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Heart and Brain Pericytes Exhibit a Pro-Fibrotic
Response After Vascular Injury

Thanh T.D. Pham,” Shuin Park;” Kamal Kolluri;” Riki Kawaguchi, Lingjun Wang®2, Dana Tran, Peng Zhao,

S. Thomas Carmichael®®, Reza Ardehali

cells that surround microvessels in various organs
including the heart and brain. Their function, beyond
maintaining vascular integrity and contractility, is poorly
understood. Recent studies have suggested they con-
tribute to the development of tissue fibrosis." For
instance, after spinal cord injury, a subpopulation of peri-
cytes divide and migrate away from blood vessels, where
they form the fibrotic scar that constitutes the lesion cav-
ity.? Although recent studies suggest pericyte function in
homeostasis and after organ injury, their role in mediating
fibrosis after vascular ischemia in the heart and brain is
not firmly established, owing to differences in injury mod-
els, labeling techniques, and transgenic models.®™®
We explored the role of pericytes after myocardial
infarction (MI) and ischemic stroke by interrogating their
gene expression at a single-cell level and their contri-
bution to tissue fibrosis in parallel studies. We used a
double transgenic mouse model, Tbx18“*tR*:Rosa26
417+4 to lineage-trace TBX18 (T-box transcription factor
18)-expressing pericytes and define their location, fate,
and gene expression profiles at a single-cell resolution
during homeostasis and after Ml and stroke. Male 2- to
3-month-old mice received 1 mg of tamoxifen intraperi-
toneally for 4 consecutive days, followed by a 1-week
washout period. They then underwent Ml (by permanent
ligation of the left anterior descending artery), stroke
(by photothrombosis), or sham surgery. Seven days later,
when initial fibrosis appears in either model, tdTomato-
labeled cells were isolated from uninjured and ischemic

Pericytes are a heterogeneous population of mural

hearts and brains by fluorescence-activated cell sorting.
Before sorting pericytes from the injured organs, the
core infarct and peri-infarct regions were prepared sep-
arately to distinguish pericytes that may be undergoing
a transition into a fibrotic state. The isolated cells were
then processed for single-cell RNA sequencing, result-
ing in a transcriptomic dataset consisting of 37001
cells from the heart and 15353 cells from the brain
(Figure [A]). Other cell types (ie, endothelial cells, fibro-
blasts, smooth muscle cells, leukocytes) were excluded
from our analysis. Pericytes were identified based on
expression of known markers, such as Rgsb, Mcam,
Pdgfrb, and Cspg4 for the heart and Abcc9, Pdgfrb, Vin,
Cspg4, and Anpep in the brain (Figure [B]). The peri-
cyte clusters for both systems were subjected to further
downstream analysis (Figure [B]). Our single-cell RNA
sequencing analysis revealed a considerable number
of biological pathways and upregulated genes related
to fibrosis that were enriched in pericytes from both
the injured tissues (compared to pericytes from unin-
jured organs), suggesting similar profibrotic activity of
pericytes in a common ischemic injury response. Gene
Sets Enrichment Analysis identified a significant (false
discovery rate [FDR]<0.05) enrichment of key fibrosis
pathways, including inflammation, immune response,
and ECM (extracellular matrix) components (Figure [C]).

We next analyzed the gene expression profile of car-
diac and brain pericytes separately at a single-cell reso-
lution. Pericytes isolated from sham tissues of the heart
and brain formed a distinct cluster from injured pericytes

Key Words: brain m fibrosis ® heart ® ischemic stroke ® myocardial infarction ® pericytes

Meet the First Author, see p 701

Correspondence to: Reza Ardehali, MD, PhD, Internal Medicine, Division of Cardiology, David Geffen School of Medicine at UCLA, 675 Charles E Young Dr S, MRL
Bldg 3645, Los Angeles, CA 90095, Email rardehali@mednet.ucla.edu; or S. Thomas Carmichael, MD, PhD, Neurology, David Geffen School of Medicine at UCLA, 710

Westwood Plaza, Los Angeles, CA 90095, Email scarmichael@mednet.ucla.edu
*T.T.D. Pham, S. Park, and K. Kolluri contributed equally.

For Sources of Funding and Disclosures, see page e143.

© 2021 American Heart Association, Inc.

Circulation Research is available at www.ahajournals.org/journal/res

Circulation Research. 2021;129:e141-e143. DOI: 10.1161/CIRCRESAHA.121.319288

September 17,2021  e141


mailto:rardehali@mednet.ucla.edu
mailto:scarmichael@mednet.ucla.edu
https://orcid.org/0000-0003-1535-4170
https://orcid.org/0000-0002-1169-9203
https://orcid.org/0000-0003-1318-4016
https://circres.ahajournals.org/content/129/7/701

Pham et al

Ischemic Pericytes Upregulate Fibrotic Response

A W sham B Rgss Cspg+ e Notchs Pdgtrh X
(- = B pertinfarct fcam o B Stroke: peri-infarct vs. Sham
(T W infarct o o 10 10 10 MI: peri-infarct vs. Sham
—_ elo o & N S f——
A o o o g Apoptotic Signaling Pathway
E4 o o —
L HENR K 2 g0 S i Cellular Response to Reactive Oxygen Speci
— 213 S E 3 3 3 Extracellular Matrx Component —
— o ® o 0 © 10 Immune System Proce:
() Muticellular Organi —
W5 W A w5 W & b b W B 0 & @ B P 6 0D s —
0= UMAP_1 UMAP_1 UMAP_1 UMAP_1 UMAP_1 Regulation of Adaptive I e
=< Regulation of Cell Cycle f—
wi Abecs Pagts vin Capgs anpep  Reguiation ofInrinsic Apoplotic Sgnaiing Pathiay —
) Response to Wounding —
i » Regulation of Smooth Muscle Contraction —
L 10 10 I 10 J e to Endoplasmic Reticulur Stress =
o= £l o m‘ Response to Oxidative Stress —
S ) $o 4 Epinlum Dovsopment —]
¢ pithelium Developmen
m] > # > ‘ s % Cell vunction
. 4 Blood Vessel Morphogenesis pp—
7 0 e 10 10 Angiogenesis
d0 0 1 2 qo o fo 20 0 0 1 z -0 0 10 2 0 0 0 2 E 2 4
& UMAP_1 UMA UMAP_1 UMAP_1 UMAP_1
D s e E Sham
Heart
5
g 5 g
E 3 T
g 3
a a
= = . .
I3 2 Relative Gene Expression
(average for each treatment)
5 DRI
z Stroke
3 0.5
H
H 0.0
S
} P
= c
T = -1.0 ‘s
£ s 0
3 3e m
i} S
Y a3
& L2
z £3
; §
-4 5
&

Figure. Characterization of pericytes from brain and heart after ischemic injury.

A, Single-cell RNA sequencing analysis of TBX18 (T-box transcription factor 18)-expressing cells from injured and uninjured hearts and
brains (n=3 biologically independent samples). Uniform Manifold Approximation and Projection (UMAP) analysis revealed the presence

of other cardiac and brain cell types. Infarct and peri-infarct pericytes cluster distinctly separated from sham pericytes. B, Feature plots

of known cardiac and brain pericyte markers confirm our identification of pericytes. C, Gene Ontology (GO) analysis reveal pathways that
are similarly enriched in infarcted heart and brain pericytes when compared to uninjured pericytes. We observed parallel upregulation of
pathways associated with immune response, and fibrosis; pathways associated with blood vessel formation were downregulated. D, Heatmap
of differential genes expression. While profibrotic genes that regulate ECM (extracellular matrix) remodeling were upregulated in cardiac
pericytes isolated from the infarct core and to a lesser extent in the peri-infarct region, we observed a reduction in the expression of genes
that regulate endothelial cell-pericyte interaction. Expression value on the color scale equates to log-2 fold change of gene expression.

E, Confocal images show expression of POSTN (periostin; heart) and COL1A1 (collagen 1A1; brain), markers associated with activated
fibroblasts, in TBX18-expressing pericytes in the hearts and brains of sham, myocardial infarction (MI), or stroke animals. Images were
routinely saved from different animals in each cohort and representative images from each organ system’s infarct core were chosen. Scale
bar=20 um. CM indicates cardiomyocytes; DAPI, 4',6'-diamidino-2-phenylindole; NES, Normalized Enrichment Score; NG2, neuron-glial
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antigen 2; SMC, smooth muscle cells; and tdT, tdTomato.

(Figure [A]). We observed high expression of fibrosis-
related genes in the pericytes located within the core
infarct regions and, to a lesser extent, in pericytes in the
peri-infarct areas (Figure [D]). Conversely, genes associ-
ated with the pericyte-endothelium junction and vascular
integrity were downregulated in infarct and peri-infarct
pericytes compared with pericytes isolated from sham
organs (Figure [D]). These changes in gene expres-
sion suggest that in response to ischemia, pericytes may
directly contribute to ECM remodeling in a fibrotic state.
We next performed immunohistochemistry to confirm
the progression of pericytes to a fibrotic phenotype in Ml
and stroke and define their localization with respect to
the ischemic regions. Immunohistochemistry for pericyte
and fibrosis markers was performed on frozen sections
(Figure [E]). We observed that in the absence of injury,
pericytes maintain an intimal connection with the vascu-
lar bed and do not express detectable levels of fibrosis
markers, such as POSTN (periostin) for the heart and
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COL1AT1 (Collagen 1A1) for the brain (Figure [E]). How-
ever, in response to ischemia, we observed accumula-
tion of pericytes expressing POSTN and COL1AT1 in
the fibrotic regions which was not seen in sham organs
(Figure [E]). Our results differ from recent work which
investigated the role of TBX18 pericytes in transaortic
constriction (heart) and cortical stab wound(brain) mod-
els.* These have different pathological phenotypes from
the models that we used. Transaortic constriction is a
chronic form of cardiac injury that yields diffuse interstitial
fibrosis across the heart. The cortical stab wound injury
does not create an ischemic penumbra, therefore lacking
significant reorganization and regeneration upon injury.
Here, we performed two clinically relevant pathological
models of ischemic injury: MI, which leads to replace-
ment fibrosis and ischemic stroke, which results in a dis-
crete fibrotic scar enveloped by astrocytic scar. Although
different injury models could contribute to the observed
differences, the clinically relevant models used in the
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current study highlight the important role of pericytes in
cardiac and brain fibrosis. Our data suggest the fibrotic
response of pericytes is highly conserved between the
heart and brain.
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