/products/
PE Rat anti-Mouse CD90.2 P . reagents/flow-cytometry-reagents/research-
antibody BD Biosciences 553006 1:100 reagents/single-color-antibodies-ruo/pe-rat-anti-
mouse-cd90-2.553006
https://www.hdbiosciences.com/en-us/products/
BUV563 Rat anti-Mouse P . reagents/flow-cytometry-reagents/research-
CD45 BD Biosciences 612924 1:100 reagents/single-color-antibodies-ruo/buv563-rat-
anti-mouse-cd45.612924
io . https://www.biolegend.com/en-us/products/
E?chlc Blue Rat anti-Mouse BioLegend 155612 0.25 pg/test pacific-blue-anti-mouse-cd3e-antibody-16478?
GrouplD=BLG4744
https://www.biolegend.com/en-us/
PE Rat anti-Mouse F480 BioLegend 123109 0.5 pg/test products/pe-anti-mouse-f4-80-antibody-4068?
GrouplD=BLG5319
. . https://www.biolegend.com/en-us/products/pe-
ZEDEyanmﬂ Rat anti-Mouse BioLegend 100422 0.25 pg/test cyanine7-anti-mouse-cd4-antibody-1919?
GrouplD=BLG4211
: . https://www.biolegend.com/en-us/products/
(P:g(é‘,P Cy5.5 Rat anti-Mouse BioLegend 100734 0.5 ug/test percp-cyanine5-5-anti-mouse-cd8a-
antibody-4255?GrouplD=BLG2559
https://www.thermofisher.cn/cn/en/antibody/
FITC Rat anti-Mouse IFNy eBioscience 11-7311-82 0.5 ug/test product/IFN-gamma-Antibody-clone-XMG1-2-
Monoclonal/11-7311-82
https://www.thermofisher.cn/cn/en/antibody/
PE Rat anti-Mouse 1L4 eBioscience 12-7041-82 0.125 pg/test product/IL-4-Antibody-clone-11B11-
Monoclonal/12-7041-82
- : https://www.biolegend.com/en-us/search-results/
APC Rat anti-Mouse IL9 BioLegend 514106 0.125 pg/test apc-anti-mouse-il-9-antibody-5980
https://www.biolegend.com/en-gb/products/
FITC Rat anti-Mouse 1L17 BioLegend 506908 0.25 pg/test fitc-anti-mouse-il-17a-antibody-3534?
GrouplD=GROUP24
. https://www.thermofisher.cn/cn/en/antibody/
Alexa Fluor 488 Rat anti eBioscience 53-5773-82 0.25 pg/test product/FOXP3-Antibody-clone-FIK-16s-

Mouse FoxP3

Monoclonal/53-5773-82

DNA/cDNA Clones

Clone Name  Sequence

Source / Repository  Persistent ID / URL

Cultured Cells

Name Vendor or Source

Sex (F, M, or
unknown)

Persistent ID / URL

Primary aortic fibroblasts ~ Primary cells

M

Primary T cells

Primary cells isolated from spleen of WT/TKO mice M

HEK?293T cells

CRL-3216, ATCC

Unknown

https://www.atcc.org/products/crl-3216
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https://www.jacksonimmuno.com/catalog/products/711-545-152
https://www.jacksonimmuno.com/catalog/products/711-545-152
https://www.biolegend.com/en-us/products/dapi-4-6-diamidino-2-phenylindole-dilactate-8108?GroupID=BLG2181
https://www.biolegend.com/en-us/products/dapi-4-6-diamidino-2-phenylindole-dilactate-8108?GroupID=BLG2181
https://www.biolegend.com/en-us/products/dapi-4-6-diamidino-2-phenylindole-dilactate-8108?GroupID=BLG2181
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-rat-anti-mouse-cd90-2.553006
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-rat-anti-mouse-cd90-2.553006
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-rat-anti-mouse-cd90-2.553006
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-rat-anti-mouse-cd90-2.553006
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv563-rat-anti-mouse-cd45.612924
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv563-rat-anti-mouse-cd45.612924
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv563-rat-anti-mouse-cd45.612924
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv563-rat-anti-mouse-cd45.612924
https://www.biolegend.com/en-us/products/pacific-blue-anti-mouse-cd3e-antibody-16478?GroupID=BLG4744
https://www.biolegend.com/en-us/products/pacific-blue-anti-mouse-cd3e-antibody-16478?GroupID=BLG4744
https://www.biolegend.com/en-us/products/pacific-blue-anti-mouse-cd3e-antibody-16478?GroupID=BLG4744
https://www.biolegend.com/en-us/products/pe-anti-mouse-f4-80-antibody-4068?GroupID=BLG5319
https://www.biolegend.com/en-us/products/pe-anti-mouse-f4-80-antibody-4068?GroupID=BLG5319
https://www.biolegend.com/en-us/products/pe-anti-mouse-f4-80-antibody-4068?GroupID=BLG5319
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd4-antibody-1919?GroupID=BLG4211
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd4-antibody-1919?GroupID=BLG4211
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd4-antibody-1919?GroupID=BLG4211
https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd8a-antibody-4255?GroupID=BLG2559
https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd8a-antibody-4255?GroupID=BLG2559
https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd8a-antibody-4255?GroupID=BLG2559
https://www.thermofisher.cn/cn/en/antibody/product/IFN-gamma-Antibody-clone-XMG1-2-Monoclonal/11-7311-82
https://www.thermofisher.cn/cn/en/antibody/product/IFN-gamma-Antibody-clone-XMG1-2-Monoclonal/11-7311-82
https://www.thermofisher.cn/cn/en/antibody/product/IFN-gamma-Antibody-clone-XMG1-2-Monoclonal/11-7311-82
https://www.thermofisher.cn/cn/en/antibody/product/IL-4-Antibody-clone-11B11-Monoclonal/12-7041-82
https://www.thermofisher.cn/cn/en/antibody/product/IL-4-Antibody-clone-11B11-Monoclonal/12-7041-82
https://www.thermofisher.cn/cn/en/antibody/product/IL-4-Antibody-clone-11B11-Monoclonal/12-7041-82
https://www.biolegend.com/en-us/search-results/apc-anti-mouse-il-9-antibody-5980
https://www.biolegend.com/en-us/search-results/apc-anti-mouse-il-9-antibody-5980
https://www.biolegend.com/en-gb/products/fitc-anti-mouse-il-17a-antibody-3534?GroupID=GROUP24
https://www.biolegend.com/en-gb/products/fitc-anti-mouse-il-17a-antibody-3534?GroupID=GROUP24
https://www.biolegend.com/en-gb/products/fitc-anti-mouse-il-17a-antibody-3534?GroupID=GROUP24
https://www.thermofisher.cn/cn/en/antibody/product/FOXP3-Antibody-clone-FJK-16s-Monoclonal/53-5773-82
https://www.thermofisher.cn/cn/en/antibody/product/FOXP3-Antibody-clone-FJK-16s-Monoclonal/53-5773-82
https://www.thermofisher.cn/cn/en/antibody/product/FOXP3-Antibody-clone-FJK-16s-Monoclonal/53-5773-82
https://www.atcc.org/products/crl-3216
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Description

Source / Repository  Persistent ID / URL

Single cell RNA sequencing

GEO datasets

Bulk RNA sequencing

GEO datasets
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Other
Description Source / Repository Persistent ID / URL
Angiotensin |1 ﬁlgdsr?csh Sigma- https://www.sigmaaldrich.cn/CN/en/product/sigma/a9525

Osmotic mini pumps

Model 2004 and
2006, ALZET

https://www.alzet.com/products/alzet_pumps/

Recombinant mouse 1L-9

409-ML, R&D
System

https://www.rndsystems.com/products/recombinant-mouse-il-9-protein_409-ml

Mouse T-Activator CD3/
CD28 for T-Cell expansion
and activation

11452D, Gibco

https://www.thermofisher.com/order/catalog/product/11452D

Mouse Albumin ELISA Kit

ab207620, Abcam

https://www.abcam.com/mouse-albumin-elisa-kit-ab207620.html

Creatinine Assay Kit

ab65340, Abcam

https://www.abcam.com/creatinine-assay-kit-ab65340.html

Mouse KIM-1 ELISA Kit
(KIM1)

ab213477, Abcam,

https://www.abcam.com/mouse-tim-1-elisa-kit-kim-1-ab213477.html

Von Kossa Stain Kit (Calcium
Stain)

ab150687, Abcam

https://www.abcam.com/von-kossa-stain-kit-calcium-stain-ab150687.html

Alexa Fluor TM 488
conjugated wheat germ
agglutinin (WGA)

W11261, Invitrogen

https://www.thermofisher.cn/order/catalog/product/W11261

PMA P1585, Sigma https://www.sigmaaldrich.cn/CN/en/product/sigma/p1585
ionomycin 10634, Sigma Aldrich  https://www.sigmaaldrich.cn/CN/en/product/sigma/i0634
Brefeldin A ngre;gh Sigma https://www.sigmaaldrich.cn/CN/en/product/sigma/b5936
554714 BD https://www.bhdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
Cytofix/Cytoperm kit Bioscienc es’ research-reagents/buffers-and-supporting-reagents-ruo/bd-cytofix-cytoperm-
fixation-permeablization-kit.554714
Mouse CD4+ T Cell Isolation ~ 130-104-454, https://www.miltenyibiotec.com/JP-en/products/cd4-t-cell-isolation-kit-mouse.html?

Kit

Miltenyi Biotec,

countryRedirected=1

Mouse CD3IFNe MicroBead
Kit

130-094-973,
Miltenyi Biotec,

https://www.miltenyibiotec.com/JP-en/products/cd3e-microbead-kit-mouse.html?

countryRedirected=1#gref

CD45-Microbeads Kit

130-052-301,
Miltenyi Biotec,

https://www.miltenyibiotec.com/JP-en/products/cd45-microbeads-mouse.html?

countryRedirected=1#gref

anti-PE Microbeads

130-048-801,
Miltenyi Biotec

https://www.miltenyibiotec.com/JP-en/products/anti-pemicrobeads.html?

countryRedirected=1#gref

Lipofectamine 2000

11668019, Invitrogen

https://www.thermofisher.cn/order/catalog/product/11668019

119 promoter reporter

GeneCopoeia
(MPRM39766-PG04;
NM_008373)

https://www.genecopoeia.com/product/search/detail.php?
prt=22&cid=&key=MPRM39766&type=promoter&choose=IL9

HDACL1 siRNA

5119558,
Thermofisher

https://www.thermofisher.cn/order/genome-database/details/sirna/s119558?

CID=&ICID=&subtype=

Non-specific SIRNA

4390843,
Thermofisher,

https://www.thermofisher.cn/order/catalog/product/4390843

Secrete-Pair Dual
Luminescence Assay

LF032, GeneCopoeia

https://www.genecopoeia.com/product/secrete-pair/dual-luminescence-assay/
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https://www.sigmaaldrich.cn/CN/en/product/sigma/a9525
https://www.alzet.com/products/alzet_pumps/
https://www.rndsystems.com/products/recombinant-mouse-il-9-protein_409-ml
https://www.thermofisher.com/order/catalog/product/11452D
https://www.abcam.com/mouse-albumin-elisa-kit-ab207620.html
https://www.abcam.com/creatinine-assay-kit-ab65340.html
https://www.abcam.com/mouse-tim-1-elisa-kit-kim-1-ab213477.html
https://www.abcam.com/von-kossa-stain-kit-calcium-stain-ab150687.html
https://www.thermofisher.cn/order/catalog/product/W11261
https://www.sigmaaldrich.cn/CN/en/product/sigma/p1585
https://www.sigmaaldrich.cn/CN/en/product/sigma/i0634
https://www.sigmaaldrich.cn/CN/en/product/sigma/b5936
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/buffers-and-supporting-reagents-ruo/bd-cytofix-cytoperm-fixation-permeablization-kit.554714
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/buffers-and-supporting-reagents-ruo/bd-cytofix-cytoperm-fixation-permeablization-kit.554714
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/buffers-and-supporting-reagents-ruo/bd-cytofix-cytoperm-fixation-permeablization-kit.554714
https://www.miltenyibiotec.com/JP-en/products/cd4-t-cell-isolation-kit-mouse.html?countryRedirected=1
https://www.miltenyibiotec.com/JP-en/products/cd4-t-cell-isolation-kit-mouse.html?countryRedirected=1
https://www.miltenyibiotec.com/JP-en/products/cd3e-microbead-kit-mouse.html?countryRedirected=1#gref
https://www.miltenyibiotec.com/JP-en/products/cd3e-microbead-kit-mouse.html?countryRedirected=1#gref
https://www.miltenyibiotec.com/JP-en/products/cd45-microbeads-mouse.html?countryRedirected=1#gref
https://www.miltenyibiotec.com/JP-en/products/cd45-microbeads-mouse.html?countryRedirected=1#gref
https://www.miltenyibiotec.com/JP-en/products/anti-pemicrobeads.html?countryRedirected=1#gref
https://www.miltenyibiotec.com/JP-en/products/anti-pemicrobeads.html?countryRedirected=1#gref
https://www.thermofisher.cn/order/catalog/product/11668019
https://www.genecopoeia.com/product/search/detail.php?prt=22&cid=&key=MPRM39766&type=promoter&choose=IL9
https://www.genecopoeia.com/product/search/detail.php?prt=22&cid=&key=MPRM39766&type=promoter&choose=IL9
https://www.thermofisher.cn/order/genome-database/details/sirna/s119558?CID=&ICID=&subtype=
https://www.thermofisher.cn/order/genome-database/details/sirna/s119558?CID=&ICID=&subtype=
https://www.thermofisher.cn/order/catalog/product/4390843
https://www.genecopoeia.com/product/secrete-pair/dual-luminescence-assay/
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Other

Description

Source / Repository

Persistent ID / URL

Chromatin
Immunoprecipitation (ChIP)
assay kit

#9003, Cell signal

https://www.cellsignal.com/products/chip-kits-reagents/enzymatic-chromatin-ip-kit-
magnetic-beads/9003

SYBR Green Master Mix

GoTag PCR system,
Promega M7122

https://www.promega.com.cn/products/pcr/tag-polymerase/gotag-master-mixes/

Pierce™ Protein G Magnetic
Beads

88847, Thermo
Scientific

https://www.thermofisher.cn/order/catalog/product/88847

Fluo-8 No Wash Calcium
Assay kit

ab112129, Abcam,

https://www.abcam.com/fluo-8-calcium-fluxassay-kit-no-wash-ab112129.html
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https://www.cellsignal.com/products/chip-kits-reagents/enzymatic-chromatin-ip-kit-magnetic-beads/9003
https://www.promega.com.cn/products/pcr/taq-polymerase/gotaq-master-mixes/
https://www.thermofisher.cn/order/catalog/product/88847
https://www.abcam.com/fluo-8-calcium-fluxassay-kit-no-wash-ab112129.html
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