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C E L L  B I O L O G Y

Single-cell RNA-seq reveals a critical role of novel  
pro-inflammatory EndMT in mediating adverse 
remodeling in coronary artery–on–a–chip
Peng Zhao1, Qingzhou Yao1, Pei-Jian Zhang1, Erlinda The1, Yufeng Zhai1, Lihua Ao1, 
Michael J. Jarrett1, Charles A. Dinarello2, David A. Fullerton1, Xianzhong Meng1*

A three-dimensional microengineered human coronary artery–on–a–chip was developed for investigation of the 
mechanism by which low and oscillatory shear stress (OSS) induces pro-atherogenic changes. Single-cell RNA 
sequencing revealed that OSS induced distinct changes in endothelial cells (ECs) including pro-inflammatory 
endothelial-to-mesenchymal transition (EndMT). OSS promoted pro-inflammatory EndMT through the Notch1/
p38 MAPK–NF-B signaling axis. Moreover, OSS-induced EC phenotypic changes resulted in proliferation and 
extracellular matrix (ECM) protein up-regulation in smooth muscle cells (SMCs) through the RANTES-mediated 
paracrine mechanism. IL-37 suppressed OSS-induced pro-inflammatory EndMT and thereby abrogated SMC pro-
liferation and ECM protein remodeling. Overall, this study provides insights into endothelial heterogeneity under 
atheroprone shear stress and identifies the mechanistic role of a novel EC subtype in promoting adverse vascular 
remodeling. Further, this study demonstrates that anti-inflammatory approach is capable of mitigating vascular 
pathobiology evoked by atheroprone shear stress.

INTRODUCTION
Atherosclerosis, a chronic vascular disorder characterized by endo-
thelial dysfunction and formation of atheromatous plaque within 
the artery wall, remains the leading cause of cardiovascular morbidity 
and mortality worldwide (1). In adults, atherosclerotic lesions pref-
erentially form at arterial bifurcations and branching points, where 
blood flow exerts low and bidirectional oscillatory shear stress (OSS), 
typically ranging ±4 dynes/cm2 to the vascular wall (2, 3). The endo-
thelial monolayer in coronary arteries is constantly exposed to 
hemodynamic shear stress that evokes local vascular pathobiology 
(4). It is known that shear stress exerts a wide range of hemodynamic 
forces to the vascular wall and leads to regional heterogeneity of 
endothelial gene expression (5). However, the response of individual 
cells to hemodynamic shear stress and the contribution of differen-
tial cellular responses to vascular pathobiology associated with ath-
erogenesis are not fully understood.

The initiation of atherosclerosis arises from complex interac-
tions of circulating factors, tissue factors, and different cell types, 
including endothelial cells (ECs), lymphocytes, macrophages, and 
smooth muscle cells (SMCs). Among them, ECs have been identi-
fied as triggers for atherogenesis, and SMCs are the key players in 
extracellular matrix (ECM) remodeling (6). It is well known that 
atherogenesis involves endothelial dysfunction and dysregulated 
interactions between ECs and SMCs (7). Aberrant production of 
endothelial mediators, such as nitric oxide (8), platelet-derived 
growth factor (9), and extracellular vesicles (10), stimulates SMC 
migration and proliferation. Therefore, investigating EC-SMC in-
teractions under the clinically relevant hemodynamic shear is needed 
for a better understanding of atherogenesis.

Commonly used in  vitro models in atherogenesis studies are 
two-dimensional (2D) models that use cone-and-plate viscometers 
or microfluidic devices (11–13). Previous studies revealed that low 

shear stress can induce endothelial-to-mesenchymal transition (EndMT) 
(3, 14, 15). Moreover, accumulating evidence from these studies points 
to an important role of EndMT in vascular pathobiology associated 
with atherosclerosis (16). While these 2D platforms are useful and con-
ventional tools for assessing the effect of hemodynamic shear stress, 
they lack a 3D microenvironment and/or EC-SMC interactions.

Anti-inflammatory cytokines have therapeutic potential for chronic 
inflammatory diseases, including cardiovascular diseases (17). Among 
anti-inflammatory cytokines, interleukin-37 (IL-37) has attracted 
much attention due to its potent anti-inflammatory properties (18). A 
number of studies demonstrate that IL-37 protects against tissue injury 
or disease progression in animal models of cardiovascular pathology, 
including ischemia/reperfusion injury (19), myocardial infarction and 
adverse remodeling (20), atherosclerosis (21), and vascular calcification 
(22). It is likely that this anti-inflammatory cytokine can exert a bene-
ficial effect in suppressing pro-atherogenic responses in vascular cells.

Recent advances in bioengineering and microfabrication made it 
possible to develop 3D organ-on-a-chip models that recapitulate 
in vivo multicellular architecture and the physiological microenvi-
ronment (23, 24). Here, we adapted this approach to engineering a 
human coronary artery–on–a–chip system to investigate the mech-
anism by which hemodynamic shear stress induces EC phenotypic 
changes to promote vascular remodeling. The purposes of this study 
are as follows: (i) to systemically analyze EC phenotypic changes in 
response to OSS, (ii) to evaluate the impact of the changes in ECs on 
SMC atherogenic activity, (iii) to identify the molecule that is re-
sponsible for EC-SMC interaction, and (iv) to explore approaches 
for suppression of the pro-atherogenic activity in ECs.

RESULTS
Engineering of the human coronary  
artery–on–a–chip system
A three-layered coronary artery–on–a–chip device containing two 
parallel channels was fabricated via soft lithography and is displayed 
in fig. S1. Immunostaining of EC biomarker CD31 (green) and 
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SMC biomarker -smooth muscle actin (-SMA; red) demonstrated 
the formation of desired cellular compartmentalization in this cor-
onary artery–on–a–chip system (fig. S1, C and D). 3D microscopic 
analyses confirmed that ECs and SMCs were uniformly distributed 
on the opposite side of the membrane (fig. S1, C and D, and movie 
S1). When cells become confluent, OSS was introduced to the upper 
chamber (endothelial chamber) using a syringe pump to mimic 
shear stress values experienced at atheroprone regions of arteries 
(fig. S1, E and F). A computational fluid dynamic simulation was 
implemented to evaluate local shear stress distribution within a mi-
crofluidic channel. The shear stress was controlled in a range of 
0 ± 4 dynes/cm2 (fig. S1G). This microsystem enabled accurate rep-
lication of the dynamic microenvironment within a human coro-
nary artery.

scRNA-seq identifies a pro-inflammatory EndMT 
subpopulation induced by OSS
Emerging evidence suggests that shear stress modulates vascular 
tone and vascular remodeling by influencing EC function (25). To 
gain insight into the transcriptional changes at a single-cell level, 
single-cell RNA sequencing (scRNA-seq) was performed in ECs ex-
posed to OSS for 24 hours. After stringent filtering, 4749 cells with 
high quality, including 2433 cells in the control group and 2316 cells 
in the OSS group, were obtained to conduct subsequent analyses 
(26). Uniform manifold approximation and projection (UMAP) 
analysis showed a clear separation between control and OSS groups 
(Fig. 1A). Four transcriptionally distinct clusters were identified on 
the basis of their gene expression profiles: quiescent, pro-inflammatory 
EndMT, EndMT, and pro-inflammatory clusters (Fig. 1B). We ob-
served a marked shift in cell phenotype following OSS, with drasti-
cally reduced numbers of cells in the quiescent (QET) cluster (18.6% 
versus 86.8% in controls) and greatly increased numbers of cells in the 
pro-inflammatory EndMT cluster (57.9% versus 0.8% in controls;  
Fig. 1C).

To validate each cluster, we present the expression of marker 
genes for each cluster in a heatmap (Fig. 1D). Four representative 
genes (COL4A5, COL3A1, PTX3, and NFKB1) were selected from 
the four clusters to confirm their characteristics (fig. S2). Further, 
using classical endothelial biomarkers (PECAM1, VWF, and CDH5), 
mesenchymal biomarkers (VIM, ACTA2, and COL1A1), and 
pro-inflammatory biomarkers (ICAM1, IL6, and CXCL8), we vali-
dated the identity of each cluster as assigned (Fig. 1E and fig. S3). 
When we projected single cells from the control and OSS groups 
side by side, we observed the expansion of a pro-inflammatory EndMT 
cluster (57.9%, green) and the reduction of a QET cluster (18.6%, 
red) in the OSS group (Fig. 1F).

Among the four clusters, QET and pro-inflammatory EndMT 
subpopulations were chosen for sequential analysis as they dis-
played the most notable shift after OSS (Fig.  2A). There were 
2002 genes down-regulated and 1486 genes up-regulated in pro-
inflammatory EndMT compared with QET (Fig. 2B). To further 
characterize the overarching biological process, we performed gene 
set enrichment analysis (GSEA) with the hallmark gene sets. We 
identified 20 positively enriched gene sets with false discovery rate 
(FDR) < 0.25, and the top sets were shown in Fig. 2C. The most 
significantly enriched were those for epithelial-to-mesenchymal 
transition (EMT) and inflammatory networks (Fig. 2D). Violin 
plots confirmed that mesenchymal marker genes (e.g., ACTA2 and 
VIM) and pro-inflammatory marker genes (e.g., CXCL8 and IL1B) 

are enriched in the pro-inflammatory EndMT subpopulation com-
pared to the QET subset (Fig. 2E).

OSS induces pro-inflammatory EndMT through the Notch1/
p38 MAPK–NF-B signaling axis
To validate pro-inflammatory EndMT at cellular and molecular 
levels, we performed double immunofluorescence staining and im-
munoblotting. Upon OSS treatment, ECs changed gradually from a 
cobblestone appearance to an elongated spindle-shaped morpholo-
gy (Fig. 3A), and the emergence of yellow color in 3D immunofluo-
rescence microscopic image indicates the presence of mesenchymal 
biomarkers -SMA/ACTA2 in ECs (Fig. 3, B and C, and movie S2). 
We further observed a significant reduction in CD31/PECAM1 and 
a marked increase in -SMA and vimentin/VIM in OSS-treated ECs 
(Fig. 3D). These findings suggest the presence of cells in intermedi-
ate stages of EndMT (27). Immunoblotting confirmed that OSS in-
creased the expression of -SMA and vimentin and reduced the 
expression of CD31 (Figs. 3E and 4A). Concordantly, a substantial 
increase in intercellular adhesion molecule-1 (ICAM-1) and vascu-
lar cell adhesion molecule 1 (VCAM-1) was observed (Figs. 3F and 
4B). These results demonstrate that OSS induces pro-inflammatory 
EndMT in ECs and thereby elevates cellular inflammatory activity.

Using pathway analysis, we found marked up-regulation of 
several signaling molecules in the pro-inflammatory EndMT popu-
lation, including nuclear factor B (NF-B), p38 mitogen-activated 
protein kinase (MAPK), and Notch1, that could be activated by 
shear stress (Fig. 3G) (28–30). As shown in Fig. 3H and fig. S4C, 
Notch1, p38 MAPK, and NF-B were activated by OSS. The levels 
of Notch1 and p38 MAPK activation peaked at 2 hours of OSS and 
declined with the prolongation of the exposure. In contrast, NF-B 
activation peaked at 4 hours of OSS and remained at an elevated 
level at 12 and 24 hours of OSS (fig. S5). Because Notch1 activation 
and p38 MAPK phosphorylation preceded NF-B activation, we 
determined the link of Notch1 and p38 MAPK with NF-B activa-
tion. We found that inhibition of either Notch1 or p38 MAPK sup-
pressed NF-B phosphorylation (Fig. 3I and fig. S4D) and nuclear 
translocation (Fig. 3J). Inhibition of NF-B with Bay 11-7082 sup-
pressed EndMT in ECs exposed to OSS for 24 hours (Fig. 3K and 
fig. S4E). Together, these data demonstrate that OSS induces NF-B 
activation through the Notch1 and p38 MAPK signaling pathways 
and that NF-B activation is critical for the induction of pro-
inflammatory EndMT by OSS.

To confirm that pro-inflammatory EndMT occurs in vivo, we 
examined aortic arch and descending thoracic aorta in mice using 
triple immunofluorescence staining of endothelial biomarker CD31, 
inflammatory biomarker ICAM-1, and mesenchymal biomarkers 
vimentin and -SMA. En face image of murine aortic endothelium 
displays a tight monolayer of ECs recognized by CD31 immunore-
activity. The aortic arch area has higher densities of ECs with posi-
tive staining for -SMA and vimentin in comparison to areas of 
descending thoracic aorta (n = 5 mice; fig. S6). In addition, cells 
expressing mesenchymal biomarkers have lower levels of CD31. It 
is noteworthy that the inflammatory biomarker ICAM-1 (gray) was 
colocalized in cells expressing mesenchymal biomarkers (-SMA 
and vimentin, red) in the aortic arch. Quantification data confirmed 
the occurrence of pro-inflammatory EndMT in 12 to 15% of ECs in 
this area (fig. S7). Further, ECs in this area had greater levels of 
phosphorylated p38 MAPK (fig. S8). It has been reported that the 
endothelium of aortic arch sustains OSS due to constantly disturbed 
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blood flow, and ECs in aortic arch display an atheroprone gene 
expression profile (28, 31). Our observations in laboratory animals 
confirm that pro-inflammatory EndMT occurs in vivo in this aortic 
segment and is associated with spontaneous p38 MAPK activation.

EC phenotypic transition induces SMC proliferation and ECM 
protein remodeling
Previous studies indicate a role for EndMT in plaque formation 
and ECM protein remodeling in atherosclerosis (16, 32, 33). To 

Fig. 1. scRNA-seq analysis reveals that OSS induces pro-inflammatory EndMT in ECs. (A) UMAP representation of merged dataset with cells color-coded by experi-
mental condition (OSS or Ctrl). (B) UMAP representation of single-cell gene expression showing the four identified clusters. (C) Stacked bar plot showing the relative 
proportion of clusters in each sample, with total cell counts indicated. (D) Heatmap of unsupervised clustering analysis featuring the top 10 discriminative genes per 
cluster. (E) UMAP feature plots demonstrating differential expression of selected EndMT genes (PECAM1, VWF, CDH5, VIM, ACTA2, and COL1A1) and genes associated with 
inflammation (ICAM1, IL6, and CXCL8) in each cluster. (F) Split view of UMAP representation of the segregation of clusters under experimental conditions.
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determine the impact of ECs on SMCs, we subjected ECs in cocul-
ture to OSS and examined ECM protein expression in SMCs. As 
shown in Fig. 4A and fig. S9A, the expression of ECM protein colla-
gen IV and matrix metalloproteinase-2 (MMP-2) in SMCs was not 
changed when OSS was applied to SMC monoculture or when SMCs 

were cocultured with ECs in the absence of OSS. Up-regulation of 
collagen IV and MMP-2 was observed in SMCs when they were co-
cultured with ECs exposed to OSS. Further, SMC proliferation assay 
with staining of proliferating cell nuclear antigen (PCNA) revealed 
increased proliferation when SMCs were cocultured with ECs 

Fig. 2. GSEA uncovers enrichment of EMT and inflammatory responses in pro-inflammatory EndMT (PIM-EndMT) population. (A) UMAP representation of two 
major subpopulations under experimental conditions. (B) Volcano plot showing statistical significance (P value) versus fold change for differentially expressed genes in 
cluster QET and cluster PIM-EndMT. (C) GSEA hallmark analysis of the top pathways significantly up-regulated in PIM-EndMT versus QET ECs. (D) GSEA enrichment plots 
showing that EMT and inflammatory markers are enriched in PIM-EndMT cluster. (E) Violin plots showing the distribution of specific mesenchymal and pro-inflammatory 
markers in QET and PIM-EndMT clusters. Each dot represents a single cell. NES, normalized enrichment score.
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exposed to OSS (Fig. 4, B and C). Together, these data demonstrate 
that ECs exposed to OSS gain the ability to promote SMC prolifera-
tion and ECM protein remodeling.

Because the pore of the membrane on the coronary artery–on–a–
chip was too small for cellular migration to occur, we hypothesized 
that ECs exposed to OSS exert an impact on SMCs through a paracrine 
mechanism. To test this hypothesis, we obtained culture supernatants 

[conditioned medium (CM)] from ECs under different conditions 
and used these media to treat SMCs. As shown in Fig. 4D and 
fig. S9B, CM from OSS-treated ECs up-regulated the expression of 
collagen IV and MMP-2  in SMCs. Denature of such CM by heat 
abrogated its effect on collagen IV and MMP-2 expression in SMCs.

As the pro-inflammatory EndMT population is the majority (57.9%) 
of ECs following exposure to OSS, it is likely that this previously unknown 

Fig. 3. OSS induces pro-inflammatory EndMT through Notch1/p38 MAPK–NF-B signaling axis in ECs. (A) Representative phase-contrast light microscopy images 
showing morphological changes in ECs. Scale bars, 100 m. (B) A 3D reconstruction of cocultured human coronary artery ECs (CD31, green; -SMA, red) and human cor-
onary artery SMCs (-SMA, red) after OSS exposure. Scale bar, 50 m. (C) Confocal laser micrograph of coculture sample after OSS exposure viewed from the x-z plane. 
(D) Representative images of double immunofluorescence staining showing reduced levels of CD31 (green) and increased levels of -SMA and vimentin (red) in ECs after 
being exposed to OSS for 24 hours. Scale bars, 20 m. (E) Immunoblotting confirmed the changes in protein levels of CD31, -SMA, and vimentin following OSS. (F) The 
expression levels of VCAM-1 and ICAM-1 were assessed by immunoblotting. (G) Gene ontology enrichment analysis showing significantly up-regulated gene sets in the 
pro-inflammatory EndMT cluster relative to the QET cluster. (H) Representative immunoblots showing OSS-induced p38 MAPK phosphorylation and Notch1 cleavage 
peaked at 2 hours of OSS, while NF-B phosphorylation reached the highest level at 4 hours of OSS. (I) Western blots and (J) immunofluorescence staining showing atten-
uated NF-B phosphorylation and nuclear translocation following OSS exposure for 4 hours in the presence of DAPT or SB203580. (K) Representative immunoblots show 
that inhibition of NF-B with Bay 11-7082 (10 M) suppresses EndMT in ECs exposed to OSS for 24 hours. Densitometric data of immunoblots are presented in fig. S4.
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EndMT population promotes SMC atherogenic activity by a pro-
inflammatory mechanism. We performed multiplex enzyme-linked 
immunosorbent assay (ELISA) analysis and compared 20 pro-
inflammatory cytokines and chemokines in CM from control ECs 
and OSS-treated ECs. OSS evoked a substantial increase in the levels 
of IL-1 (2-fold), IL-6 (2-fold), IL-8 (2-fold), granulocyte-macrophage 
colony-stimulating factor (GM-CSF; 2-fold), and RANTES (55-fold). 
Among all pro-inflammatory cytokines and chemokines, RANTES 
presented the most remarkable increase in CM from OSS-treated 
ECs compared to CM from control ECs (Fig. 4E). Our scRNA-seq 
finding verified that RANTES/CCL5 was significantly up-regulated 
in the pro-inflammatory EndMT population (Fig. 4F). Further, we 
found that neutralization of RANTES by adding a specific antibody 
to CM from OSS-treated ECs markedly reduced the potency of this 
CM for up-regulation of collagen IV and MMP-2 (Fig. 4G and 
fig. S9C). These findings support a key role for RANTES in the 
paracrine mechanism by which the novel pro-inflammatory 
EndMT population promotes the atherogenic activity in SMCs.

IL-37 suppresses endothelial phenotypic transition 
to abrogate atherogenic activity in SMCs
IL-37 is an anti-inflammatory cytokine and has been used in clinical 
studies as an inhibitor of innate immunity (34). To explore its po-
tential for suppression of OSS-induced pro-inflammatory EndMT 
in coronary ECs, we examined EC NF-B phosphorylation in the 
presence of recombinant human IL-37 (rhIL-37). The results showed 
that rhIL-37 inhibited NF-B activation as potently as the NF-B 
inhibitor Bay 11-7082 did (fig. S10). As displayed in Fig. 5A and 
fig. S11A, treatment with rhIL-37 significantly reduced OSS-induced 

EndMT. As expected, rhIL-37 abolished the up-regulation of ICAM-1 
and VCAM-1 (Fig. 5B and fig. S11B) and NF-B intranuclear trans-
location (Fig. 5C) induced by OSS. Overall, rhIL-37 inhibits pro-
inflammatory signaling to suppress EndMT induced by OSS.

Then, we examined whether rhIL-37 modulates atherogenic ac-
tivity in SMCs. Immunofluorescence staining revealed that rhIL-37 
markedly reduced PCNA expression in SMCs cocultured with ECs 
exposed to OSS (Fig.  5,  D  and  E). Immunoblotting results con-
firmed that up-regulation of collagen IV and MMP-2 by OSS-treated 
ECs was abolished by rhIL-37 (Fig. 5F and fig. S11C).

To confirm that the inhibitory mechanism of rhIL-37 was due to 
inhibition of phenotypic transition in ECs, we overexpressed IL-37 
in ECs by transfection with IL-37–expressing plasmid vectors. As 
presented in Fig. 5G and fig. S11D, levels of IL-37 were markedly 
increased upon transfection, and overexpression of IL-37 suppressed 
the OSS-induced CD31 down-regulation and -SMA/vimentin 
up-regulation in ECs. In addition, overexpression of IL-37 in ECs 
abrogated ECM remodeling in SMCs following exposure of ECs to 
OSS (Fig. 5H and fig. S11E). Thus, both recombinant rhIL-37 and 
endogenous IL-37 in ECs are capable of inhibiting EndMT to pre-
vent OSS-elicited atherogenic activation in coronary artery SMCs.

To evaluate the effect of IL-37 in vivo, we examined the expres-
sion of endothelial, mesenchymal, and inflammatory biomarkers in 
the endothelium of the aortic arch and descending thoracic aorta in 
IL-37 transgenic mice (IL-37tg mice). Consistent with our in vitro 
observations, en face imaging with triple staining revealed that 
overexpressed IL-37 markedly reduced the density of ECs express-
ing -SMA, vimentin, and ICAM-1 in the aorta, particularly in the 
aortic arch (fig. S6). These data confirmed that IL-37 suppresses 

Fig. 4. OSS-induced EC phenotypic changes cause proliferation and ECM protein remodeling in SMCs via RANTES-mediated paracrine mechanism. (A) ECs and 
SMCs were cocultured on the microchip, and the chips were incubated for another 0 to 48 hours after ECs were exposed to OSS stimulation for 24 hours. Representative 
immunoblotting showing increased collagen IV and MMP-2 levels in SMCs. (B) Immunofluorescence images displaying increased expression of PCNA in SMCs. (C) PCNA+ 
cells were counted three times in at least four high-power fields by two evaluators. Scale bars, 50 m. Data are expressed as means ± SEM of three independent experi-
ments. *P < 0.05. (D) SMCs were treated with different CM as indicated for 48 hours, and the protein levels of collagen IV and MMP-2 were measured by Western blot 
analysis. (E) Multiplex ELISA for EC pro-inflammatory cytokine and chemokine expression with or without OSS treatment. Data are expressed as means ± SEM of four in-
dependent experiments. *P < 0.05 and **P < 0.01. (F) Violin plots showing relative expression of RANTES (CCL5) in QET and pro-inflammatory EndMT clusters. (G) SMCs 
were treated for 48 hours with EC OSS CM preincubated with RANTES neutralizing antibody (10 g/ml) or nonimmune mouse immunoglobulin G (IgG; 10 g/ml) for 
1 hour, and the protein levels of collagen IV and MMP-2 were measured by Western blot analysis. Densitometric data of immunoblots are presented in fig. S6.
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vascular pro-inflammatory EndMT in vivo and indicated that anti-
inflammatory approaches may have therapeutic potential for sup-
pression of OSS-induced vascular atherogenic activity.

DISCUSSION
In this study, we leveraged human organ chip technology to estab-
lish an in vitro human coronary artery–on–a–chip model integrated 
with a flow system that mimics blood flow dynamics within athero-
prone sites of the coronary arteries. Using scRNA-seq, we revealed 
that OSS induces heterogeneous phenotype transition in ECs and 
identified a novel pro-inflammatory EndMT population. We demon-
strated that OSS induces pro-inflammatory EndMT through activa-
tion of the Notch1/p38 MAPK–NF-B signaling axis. We revealed 
that this novel pro-inflammatory EndMT leads to SMC prolifera-
tion and ECM protein remodeling mediated mainly by secretion of 
RANTES (Fig. 6). Moreover, we found that anti-inflammatory cyto-
kine IL-37 inhibits NF-B to suppress pro-inflammatory EndMT in 
coronary artery ECs and thereby abrogate SMC pro-atherogenic  
activity.

In addition to inducing EndMT, hemodynamic shear stress 
evokes an inflammatory response in vascular ECs (35). Currently, it 
is unclear whether ECs undergoing EndMT are pro-inflammatory. 
In the present study, we observed that human coronary ECs display 
four distinct clusters after OSS. A novel subset of cells with charac-
teristic EndMT features and pro-inflammatory property, namely, 
the pro-inflammatory EndMT cells, becomes the majority follow-
ing OSS. Pro-inflammatory EndMT appears to occur in vivo in 
atheroprone segments of arteries because we observed the expres-
sion of vimentin, -SMA, and ICAM-1 in ECs of the aortic arch in 
mice. In this regard, ECs in the aortic arch have been reported to 
display an atheroprone gene expression profile (28, 31).

Several studies found that inflammatory cytokines, particularly 
tumor necrosis factor– (TNF-) and IL-1, induce EndMT (36). 
In the present study, the expression of TNF- and IL-1 did not 
increase significantly in ECs exposed to OSS, while the expression 
of RANTES was markedly increased. Thus, the mechanism under-
lying EndMT, including pro-inflammatory EndMT, induced by 
OSS may not involve TNF- or IL-1, and these pro-inflammatory 
cytokines may not play an important role in mediating the effect of 

Fig. 5. IL-37 suppresses EC phenotypic changes and thereby abolishes ECM protein remodeling caused by OSS. (A) Representative immunoblots and (C) fluores-
cence imaging showing the suppression of rhIL-37 on OSS-induced expression changes in CD31, -SMA, and vimentin. (B) Immunofluorescence staining confirming that 
rhIL-37 abolished up-regulation of ICAM-1 and VCAM-1. (D) Immunofluorescence images of proliferating cells in SMCs after ECs were exposed to OSS for 24 hours in the 
absence or presence of rhIL-37, followed by incubation for 48 hours. Scale bars, 50 m. (E) PCNA+ cells were counted three times in at least four high-power fields by two 
evaluators. Data are expressed as means ± SEM of three independent experiments. *P < 0.05. (F) Same as (D) for the ECM protein (collagen IV and MMP-2) analysis by im-
munoblotting. (G) ECs were transfected with either IL-37 plasmid or empty control vector. Immunoblotting analysis of OSS-induced EndMT in ECs overexpressing IL-37 
or an empty control vector. (H) Same as (G) for the ECM protein (collagen IV and MMP-2) analysis by immunoblotting in SMCs. Densitometric data of immunoblots are 
presented in fig. S8.
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pro-inflammatory EndMT. Studies also showed that low shear stress 
promotes EndMT via activation of transcriptional factors GATA4, 
TWIST1, and Snail (3, 15). NF-B is an essential transcriptional 
factor that mediates cellular inflammatory responses (37). Previous 
studies found that low shear stress activates the NF-B signaling 
pathway (38–40). In the present study, we identified a key role of 
NF-B in mediating pro-inflammatory EndMT in human coronary 
ECs following OSS. Inhibition of NF-B with Bay 11-7082 marked-
ly reduced pro-inflammatory EndMT. Further, anti-inflammatory 
cytokine IL-37 inhibited NF-B and essentially abrogated pro-
inflammatory EndMT. Thus, it is NF-B activation, particularly 
sustained NF-B signaling, that mediates the pro-inflammatory 
EndMT in coronary artery ECs exposed to OSS. As Notch1 and p38 
MAPK mediate NF-B activation in ECs exposed to OSS, our find-
ings indicate that NF-B is involved in converting the signals from 
Notch1 and p38 MAPK into the initiation of cell phenotype transition 
and that this master transcription factor enables the pro-inflammatory 
EndMT in coronary artery ECs.

SMC proliferation and excessive deposition of ECM proteins 
have been implicated in the pathogenesis of several cardiovascular 
conditions, including atherosclerosis (41, 42). Previous studies sug-
gested that EndMT may be a source of myofibroblasts in fibrotic tis-
sue (43, 44). In addition, several studies found that pro-inflammatory 
ECs can secrete cytokines, such as TNF- and RANTES, and that 
these cytokines may play a role in tissue fibrosis (45, 46). Further, 
ECs can interact directly with SMCs to influence their function, re-
sulting in ECM protein remodeling (47). In the present study, we 
observed that OSS-induced endothelial phenotypic transition 
enhances SMC pro-atherogenic activity with a twofold increase in 
MMP-2 and collagen IV levels, as well as increased density of PCNA-
positive SMCs. The changes in SMCs are mainly due to the OSS-
induced pro-inflammatory EndMT because they only occur when 
OSS is applied to cocultured ECs. The changes in SMC activity are 

markedly attenuated when ECs are treated with anti-inflammatory 
cytokine IL-37 that suppresses pro-inflammatory EndMT.

The effect of pro-inflammatory EndMT subpopulation on SMCs 
does not involve physical cell-cell interaction because CM from 
OSS-treated ECs can evoke comparable changes in SMCs. Appar-
ently, a paracrine mechanism is involved. An important paracrine 
mediator from OSS-treated ECs is RANTES, and pro-inflammatory 
EndMT subpopulation is the main source of this cytokine. RANTES 
has been reported to play a role in the pathogenesis of atherosclerosis 
(48, 49). Our recent work and studies by others found that RANTES 
modulates cellular profibrotic activities, including migration, pro-
liferation, and ECM protein production (50, 51). In this study, we 
observed that neutralization of RANTES suppresses the enhance-
ment of pro-atherogenic activity in SMCs by CM from OSS-treated 
ECs. Thus, pro-inflammatory EndMT subpopulation enhances 
SMC pro-atherogenic activity mainly through the secretion of 
RANTES. It should be noted that neutralization of RANTES greatly 
reduced, but not abolished, ECM protein up-regulation, indicating 
that other inflammatory mediators released by ECs, such IL-6 and 
IL-1, may also play a role in mediating the paracrine effect of 
pro-inflammatory EndMT subpopulation on SMCs. Future work 
should identify other mediators involved.

To explore approaches for suppression of SMC pro-atherogenic 
response to OSS, we applied rhIL-37 to the EC compartment and 
found that it potently inhibits the pro-atherogenic response. Detailed 
analysis revealed that rhIL-37 inhibits EC phenotypic transition, 
particularly pro-inflammatory EndMT, leading to attenuated SMC 
proliferation and ECM protein remodeling. These observations 
provide further support for the causality of EC phenotypic transi-
tion and SMC pro-atherogenic activation. The effect of IL-37 on 
OSS-induced EndMT is correlated with its inhibitory effect on 
NF-B activation. In this regard, our previous study demonstrates 
that IL-37 is a potent NF-B inhibitor (52). As IL-37 exerts its 

Fig. 6. A schematic diagram depicts the mechanism underlying the interaction of stressed ECs with SMCs. See Discussion for details.
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anti-inflammatory function through both extracellular and intra-
cellular mechanisms, we determined the effect of expression of 
IL-37 in ECs on SMC pro-atherogenic activity following applying 
OSS to ECs. The results showed that elevation of levels of endoge-
nous IL-37 in ECs also suppresses cell phenotype transition and 
prevents SMC pro-atherogenic activation. Together, the results 
demonstrate that either administration of rhIL-37 or up-regulation 
of IL-37 expression could suppress EndMT and pro-atherogenic 
activity in the coronary vasculature. Our observation that aortic 
arch in IL-37tg mice has a much lower density of ECs expressing 
mesenchymal and inflammatory biomarkers indicates that elevation 
of anti-inflammatory capacity may suppress vascular pro-atherogenic 
activity induced by shear stress.

Collectively, our in  vitro and in  vivo data demonstrate that 
pro-inflammatory EndMT occurs in vascular ECs under OSS, 
although there is a discrepancy between our scRNA-seq data in 
coronary artery ECs (57.9%) and en face immunofluorescence stain-
ing results in mouse aorta (12 to 15%). This apparent discrepancy is 
due to several differences between the in vitro and in vivo condi-
tions. First, anti-inflammatory factors in the circulation and tissue 
are absent in the in vitro model. Our observation in the present study 
demonstrates that the anti-inflammatory cytokine IL-37 markedly 
suppresses pro-inflammatory EndMT in human coronary artery 
ECs. Second, RNA sequencing is much more sensitive than immuno
fluorescence staining of marker proteins for detection of cell 
phenotype transition. Third, coronary ECs are phenotypically dis-
tinct from ECs in the aorta. In this regard, several studies suggest 
that coronary ECs are susceptible to EndMT in response to physical 
stress (3, 33). All of the three factors, together with others, contrib-
ute to the greater occurrence of pro-inflammatory EndMT in ECs 
of human coronary artery–on–a–chip in response to OSS exposure. 
Nevertheless, the novel findings of this study demonstrate that OSS 
induces pro-inflammatory EndMT in coronary artery ECs through 
Notch 1/p38 MAPK–mediated NF-B activation and that this pheno-
typic transition in ECs promotes SMC activation and subsequent 
ECM protein remodeling.

The human coronary artery–on–a–chip flow system is a synthetic 
system that enables the investigation of cellular and molecular con-
tributors to organ-level pathophysiology and provides a novel 
approach for the exploration of potential therapies. It should be noted 
that the system used in the present study only applied OSS. The 
simplicity of this system enabled evaluation of the impact of OSS on 
coronary vascular cells in comparison to static cells, as well as the 
investigation of underlying molecular mechanisms. However, the 
simplicity is also a limitation because many factors, such as varied 
matrix stiffness and various tissue factors, mediate or modulate cel-
lular stress response. In addition, different patterns of flow have 
distinct effects on vascular ECs (53). In this regard, laminar flow has 
been found to elevate extracellular signal–regulated kinase 5 (ERK5) 
and activate the phosphatidylinositol 3-kinase (PI3K)/AKT and 
Rho/Rac pathways in vascular ECs, resulting in a vascular protec-
tive effect (54, 55). While the effect of laminar flow on vascular ECs 
has been extensively studied, it is appealing to compare the effects 
of laminar flow and oscillatory flow on coronary artery ECs in this 
artery-on-a-chip model. Further studies are needed to address this, 
as well as the effect of OSS on vascular ECs in the presence of other 
relevant factors.

In summary, this study unraveled that OSS induces novel pro-
inflammatory EndMT in coronary artery ECs via the Notch1/p38 

MAPK–NF-B signaling pathway, and this novel cell phenotype 
transition leads to SMC pro-atherogenic activation via a paracrine 
mechanism involving RANTES. Further, this study identified adminis-
tration or up-regulation of anti-inflammatory cytokine IL-37 as a poten-
tial therapeutic strategy for suppression of vascular pro-atherogenic 
activity evoked by shear stress. Overall, the findings of this study 
provide new insights into the mechanism of coronary pro-atherogenic 
response to shear stress and offer a potential target for manipulation.

METHODS
Cell culture and cell transfection
Human coronary artery ECs were purchased from Lonza (Walkersville, 
MD) and Lifeline Cell Technology (Frederick, MD), maintained in 
endothelial basal medium-2, supplemented with the EGM-2 Bullet 
Kit (Lonza). Human coronary artery SMCs were obtained from 
Lifeline Cell Technology and grown in medium 199 (M199) growth 
medium (Lonza) supplemented with 10% fetal bovine serum (FBS; 
Sigma-Aldrich) and penicillin/streptomycin (100 U/ml; Gibco). 
Donors were healthy with an age range of 25 to 50. The empty vec-
tor pIRES2–enhanced green fluorescent protein (EGFP) and IL-37 
expression plasmid pIRES2–EGFP–IL-37 were provided by C. Dinarello 
laboratory. EC transfection was performed using Lipofectamine 
2000 (Invitrogen) according to the manufacturer's instructions. 
Cells from passages 3 to 6 were used for this study.

Microfluidic device fabrication
The biomimetic microfluidic device was fabricated by integrating 
two polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, USA) 
channels and a porous polyester membrane. Briefly, the upper and 
bottom channel molds were 3D printed (Objet350, Stratasys, USA) 
directly from computer-aided design files (top channel, 1.5  mm 
wide and 1 mm high; bottom channel, 1.5 mm wide and 1 mm high; 
length of overlapping channels, 40 mm). The mold replicas were 
obtained by pouring PDMS mixture [1:10 (w/w) ratio of curing 
agent to prepolymer] into the molds and cured overnight at 65°C.

For device assembly, access holes were punched in the upper chan-
nel mold with a 1-mm biopsy punch after peeling the replicas from 
molds. Last, the transparent polyester membrane (pores, 0.4 m; 12 m 
thick; it4ip, Belgium) was laser cut and bonded with the two-channel 
molds under a stereomicroscope after exposure to oxygen plasma 
(Harrick Scientific, NY, USA) at 18 W for 1 min. To stabilize bonding, 
the device was subsequently baked at 65°C for 30 min.

Microfluidic cell seeding and flow experiment
To establish a 3D coculture system, ECs and SMCs were seeded on 
both sides of the membrane. The assembled device was sterilized 
with ultraviolet irradiation and 70% ethanol. Following sterilization, 
microchannels were coated with collagen I solution (0.3 mg/ml) at 
37°C for 3 hours, then rinsed with phosphate-buffered saline (PBS), 
and dried in a sterile hood at room temperature (RT) for future use.

To fabricate the coronary artery–on–a–chip, human coronary 
artery SMCs were first harvested and resuspended in M199 medi-
um containing 10% FBS, penicillin/streptomycin at a density of 
2 × 106 cells/ml. Cells were then slowly injected into the lower chan-
nel, and the device was immediately inverted for the adherence of 
cells onto the lower side of the membrane. After incubation at 37°C 
for 4 hours, human coronary artery ECs (4 × 106 cells/ml) were 
inducted into the upper channel of the chip. The device was again 
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incubated at 37°C for cell attachment. Unattached cells were gently 
washed away a few hours later, and the cultures were maintained 
until fully confluent. The confluence of cell layers was ensured to be 
optimal (at least 90%) through phase-contrast microscopy before 
shear stress was applied. The culture medium was then exchanged 
with a medium that was identical to the previous medium except 
that it contained only 2.5% FBS. Once complete confluence for both 
cells was confirmed, the device was connected to a syringe pump 
(KD Scientific, USA) and bidirectional OSS (±4 dynes/cm2, 1 Hz) 
was applied to ECs for 24  hours. The shear stress was calculated 
using the equation  = 6 Q/wh2 (56), where  is the shear stress at 
the bottom surface of the chamber (dyne/cm2),  is the fluid viscos-
ity (g/cm·s), Q is the volumetric flow rate (ml/s), h is the height of 
the top chamber (mm), and w is the width of the chamber (mm). 
Cells under static culture served as controls.

For different experiments, ECs and SMCs were monocultured or 
cocultured on the chip. To examine the phosphorylation of NF-B, 
p38 MAPK, and Notch1 cleavage, ECs were monocultured and 
treated with OSS for 1 to 8 hours. To investigate NF-B phospho
rylation and nuclear translocation, ECs were preincubated with 
N-[N-(3, 5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl 
ester (DAPT) (Sigma-Aldrich, 10 M) or SB203580 (Sigma-Aldrich, 
10 M) for 1 hour followed by OSS treatment for 4 hours. For NF-B 
inhibition, ECs were preincubated with Bay 11-7082 (Sigma-Aldrich, 
10 M) or rhIL-37 (R&D Systems, 1 ng/ml) for 1 hour followed by 
OSS stimulation for 4 or 24 hours. To study the EC-SMC interaction, 
ECs and SMCs were cocultured on the microchip, ECs were ex-
posed to OSS for 24 hours, and then the microchip was left static 
after stimulation for another 0 to 48 hours.

Droplet-based scRNA-seq library preparation 
and sequencing
ECs were collected 24 hours after incubation in the absence or pres-
ence of OSS and processed for scRNA library preparation using the 
Chromium Single Cell Platform (10x Genomics) as per the Chro-
mium Single Cell 3′ Reagent Kits v3 user guide. Briefly, single-cell 
suspensions were portioned into Gel Bead-In-Emulsions in the 
Chromium system (10x Genomics) at the Colorado University 
Anschutz Genomics and Microarray Core for Genome Analysis, 
followed by cell lysis and barcoded reverse transcription of RNA, 
complementary DNA amplification and shearing, and 5′ adaptor 
and sample index attachment. Libraries were sequenced on NovaSeq 
6000 (Illumina) for a depth of 50,000 reads per cell.

scRNA-seq data processing
scRNA-seq raw data were first processed through the 10x Genomics 
Cell Ranger pipeline (v3.1) and then analyzed in R (v3.6) with the 
Seurat package (http://satijalab.org/seurat/). Low-quality cells (<400 
genes per cell and >25% mitochondrial transcript presence per cell) 
were excluded from analysis. After quality control, 4749 cells (2433 
for control and 2316 for OSS) were included in subsequent analysis. 
Gene expression was log-normalized to a scale factor of 10,000 and 
then regressed on the number of molecules detected per cell. Highly 
variable genes were selected and used for principal components 
analysis. Cells were projected in 2D space using UMAP with default 
parameters. Using graph-based clustering function, 10 principal 
components were used in cell clusters with the resolution parameter 
set at 0.2, resulting in four clusters. The top 10 genes with the high-
est dispersion were used to construct the heatmap for each cluster.

The Broad Institute GSEA software (https://gsea-msigdb.org/gsea/) 
was used to run analyses on normalized gene expression data. We 
used the hallmark gene set database, which includes 50 MSigDB 
gene sets. In particular, we followed the standard procedure as de-
scribed by GSEA user guide (http://broadinstitute.org/gsea/doc/
GSEAUserGuideFrame.html). The FDR for GSEA is the estimated 
probability that a gene set with a given normalized enrichment 
score represents a false-positive finding, and an FDR < 0.25 is con-
sidered to be statistically significant for GSEA.

Immunofluorescence imaging
Microfluidic chips were rinsed in PBS and fixed in 4% paraformal-
dehyde (Sigma-Aldrich) for 15 min at RT and then permeabilized 
with a methanol/acetone mixture for 15  min. Subsequently, cells 
were blocked with PBS (5% goat serum, 5% donkey serum, and 1% 
bovine serum albumin) for 1 hour at RT. The following primary 
antibodies (table S1) were used for EC and SMC experiments: 
mouse anti-CD31, rabbit anti–-SMA, rabbit anti-vimentin, rabbit 
NF-B, and mouse anti-PCNA. After being washed three times in 
PBS, cells were incubated with Alexa Fluor 488– or Cy3-tagged sec-
ondary antibody for 1 hour at RT. 4′,6-Diamidino-2-phenylindole 
(DAPI) was used for nucleus counterstaining. Alexa Fluor 488–tagged 
wheat germ agglutinin (Invitrogen, 1:200) was used to outline cells 
when needed. Devices were cut using a razor blade, and membranes were 
carefully separated from the PDMS and then mounted on micro-
scope slides with mounting medium. Microscopy was performed 
with a Leica DM5500 B research microscope (Leica Microsystems 
GmbH, Wetzlar, Germany). 3D reconstitution image was carried 
out using a confocal laser scanning microscope (Olympus FV1000, 
Japan). Image processing and Z-stack reconstitution were performed 
using ImageJ and Imaris software.

Immunoblotting
Immunoblotting was applied to analyze CD31, -SMA, vimentin, 
notch intracellular domain (NICD), phosphorylated NF-B, total 
NF-B, phosphorylated p38 MAPK, total p38 MAPK, -tubulin, 
ICAM-1, VCAM-1, collagen IV, MMP-2, and IL-37. Different cells 
were harvested from separate channels, and protein extraction was 
performed using a commercial sample buffer according to the 
manufacturer’s instructions [100 mM tris-HCl (pH 6.8), 2% SDS, 
0.02% bromophenol blue, and 10% glycerol]. The protein samples 
were resolved on 4 to 20% SDS–polyacrylamide gel electrophoresis 
gels and then transferred onto nitrocellulose membranes (Bio-Rad 
Laboratories, CA) using a wet transfer system. The membranes were 
blocked with 5% nonfat dry milk solution for 1  hour at RT. The 
blocked membranes were probed with primary antibodies (table S1) 
overnight at 4°C. After washing with PBS containing 0.02% Tween 20, 
the membranes were incubated with a peroxidase-linked secondary 
antibody specific to the primary antibody for 1 hour at RT. After 
further washes, the membrane was developed with enhanced che-
miluminescence reagents. The signal was detected with Bio-Rad Gel 
Doc, and band density was analyzed using Image Lab software. Two 
identical chips per condition were performed at the same time.

Enzyme-linked immunosorbent assay
Quantibody human multiplex cytokine array Q1 (RayBiotech Inc., 
Peachtree Corners, GA) was used to quantify levels of GM-CSF, 
GRO (growth-regulated oncogene), TNF-, IL-1, IL-1, IFN- 
(interferon-), IL-6, IL-8, IL-10, IL-12 p70, IL-13, IL-2, IL-4, IL-5, 

http://satijalab.org/seurat/
https://gsea-msigdb.org/gsea/
http://broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html
http://broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html
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MCP-1 (monocyte chemoattractant protein-1), MIP (macrophage 
inflammatory protein)-1, MIP-1, MMP-9, RANTES, and VEGF-A 
(vascular endothelial growth factor–A) in the CM. Samples and stan-
dards were prepared following the manufacturer's instructions. Scan-
ning and data extraction were performed by RayBiotech Inc. By 
comparing signals of samples to the standard curve, cytokine concen-
trations in samples were determined, and results were plotted using 
Prism Software (GraphPad).

CM and SMC treatment
To generate varied CM, ECs were monocultured and exposed to OSS 
treatment or left untreated for 24 hours, and cell culture supernatants 
were collected afterward, described as EC OSS CM and EC control CM, 
respectively. Proteins in EC OSS CM were denatured by incubating 
with boiling water for 30 min, described as EC OSS CM (denatured).

SMCs were monocultured on-chip until approximately 90% 
confluence was reached, different CMs were applied and incubated 
for 48 hours, and medium was changed daily. Fresh SMC culture 
medium was used as control.

To neutralize RANTES in the EC OSS CM, the CM was treated 
with RANTES neutralizing antibody (R&D Systems, MN, USA) at 
10 g/ml for 1 hour at 37°C before applying the CM to SMC culture. 
Aliquots of the CM were treated with nonimmune immunoglobulin 
G (IgG) and used as controls.

Animal experiments
C57BL/6 mice of 12 to 14 months old were obtained from the Na-
tional Institute on Aging (Bethesda, MD, USA). IL-37tg mice of 12 to 
14 months old were from our colonies at the University of Colorado 
Anschutz Medical Campus. No unique abnormality in organ/tissue 
has been observed in IL-37tg mice. The experiments were approved 
by the Institutional Animal Care and Use Committee of the Univer-
sity of Colorado Denver, and this investigation conforms to the 
Guide for the Care and Use of Laboratory Animals (National Research 
Council, revised 1996).

All animals in this study were acclimated for at least 14 days be-
fore the experiments in an animal facility with a 12:12-hour light-
dark cycle and free access to water and regular chow diet. The heart 
with aorta was harvested from five mice of each genotype using the 
procedure reported in a previous study (57). Briefly, four steps in-
clude (i) isolation of heart and aorta, (ii) removal of fatty tissue, (iii) 
immobilization of the artery on a silicone layer and making longitu-
dinal opening, and (iv) fixation and antibody staining from the lu-
men side of the vessel.

For immunostaining, aorta segments were fixed with 4% para-
formaldehyde for 15 min. After permeabilization/blocking in 0.05% 
Triton X-100 in PBS and 10% goat and donkey serum in PBS for 
1 hour at RT, vessels were incubated at 4°C overnight with diluted 
primary antibodies (table S1). After washing with PBS three times, 
vessels were incubated with diluted secondary antibodies (Cy3-, 
Cy5-, or Alexa Fluor 488–tagged; Thermo Fisher Scientific, 1:200 
dilution) and DAPI for 1 hour at RT. Fluorescence signals were de-
tected using a Zeiss LSM780 confocal laser scanning microscope, 
and image analysis and quantification were performed using the 
Zeiss Zen Lite software.

Statistical analysis
Data are presented as means ± SEM. GraphPad Prism 8.0 software 
was used for the statistical analyses, statistical difference between 

two groups was determined using Student’s t test, and differences 
between more than two groups was determined by one-way analysis 
of variance (ANOVA) with Tukey’s multiple comparison test. Non-
parametric Mann-Whitney U test was performed to confirm the 
difference between two-group comparison. For multiple group com-
parisons, nonparametric Kruskal-Wallis test was performed to 
confirm the differences. P values less than 0.05 were considered 
statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/34/eabg1694/DC1

View/request a protocol for this paper from Bio-protocol.
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