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Transcriptomic characterization
of lung pericytes in systemic
sclerosis-associated pulmonary fibrosis

Ludivine Renaud,1,4 Carole L. Wilson,1,2,4 Robert Lafyatis,3 Lynn M. Schnapp,1,2,5

and Carol A. Feghali-Bostwick1,5,6,*

SUMMARY

Systemic sclerosis (SSc) is a chronic disease characterized by fibrosis and vascular abnormalities in the skin
and internal organs, including the lung. SSc-associated pulmonary fibrosis (SSc-PF) is the leading cause of
death in SSc patients. Pericytes are key regulators of vascular integrity and endothelial function. The role
that pericytes play in SSc-PF remains unclear. We compared the transcriptome of pericytes from SSc-PF
lungs (SScL) to pericytes from normal lungs (NORML). We identified 1,179 differentially expressed genes
in SScL pericytes. Pathways enriched in SScL pericytes included prostaglandin, PI3K-AKT, calcium, and
vascular remodeling signaling. Decreased cyclic AMP production and altered phosphorylation of AKT in
response to prostaglandin E2 in SScL pericytes demonstrate the functional consequence of changes in
the prostaglandin pathway that may contribute to fibrosis. The transcriptomic signature of SSc lung peri-
cytes suggests that they promote vascular dysfunction and contribute to the loss of protection against
lung inflammation and fibrosis.

INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune disorder characterized by fibrosis of the skin and internal organs and vasculopathy.1,2 Pulmonary

involvement is common in SSc, and SSc-associated pulmonary fibrosis (SSc-PF) is the leading cause of death in SSc patients.3 Pericytes are

perivascular cells of mesenchymal origin that are embeddedwithin the basementmembrane ofmicrovessels,4 where they play a critical role in

maintaining the integrity of the vasculature. Pericytes are most often characterized by the expression of platelet-derived growth factor recep-

tor b (PDGFRB). Several studies showed alterations in pericyte phenotype and density in sclerotic skin.5,6 A recent study by Valenzi et al.

showed expansion of pericytes in SSc-PF lungs.7

Hallmark traits of SSc include micro-angiopathy, characterized by a decrease in capillary density, disorganized architecture, and impaired

reparative angiogenesis, overall leading to reduced blood flow and tissue hypoxia, i.e., fingertip ulcers.8,9 Additionally, the excessive buildup

of extracellular matrix (ECM) components increases the spread of the blood vessel network, contributing even more to tissue hypoxia.8 Peri-

cytes play an important role in normal angiogenesis and vascular homeostasis, due to their ability to crosstalk with endothelial cells via the

release of growth factors, direct cell-cell interaction, and modulation of the ECM.10 Vascular endothelial growth factor (VEGF) signaling and

the expression of VEGF receptors are key regulators of angiogenesis, and both endothelial cells and pericytes can promote angiogenesis via

the VEGF-VEGFR2 axis.11 Pericytes also express VEGFR1, a decoy of VEGFR2 able to bind endogenous VEGF, and by doing so pericytes can

negatively regulate VEGFR2-driven angiogenesis.12 The TIE2 receptor, encodedby the gene TEK, is another pericyte-expressed receptor that

plays a role in angiogenesis as its deletion promotes angiogenesis.13

The contribution of pericytes to SSc is incompletely understood. We and others have demonstrated that pericytes may contribute to

fibrosis by transdifferentiation into myofibroblasts,14–17 the key effector cell in fibrosis, including in a study in SSc skin.18,19 Additionally, peri-

cytes have the ability to differentiate into different lineages and are often considered as mesenchymal stem cells of crucial importance in

SSc.20 Interestingly, SSc pericytes, fibroblasts, and myofibroblasts all express A disintegrin and metalloproteinase domain 12 (ADAM12),

alpha smooth muscle actin (aSMA), the extra domain A (EDA) variant of fibronectin, and Thy-1 cell surface antigen (THY1).21 Our goal is to

provide insights into the molecular signature and potential role of pericytes in SSc-PF.
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To identify signatures that are different in SSc and control pericytes, bulk RNA sequencing (RNA-seq) was performed on total RNA ex-

tracted from primary human pericytes outgrown from the lungs of (1) patients with severe SSc-PF (abbreviated as SScL) and (2) organ donors

whose non-fibrotic lungswere not used for transplantation (hereafter referred to as ‘‘normal’’ and abbreviated asNORML). Differential expres-

sion (DE) genes were identified by DEseq2 differential expression analysis ‘‘SScL vs. NORML’’ to characterize the transcriptomic signature of

SSc lung pericytes. Impacted pathways and functional enrichment were defined by systems level analysis.

RESULTS

Isolation and characterization of SSc and normal lung pericytes

To define the transcriptomics profile of pericytes from SSc (designated ‘‘SScL’’) and non-fibrotic (‘‘normal,’’ designated ‘‘NORML’’) lungs, we

performedbulk RNA-seq analysis of pericytes cultured in vitro. This approach is particularly desirable formesenchymal cells, which often show

a tissue dissociation bias in typical single-cell RNA-seq (scRNA-seq) analyses.22 Lung tissue specimens were obtained from SSc patients with

severe disease undergoing transplantation; for normal controls, tissue was collected from donors whose lungs were not used for transplan-

tation but were without fibrosis or a known lung disease (Table S1). The tissue was minced and enzymatically digested, and the resulting cells

were cultured in a specialized medium that pre-selects for pericytes, as we and others have shown previously.17,23,24 To further enrich for peri-

cytes, we performed magnetic bead selection of the cultured cells for PDGFRb positivity.

Differential expression analysis of SSc vs. normal lung pericytes

The differential expression analysis ‘‘SScL vs. NORML’’ yielded 1,179 DE genes (padj < 0.05, log2FC at least |0.6|, Table S2), of which 717 were

upregulated and 462 were downregulated in SSc lung pericytes compared to normal (Figures 1A and 1B). The SScL and NORML samples

clustered well as shown by the heatmap and the principal-component analysis (PCA) plot (Figures 1A–1C). Using iPathwayGuide, we deter-

mined that 1,925 gene ontology (GO) terms were enriched in SSc lung pericytes (Figures 1D–1F; Table S3). Some of the most impacted Bio-

logical Process terms were related to developmental process, response to stimulus and signaling (Figure 1D). Under the Molecular Function

category, some of themost enriched terms pertained to themolecular transducer activity, calcium ion binding and ECM structural constituent

(Figure 1E). In the Cellular Component category, terms pertaining to plasma membrane, extracellular region, and cell periphery, among

others, were highly deregulated (Figure 1F). iPathwayGuide analysis also showed that 39 pathways were enriched in SSc lung pericytes

(p value <0.05) (Figure 2; Table S4).

We compared the list of DE genes identified in cultured pericytes to the DE genes identified previously in pericytes using scRNA-seq anal-

ysis of lung tissues of SSc-PF patients.7 We identified 41 DE genes that are overlapping between our study and the one done by Valenzi et al.

(Figure S1).

Hub genes analysis: GNG4

We used iPathwayGuide to identify hub genes with high centrality degree (CD). Table 1 shows all hub genes with a CDR 0.20. The hub gene

at the center of this network and with the highest centrality degree (CD = 1.00) is G-protein subunit gamma 4 (GNG4) (Figure 3A). Our RNA-

seq data revealed that GNG4 is significantly upregulated in SSc lung pericytes (padj= 1.61E-03, log2FC= 2.92) and is directly connected to 19

DE genes: RAMP2, GIPR, EDNRA, EDNRB, FPR1, C3AR1, C3, CCR1, CCL13, CX3CL1, PTGER3, ADRA1D, APLN, PTGDR2, GPR4, GPR143,

CCK, GNAZ, and KCNJ15. Note that some of these are also hub genes (denoted by the asterisks in Table 1). We also confirmed by quanti-

tative PCR analysis (qPCR) that GNG4 is highly expressed in the majority of SSc lung pericytes as compared to normal (Figure 3B).

Perturbation of the prostaglandin signaling pathway in SSc lung pericytes

We identified prostaglandin E receptor 3 (PTGER3) as another hub gene that is connected toGNG4 and is upregulated in SSc lung pericytes

(Figure 3A; Table 1). Concomitantly, prostaglandin E receptor 2 (PTGER2), prostaglandin D2 receptor 2 (PTGDR2), and prostaglandin-endo-

peroxide synthase 1 (PTGS1) are downregulated in these cells (Tables 1 and S2). qPCR analysis confirmed that PTGER2 is significantly down-

regulated in SSc lung pericytes, with a trend toward upregulation of PTGER3 in SScL pericytes relative to normal pericytes (Figures 4A and 4B).

To determine functional significance of prostaglandin receptor changes, we measured cAMP levels in SScL and NORML pericytes treated

with PGE2, forskolin (a receptor-independent stimulator of cAMPproduction), or vehicle (Figure 4C). Levels of cAMP increased in normal lung

pericytes treated with either PGE2 or forskolin as compared to vehicle control. However, SScL pericytes responded less robustly thanNORML

Figure 1. Differential expression analysis of ‘‘SScL vs. NORML’’ pericytes

(A) Heatmap for all the genes with a padj value <0.05.

(B) Volcano plot showing all the DE genes that are up- and downregulated according to the following criteria of significance: padj <0.05, which is equal to 1.3 in

the -log10 scale shown on the y axis, and log2FC of at least 0.6 (shown on x axis as logFC in Advaita generated volcano plot).

(C) PCA plot showing the distribution and clustering of the SScL and NORML samples.

(D–F) For each category of GO terms, the iPathwayGuide-generated p values and their respective GO-ID were entered in REViGO to obtain scatterplots showing

the cluster representatives (i.e., terms remaining after the redundancy reduction) in a two-dimensional space derived by applying multidimensional scaling to a

matrix of the GO terms’ semantic similarities. Bubble color indicates the user-provided p value and terms in red are more significant than the ones in yellow

(legend in (F), top-right corner); size indicates the frequency of the GO term in the underlying GOA database (bubbles of more general terms are larger). The

top 12 most enriched GO terms are labeled in each scatterplot.
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Figure 2. Top 10 most enriched pathways and the contributing DE genes

The pathways are labeled A to J, see the legend for the color of each pathway. For each pathway, the top 10DEgenes (with the lowest padj value) are shown. Note

that several DE genes are contributing to more than one pathway.
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pericytes to PGE2 stimulation. Note that at baseline, cAMP levels were very low (1–2 pmol/mL) in both SScL andNORMLpericytes. These data

indicate that the altered expression profile of prostaglandin receptors in SSc lung pericytes negatively impacts cAMP production after recep-

tor-mediated stimulation.

In further support of prostaglandin receptor changes, we found that PGE2 stimulation of NORML pericytes resulted in a significant

decrease in the phosphorylation of AKT (pAKT) as compared to vehicle, consistent with signaling through the protective receptor PTGER2

(Figure 4D). By contrast, PGE2 stimulation of SSc lung pericytes did not exert a dampening effect on AKT phosphorylation, in contrast to

the effect observed in normal pericytes. Thus, SSc lung pericytes and normal pericytes responded differently to PGE2 stimulation.

Perturbation of the PI3K-AKT signaling pathway

The PI3K-AKT pathway is one of the most enriched pathways in our systems level analysis (Table S4) containing 35 DE genes (Figure 5A). Four

growth factors that activate receptor tyrosine kinases (RTKs) were differentially expressed in SSc lung pericytes, including VEGFD and EREG,

which were downregulated, and PDGFD and EFNA1, which were upregulated (Figure 5A, orange stars). In the RTK family, KDR, ERBB3, TEK,

and FGFR3 were upregulated in SSc lung pericytes, while FGFR4, PDGFRB, and KIT were downregulated (Figure 5A, pink stars). The accu-

mulation function of iPathwayGuide predicts that the total deregulation observed in these growth factors and RTKs would lead to the overall

Table 1. Hub genes determined by iPathwayGuide network analysis with a centrality degree (CD) above 0.20

Gene Symbol Gene product Centrality degree (CD) padj Log2FC

GNG4 G-protein subunit ɣ4 1.00 1.61E-03 2.92

C3a Complement C3 0.71 1.41E-02 2.58

C3AR1a Complement C3a receptor 1 0.45 6.90E-04 2.82

SERPINA1 a-1 antitrypsin (a-1 proteinase inhibitor) 0.36 3.32E-02 3.37

FPR1a Formyl peptide receptor 1 0.36 2.00E-02 2.80

CCR1a C-C motif chemokine receptor 1 0.35 3.78E-03 �6.37

CCL13a C-C motif chemokine ligand 13 0.35 6.59E-03 �5.52

CX3CL1a C-X3-C motif chemokine ligand 1 (fractalkine) 0.35 1.10E-04 �6.82

PTGER3a Prostaglandin E receptor 3 0.35 3.94E-02 4.54

APLNa Apelin 0.35 5.15E-04 3.47

PTGDR2a Prostaglandin D2 receptor 2 0.35 4.52E-03 �4.00

SPP1 Osteopontin 0.31 4.90E-02 2.85

ITGB3 Integrin b3 subunit 0.31 1.00E-06 2.58

MSLN Mesothelin (mucin 16) 0.31 1.72E-02 6.10

COL7A1 Collagen VII, a1 chain 0.29 1.00E-06 �4.20

BMP4 Bone morphogenetic protein 4 0.29 1.00E-06 4.23

CHRDL1 Chordin-like 1 0.29 1.00E-06 �6.23

CDH2 Cadherin-2 0.29 1.00E-06 4.43

EDNRAa Endothelin receptor type A 0.27 1.54E-02 �2.57

EDNRBa Endothelin receptor type B 0.27 1.29E-02 �3.38

COL5A3 Collagen V, a3 chain 0.25 3.00E-04 �3.55

TMEM132A Transmembrane protein 132A 0.25 1.00E-06 3.34

ADRA1Da Adrenoceptor a1D 0.24 7.38E-03 �2.72

KDR Kinase insert domain receptor (VEGFR2) 0.24 1.00E-06 5.88

GPR4a G protein-coupled receptor 4 0.24 4.26E-06 5.02

GPR143a G protein-coupled receptor 143 0.24 3.90E-02 6.96

CCKa Cholecystokinin 0.24 3.70E-04 �6.45

PLAU Plasminogen activator, urokinase 0.22 1.00E-06 �3.19

COL15A1 Collagen XV, a1 chain 0.20 4.83E-03 �7.02

COL16A1 Collagen XVI, a1 chain 0.20 2.97E-05 �2.81

COL6A6 Collagen VI, a6 chain 0.20 4.63E-02 3.56

Genes are sorted on CD from highest to lowest.
aDenotes hub genes that are connected to GNG4, the hub gene with the highest CD and at the middle of the wheel network shown in Figure 2.
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downregulation of RTKs and the upregulation of genes in the axisGRB2/ SOS1/2/HRAS/KRAS/NRAS/ RAF1/MAP2K1/2/MAPK1/2

that is involved in cell proliferation, angiogenesis, and DNA repair processes (Figure 5B, green box). Both cell proliferation and angiogenesis

biological processes were enriched in the GO analysis (Table S3).

Pericyte markers and angiogenesis factors

In addition to PDGFRb, melanoma cell adhesionmolecule (MCAM, aka CD146 andMUC18) has been used as a marker of pericytes, although

marker positivity is variable in the lung.25 We found that MCAM was upregulated in SSc lung pericytes, while PDGFRB was downregulated,

suggesting changes in pericyte phenotype with disease. In addition, we found significant changes in genes involved in angiogenesis,

including upregulation of KDR and TEK (which encode the receptors VEGFR2 and TIE2, respectively) and APLN (encoding apelin) and down-

regulation of VEGFD and NES (nestin)26,27 (Figure 6A). As proof of concept, we confirmed downregulation of VEGFD by qPCR (Figure 6B).

Taken together, these data demonstrate that the altered phenotype of SSc lung pericytes includes perturbation of vascular related pathways.

DISCUSSION

Persistent fibrosis and vascular dysfunction in the lung and other organs are key features of SSc. Given the central function of pericytes in

maintaining capillary barrier function and integrity, as well as their demonstrated role in fibrosis, we surmised that these cells may be impor-

tant in SSc-PF. Using an unbiased approach, we found that the transcriptome of pericytes isolated and cultured from SSc-PF lungs (SScL)

significantly differs from that of pericytes from lungs without fibrotic disease (NORML). Over 1,000 genes were differentially expressed in

SSc lung pericytes as compared to normal lung, with multiple pathways enriched in pericytes from fibrotic lung. GO analysis showed that

biological processes related to cell adhesion and motility, cellular communication, ECM organization, angiogenesis, and G-protein coupled

receptor signaling were among the most enriched in SSc lung pericytes as compared to NORML pericytes. Indeed, we found that GNG4 is

upregulated in SSc lung pericytes and is a central hub gene in a network that includes the prostaglandin receptors PTGER3 and PTGDR2. We

further showed that in response to the prostaglandin receptor ligand PGE2, SSc lung pericytes have decreased cAMP production and do not

undergo downregulation of pAKT, unlike NORML pericytes. These results demonstrate functional significance of hub gene network pertur-

bation.We also found that genes involved in PI3K-AKT signaling and angiogenesis were significantly altered in SSc lung pericytes, suggesting

that these cells may impact the microvasculature in this disease.

When we constructed a network of hub genes with a high degree of centrality,GNG4, which encodes the ɣ4 subunit of guanine nucleotide

binding protein (G protein), arose as a central node of a key regulatory network. We confirmed upregulation ofGNG4 expression in SSc lung

Figure 3. Network analysis

(A) The hub analysis revealed GNG4 at the center of the wheel network with the highest degree of centrality.

(B) GNG4 mRNA levels in SScL pericytes (n = 5) relative to NORML pericytes (n = 5). *p < 0.05 versus NORML (Mann-Whitney test). Data are represented as

mean G standard error of the mean (SEM).
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pericytes relative to NORML by qPCR. To our knowledge, our study is the first to report expression ofGNG4 in human lung pericytes.GNG4

is a member of the G-protein g family, which relays signals from upstream G-protein-coupled receptors (GPCRs) to transduce extracellular

signals from the environment into the cell.28 In addition to GNG4, components of several GPCRs signaling pathways, including

MAPK, PI3K and calcium signaling pathways, were also enriched in our analysis.29 Under normal conditions, there is minimal detection of

GNG4 transcripts in the lung.30 Interestingly, overexpression of GNG4 expression is observed with many cancers, including breast, bladder,

liver, gastric, and lung cancers, and is often associatedwith poorer prognosis.31–35 Thus, upregulation ofGNG4maybe amarker of pathologic

conditions.

We also found several key components of the prostaglandin signaling pathway that were deregulated in SSc lung pericytes: the PGE2

receptor PTGER2 and the enzyme PTGS1 (aka COX1) were downregulated, while the PGE2 receptor PTGER3 was upregulated. PTGS1, in

conjunction with prostaglandin-endoperoxide synthase 2 (PTGS2, aka COX2), catalyzes the conversion of arachidonic acid into prostanoids

including PGE2 and prostaglandin D2 (PGD2). While loss of PTGS2 has been associated with lung fibrosis,36,37 the role that PTGS1 plays in

SSc-PF remains uncharacterized. PGE2 signaling can impact lung inflammation and fibrosis via multiple mechanisms, including regulation of

fibroblast proliferation, migration, collagen secretion, myofibroblast differentiation, Ca2+ oscillations, production of TNFa and MCP1 (aka

CCL2), and the expression of ECM genes in idiopathic pulmonary fibrosis (IPF) cells and in TGFb-treated lung fibroblasts.38–41 PGE2 can

bind to 4 different cell surface receptors, including PTGER2 and PTGER3. The signaling response to PGE2 depends on the relative binding

to its different receptors.

PTGER2 (aka EP2) is categorized as a ‘‘relaxant receptor’’ (Figure 7). Under normal conditions, activation of PTGER2 initiates smooth mus-

cle relaxation and activation of cAMP and PKA cascades that inhibit calcium waves and the PI3K/AKT signaling pathway.38 Activation of

PTGER2 confers protection against pulmonary fibrosis.41–43 In contrast, PGE2 signaling through the ‘‘inhibitory receptor’’ PTGER3 (aka

EP3) inhibits cAMP production and smooth muscle relaxation, as well as increases intracellular Ca2+ concentration.44,45 The importance of

the changes in relative expression of the different PGE2 receptors on SSc lung pericytes was demonstrated by their impaired production

of cAMP in response to a brief PGE2 stimulation. In addition, we found that pAKT, which is normally downregulated by PGE2 signaling

through EP2,38 was either unchanged or even increased in SSc lung pericytes. Together, the downregulation of relaxant receptor PTGER2

and upregulation of inhibitory receptor PTGER3 in SSc lung pericytes could synergistically deplete cAMP and PKA reservoirs and impede

the protective effect of PGE2 signaling in these cells by allowing more calcium waves and the activation of the PI3K-AKT pathway.40

SSc lung pericytes also exhibited a significant downregulation of PTGDR2 compared to NORML cells. PTGDR2 (aka DP2 or CRTH2) is one

of twoGprotein-coupled receptors that engagewith PGD2 andmodulate the production of Th2 cytokines bymast cells.46 Initially recognized

as a promising therapeutic target to treat allergic and asthmatic reactions,47 PTGDR2 is now under investigation as a key player in other dis-

eases, including lung fibrosis and inflammation.48–50 PTGDR2 is expressed in most structural and immune cells of the human lung.47 In mice,

PTGDR2 deficiency exacerbated bleomycin-induced lung fibrosis.50,51 Thus, the downregulation of PTGDR2 in SSc lung pericytes may

contribute to the progression of lung fibrosis.

We identified changes in expression of other hub genes of potential significance in fibrosis. Complement C3 (C3) and its receptor C3AR1

were upregulated in SSc lung pericytes, and have been previously implicated in epithelial injury and fibrosis.52 Osteopontin (SPP1), mesothe-

lin (MSLN) and bone morphogenetic protein 4 are all profibrotic mediators whose expression was also increased in SSc lung pericytes.53–55

Although the expression of several collagens was noted, we did not observe differential transcriptional changes in collagen I and III and

Figure 4. Validation experiments in SScL and NORML pericytes

(A and B) Transcript levels of (A) PTGER2 and (B) PTGER3 in SScL pericytes (n = 5) relative to NORML pericytes (n = 5).

(C) Levels of cAMP were measured in NORML (n = 3) and SScL (n = 3) pericytes treated with vehicle (VEH, 500 nM), PGE2 (500 nM), or forskolin (FOR, 100 mM) for

15 min.

(D) Protein abundance of pAKT normalized by total AKT in NORML (n = 3) and SScL (n = 4) pericytes treated with PGE2 and VEH. *p < 0.05, **p < 0.01,

***p < 0.001 as indicated by the lines; @ p < 0.05, @@ p < 0.01, @@@ p < 0.001 versus VEH-NORML (in black) or VEH-SScL (in orange). Data are represented

as mean G SEM.
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⍺-smooth muscle actin in SSc lung pericytes as compared to NORML. These results contrast with the findings by Valenzi et al., who docu-

mented an increase in COL1A2 and COL3A1 transcripts relative to control pericytes.7 These conflicting data may be due to how tissues

and cells were processed for RNA-seq, with both approaches having distinct advantages: Valenzi et al. assessed cells immediately from

dissociated lung tissue, which will likely capture multiple populations of pericytes, including those that are activated or undergoing a myofi-

broblastic transition. For our analysis, cells were isolated and cultured in a medium that maintains pericyte identity and a relatively quiescent

phenotype, allowing us to define the transcriptome of an enriched population of cells. In addition, the depth of RNA-seq data is increased by

bulk analysis of cultured cells as compared to single-cell analysis, particularly for stromal cells, which are often under-represented in lung tis-

sue digests.22 Overall, our data indicate that SSc lung pericytes have been transcriptionally programmed to elaborate profibrotic mediators,

suggesting that this may be another means by which these cells contribute to fibrosis.

Figure 5. Enrichment of the PI3K-AKT signaling pathway

(A) DE genes from ‘‘SScL vs. NORML’’ comparison that are hit genes in the PI3K-AKT pathway. Orange star: growth factor (GF); pink star: receptor tyrosine kinase

(RTK).

(B) Kyoto Encyclopedia of Genes andGenomes (KEGG) illustration of the PI3K-AKT pathway showing the accumulation prediction that iPathwayGuide generated

based on the gene signature obtained in our differential expression analysis.
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The PI3K-AKT pathway plays a central role in the development of organ fibrosis by regulating a myriad of cellular functions such as cell

cycle progression and proliferation, angiogenesis, DNA repair, cell survival and metabolism (glycolysis and gluconeogenesis).56,57 The

PI3K-AKT pathway is downstream of many other signaling pathways57 that are also significantly enriched in our analysis, including focal adhe-

sion, Ras, Rap1, cAMP, calcium and MAPK pathways. This pathway is also deregulated in IPF, and inhibition of PI3K/mTOR with the potent

inhibitor omipalisib has been shown to ameliorate IPF in pre-clinical studies and clinical trials.58,59

We found other PI3K-AKT pathway-related genes whose expression was altered in SSc lung pericytes, including PDGFRB and genes asso-

ciated with angiogenesis and vascular remodeling. Although both SSc and normal lung pericytes were selected based on PDGFRb positivity,

we detected decreased PDGFRB expression in SSc lung pericytes. PDGFRB downregulation is consistent with the reduction in PDGFRb im-

munostaining observed in skin biopsies from SSc patients with late-stage disease.60 Note that of the other canonical pericyte markers, only

MCAM (CD146) expression was altered in SSc lung pericytes. Interestingly, we found in a previous study that a higher percentage of IPF peri-

cytes vs. normal were positive for CD146.17

The decrease in VEGFD expression in SSc lung pericytes, which we verified by qPCR, was of particular interest, given that VEGFDmediates

angiogenesis and is downregulated by TGFb in human lung fibroblasts.61 Expression of APLN, a hub gene connected to GNG4, was also

increased: apelin not only stimulates angiogenesis62 but also promotes vascular smooth muscle cell proliferation and migration.63 Although

both TIE2 (TEK) and VEGFR2 (KDR) are typical endothelial cell markers, both proteins have been detected at low levels on pericytes12,13; their

upregulation on SSc lung pericytes may promote changes in angiopoietin and VEGF signaling. Alterations in the microvasculature are char-

acteristic of SSc and include capillary regression, imbalances in angiogenesis, and structural abnormalities.2 Taken together, our results sug-

gest that the gene expression changes we identified in SSc lung pericytes could impact the vasculature in SSc-PF.

In conclusion, the basic markers that define pericytes are fundamentally similar in SSc lung pericytes compared to NORML, yet the gene

expression signature of SSc lung pericytes is unique. The differential gene expression and pathways enriched in SSc lung pericytes implicate

these cells in the fibrotic response and the vascular dysfunction that are defining features of SSc. Further studies will be needed to characterize

the functional properties of SSc lung pericytes and explore other targets identified in our analysis.

Limitations of the study

There are some limitations to our study. The differential expression analysis was based on a relatively small number of SScL and NORML peri-

cyte cell lines; for this reason, the samples were not explicitly age- or sex-matched. In addition, culturing these cells before transcriptomic

analysis may not capture the full range of pericyte phenotypes that exist in vivo. Another caveat is that the SSc lung pericytes were isolated

from the lungs of patients with severe disease; hence, the transcriptional changeswe observed in SSc lung pericytes are reflective of advanced

fibrosis and it is not known the extent towhich these changes are intrinsic versus extrinsic (i.e., an influence of the fibrotic environment). Further

studies are needed to characterize the functional properties of SSc lung pericytes, to explore other targets identified in our analysis, and to

correlate gene expression differences with protein.
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Figure 6. Deregulation of pericyte markers and angiogenesis factors in SScL pericytes

(A) Heatmap of differentially expressed pericyte markers and angiogenesis factors. Relative color scheme that uses the minimum and maximum values in each

row to convert the values to color.

(B) VEGFD mRNA levels in SScL pericytes (n = 5) relative to NORML pericytes (n = 5). *p < 0.05 versus NORML (Mann-Whitney test). Data are represented as

mean G SEM.
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Figure 7. Role of PTGER2 and PTGER3 in lung inflammation and fibrosis

(A) Under normal conditions, activation of PTGER2 (aka EP2) by PGE2 initiates activation of cAMP and PKA cascades that inhibit calcium waves and the PI3K/AKT

signaling pathway,38 thus conferring protection against pulmonary inflammation and fibrosis.41–43

(B) In contrast, PGE2 signaling through PTGER3 (aka EP3) inhibits cAMP production and increases intracellular Ca2+ concentration.44,45

(C) The transcriptomic signature we observed in our RNA-seq analysis revealed that PTGER2 is downregulated and PTGER3 is upregulated in SScL pericytes, a

signature that has been shown to lead to the loss of protection against lung inflammation and fibrosis.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

phospho AKT (Ser-473) Cell Signaling Cat#9271; RRID: AB_329825

total AKT Cell Signaling Cat#9272; RRID: AB_329827

Biological samples

NORM2 CFB cryobank NORML

NORMS7 CFB cryobank NORML

NORMS8 CFB cryobank NORML

NORMS10 CFB cryobank NORML

NORMS13 CFB cryobank NORML

NORMS15 CFB cryobank NORML

NORMS20 CFB cryobank NORML

SSCS2 CFB cryobank SScL

SSCS4 CFB cryobank SScL

SSCS7 CFB cryobank SScL

SSCS9 CFB cryobank SScL

SSCS10 CFB cryobank SScL

SSCS11 CFB cryobank SScL

SSCS12 CFB cryobank SScL

Chemicals, peptides, and recombinant proteins

PGE2 Cayman Chemical Cat#363-24-6

Forskolin BioVision EZSolution Cat#26625

Critical commercial assays

Parameter Competitive cAMP Assay R&D Systems, Inc. Minneapolis, MN Cat#KGE002B

Aurum� Total RNA Mini kit Bio-Rad, Hercules, CA Cat#7326820

iScript Reverse Transcription SuperMix Bio-Rad, Hercules, CA Cat#1708840

SsoAdvanced Universal Probes Supermix Bio-Rad, Hercules, CA Cat#1725284

ANGPT1 Applied Biosystems Hs00375822_m1

B2M Applied Biosystems Hs00187842_m1

FIGF (aka VEGFD) Applied Biosystems Hs01128659_m1

GNG4 Applied Biosystems Hs00189551_m1

MYH11 Applied Biosystems Hs00224610_m1

PTGER2 Applied Biosystems Hs00168754_m1

PTGER3 Applied Biosystems Hs00168755_m1

Deposited data

RNAseq data NCBI GEO GEO: GSE222552

Western blots (original) Figshare https://doi.org/10.6084/m9.figshare.25646856.v1

Supplemental Figures and Tables Figshare https://doi.org/10.6084/m9.figshare.25758417.v1

Software and algorithms

iPathwayGuide (Advaita) https://advaitabio.com/ N/A

ImageJ https://imagej.net/ N/A

DESeq2 R package https://rdrr.io/bioc/DESeq2/ N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Carol Feghali-

Bostwick (feghalib@musc.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The RNA-seq data has been deposited at NCBI GEO: GSE222552 and is now publicly accessible. Accession numbers are listed in the

key resources table. Original western blot images have been deposited at Figshare and are publicly available as of the date of pub-

lication. The DOI is listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon

request. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary cultures of lung pericytes

Lung explants from SSc patients with severe pulmonary fibrosis (‘‘SScL’’, n=7) were obtained from the University of Pittsburgh. Lungs from

rejected organ donors with no clinical history of lung disease were also obtained from the University of Pittsburgh and designated as normal

in this study (‘‘NORML’’, n=7). This study was approved by the Institutional Review Board of the University of Pittsburgh under protocol#

970946. This study is deemed as non-human subject research by the MUSC Institutional Review Board because human lung tissues were

received without any identifiers.

Tissue was processed for cell culture at 37�C and selection of PDGFRb+ cells as described previously.17 Briefly, minced and enzymatically

digested lung tissue was plated on 0.2% gelatin-coated dishes in a specialized, low-serum (2% FBS) medium conducive for pericyte growth

(Pericyte Medium; ScienCell, Carlsbad, CA, catalog #1201). After expansion of the cells in Pericyte Medium (generally for 10-20 days), cells

were used for antibody-based magnetic bead selection (Miltenyi). After depletion of cells positive for CD45 (leukocytes), CD31 (PECAM;

endothelial cells), and CD326 (EpCAM; epithelial cells), the remaining cells were labeled with PE-conjugated anti-PDGFRb (Miltenyi, clone

REA363) for positive selection. PDGFRb+ cells were cultured in Pericyte Medium for up to 8 passages. NORML and SScL pericytes in culture

displayed a morphology consistent with pericytes (spindle shaped with elongated cellular processes; Figure S2A) and could be readily distin-

guished from normal lung fibroblasts by the lack ofmRNAexpression ofMYH11 (Figure S2B), which encodes the smoothmusclemyosin heavy

chain subunit 11 and we found is expressed in fibroblasts after culturing in medium containing 10% serum. Both NORML and SScL pericytes

expressed the known pericyte markers angiopoietin-1 (ANGPT1), and there was no significant difference in the levels expressed by SScL and

NORML pericytes (Figure S2C). To obtain fibroblasts, dissociated tissue cells were plated in DMEM containing 10% FBS, additional glutamine

(2 mM), and penicillin/streptomycin, and were passaged and maintained in this medium at 37�C.

METHOD DETAILS

mRNA sequencing

Total RNA from 3 SScL isolates and 4NORML isolates was sent toNovogene (https://en.novogene.com) for RNA-seq analysis.Quality control,

library preparation and RNA-seq analysis were performed by Novogene as previously described.64

Gene level analysis

The differential expression analysis comparing ‘‘SScL versus NORML’’ was performed using DESeq2 R package.65 The resulting p-values were

adjusted using the Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). FDR is the expected fraction of false

positive tests among significant tests. We defined significant DE genes based on 2 criteria: (1) on the adjusted p-value (padj) < 0.05 and (2) on

a log2 fold change (log2FC) with at least |0.6|. Genes with a padj < 0.05 and a log2FC > 0.6 were defined as significantly upregulated genes in

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ToppFun (ToppGene Suite) https://toppgene.cchmc.org/enrichment.jsp N/A

GraphPad Prism GraphPad Software, CA version 9 for Windows
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SScL pericytes, while genes with a padj< 0.05 and a log2FC < -0.6 were defined as significantly downregulated in SScL pericytes compared to

NORML pericytes. A log2FC = 0.6 represents a linear increase of 1.5 fold, a criterion that has a significant biological relevance.66

Systems level analysis

Differentially expressed genes were entered in iPathwayGuide (Advaita Bioinformatics), an analytic tool that provides biological context for

RNA-seq generated data. These genes were analyzed in the context of pathways obtained from the Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) database67 and gene ontologies (GO) from the Gene Ontology Consortium database.68 iPathwayGuide scores pathways us-

ing the ‘‘impact analysis’’ method described in detail in Nguyen et al.69–72

Functional enrichment of all DE genes was performed using ToppFun (ToppGene Suite), a portal for gene list enrichment analysis and

candidate gene prioritization based on functional annotations and protein interactions network.73 GO terms were then visualized using

REViGO, a tool that summarizes long lists of GO terms by removing redundant ones and generates semantic similarity-based scatterplots

for the remaining terms.74

RNA extraction and qPCR

For validation of target expression, total RNA was isolated from cells used for RNA-seq as well as independent samples using the Aurum�
Total RNA Mini kit (Bio-Rad, Hercules, CA) in conjunction with DNase treatment as per the manufacturer’s specifications. Total RNA was

reverse transcribed to cDNA using iScript Reverse Transcription SuperMix (Bio-Rad). Quantitative PCR analysis (qPCR) was done using a

Bio-Rad CFX Connect� instrument with ABI TaqMan Gene Expression Assays (ThermoFisher Scientific, MA). Quantification of gene expres-

sion was normalized to B2M as an endogenous control. The following Taqman assays were used: ANGPT1 (Hs00375822_m1), B2M

(Hs00187842_m1), FIGF (a.k.a VEGFD; Hs01128659_m1), GNG4 (Hs00189551_m1), MYH11 (Hs00224610_m1), PTGER2 (Hs00168754_m1)

and PTGER3 (Hs00168755_m1). Relative expression was determined by the 2-DDCT method.

cAMP assay and pAKT/AKT Westerns

NORML and SScL pericytes were plated at a density of 8 x 105 cells/well in a 6-well dish coated with 0.2% gelatin. After an overnight serum

starvation, cells were stimulated with either vehicle, PGE2 at 500 nM (Cayman Chemical, catalog #363-24-6), or forskolin at 100 mM (BioVision

EZSolution, catalog #26625) for 15minutes. Lysates were prepared and analyzed using the Parameter Competitive cAMPAssay (R&DSystems,

Inc. Minneapolis, MN; catalog #KGE002B) according to the manufacturer’s instructions. The maximum limit of detection for this assay is 240

pmol/ml. For the pAKT/AKTWesterns, lysates were subjected to non-reducing SDS-PAGE (10%polyacrylamide) and separatedproteins were

transferred to nitrocellulose. After blocking in 5% BSA, membranes were probed for pAKT (Ser-473, Cell Signaling, catalog #9271), stripped

with Restore� PLUSWestern Blot Stripping Buffer (Thermo Fisher Scientific), and probed for total AKT (Cell Signaling, catalog #9272). Bands

were visualized using a LICOR Odyssey FC imager and were quantified using FIJI (ImageJ).

QUANTIFICATION AND STATISTICAL ANALYSIS

All continuous variables for qPCR validation and cAMP assay were expressed as the meanG standard deviation. The statistical analyses were

performed using GraphPad Prism version 9 for Windows (GraphPad Software, CA). Student’s t test or Mann-Whitney test was used for qPCR

data (two-group comparisons) and 2-wayANOVA followedby Tukey’smultiple comparisons test were used for cAMP assay data and phospho

AKTWestern blot. All p-values < 0.05 were considered statistically significant. The statistical details of experiments can be found in the figure

legends under the Results section.
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