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Abstract

Stable atherosclerotic plaques are characterized by a thick extracellular matrix (ECM)-rich fibrous
cap populated by protective ACTA2* myofibroblast (MF)-like cells, assumed to be almost
exclusively derived from smooth muscle cells (SMC). Herein, we show that in murine and human
lesions, 20 to 40% of ACTA2™ fibrous caps cells, respectively, are derived from non-SMC sources,
including endothelial cells (EC) or macrophages that have undergone Endothelial-to-Mesenchymal
(EndoMT) or Macrophage-to-Mesenchymal (MMT) transitions. In addition, we show that SMC-
specific knockout of the platelet derived growth factor receptor beta (PDGFRBY) in Apoe™'~ mice
fed a Western diet (WD) for 18 weeks resulted in brachiocephalic artery (BCA) lesions nearly
devoid of SMC but with no changes in lesion size, remodeling, or indices of stability including
percent of ACTA2* fibrous cap cells. However, prolonged WD feeding of SMC-PDGFRB
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knockout mice resulted in reduced indices of stability, indicating that EndoMT and MMT-derived
MFs cannot compensate indefinitely for loss of SMC-derived MFs. Using single cell and bulk
RNA-seq analyses of the BCA region and in vitro models, we provide evidence that SMC to MF
transitions (SMC-MFT) are induced by PDGF and TFGp and dependent on aerobic glycolysis,
while EndoMT is induced by IL1p and TGF. Together, we provide evidence that the ACTA2*
fibrous cap originates from a tapestry of cell types, which transition to an MF state through
distinct signaling pathways that are either dependent on or associated with extensive metabolic
reprogramming.

Despite significant advances in treating cardiovascular disease, rupture and erosion of
unstable atherosclerotic plaques leading to myocardial infarction or stroke remain the
leading cause of death worldwide. Detailed pathologic analyses of human arteries have
demonstrated that lesions with a thick extracellular matrix (ECM)-rich fibrous cap, with
many ACTA2* and few CD68* cells are more stable and less likely to rupturel=3, It has been
previously assumed that nearly all of the protective ACTA2* cells that produce ECM in the
fibrous cap are derived from smooth muscle cells (SMC)13. However, the relative
contributions and functions of the SMC and non-SMC present within the fibrous cap have
not been rigorously defined.

Recent lineage-tracing studies of SMC, endothelial cells (EC), and macrophages have
revealed that marker protein staining alone is insufficient to identify the origins of lesion
cells. Our previous studies have shown that greater than 80% of the SMC within
atherosclerotic lesions downregulate their characteristic markers, including ACTA2 and
almost half of these ACTA2~ SMC exhibit markers and functional characteristics of
macrophages, mesenchymal stem cells, or myofibroblasts (MF)*>. Several recent studies
using EC-lineage tracing have shown that endothelial-to-mesenchymal transitions
(EndoMT) account for a large fraction of mesenchymal cells in atherosclerosis. Specifically,
one mouse study estimated that 20-45% of all lesion cells positive for the MF marker, FAP,
were of endothelial origin, and another mouse study found that more than 20% of all EC
express ACTA? after 16 weeks of Western diet (WD)8. Importantly, EC-specific loss of
FRS2a (which impaired FGF signaling and increased the rate of EndoMT) exacerbated
lesion development, suggesting that dysregulated EndoMT was detrimental for
atherogenesis®. Additionally, previous work has shown that a subset of ACTA2* cells in
human coronary lesions are of myeloid origin8, and up to 17% of ACTA2" cells in aortic
root lesions of mice are derived from LysM-Cre* cells that have undergone macrophage-to-
myofibroblast transitions (MMT)®. Whereas these studies show that lesion cells exhibit
remarkable plasticity, they have not defined the contribution of these cells to the fibrous cap
or if transitions impart beneficial or detrimental effects on lesion stability.

In fact, despite decades of research, little is known regarding the factors and mechanisms
that promote formation and maintenance of a stable fibrous cap. Previous studies from our
lab have shown that SMC are critical for maintaining indices of lesion stability and
protective fibrotic responses like ECM deposition and organization. Radiation exposure or
SMC-specific knockout of //1r1, Col15al, or Oct4, resulted in lesions with multiple
characteristics of instability including reduced SMCs in the lesion, decreased collagen
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content, and impaired fibrous cap formation®19-13, Together, results suggest that
therapeutically augmenting SMC accumulation within the fibrous cap would result in
increased lesion stability. While numerous studies have identified pathways that regulate
SMC dedifferentiation, migration, and ECM synthesis /n vitro, no factors have been shown
to be essential for their accumulation within the fibrous cap during atherosclerosis.

Platelet-derived growth factor (PDGF) is a key mitogen and chemotactic factor for SMC
recruitment during vascular development!4. Yet, despite strong evidence that SMC promote
lesion stability, previous studies have proposed treating atherosclerosis using PDGFRB
antagonists, assuming this would reduce lesion size by inhibiting SMC recruitment and
proliferation. However, this approach resulted in evidence of reduced lesion stability,
including delayed fibrous cap formation1®16. These results suggest that PDGFRB signaling
plays a critical role in regulating fibrous cap development, but fail to provide direct insight
into the role of PDGFRB signaling in SMC and its role in maintaining lesion stability.

SMC investment in the atherosclerotic lesion and fibrous cap requires
PDGFRB signaling

To test if loss of PDGFRB in SMC is critical for formation and maintenance of a stable
lesion and fibrous cap, we generated tamoxifen-inducible SMC-specific conditional Pdgfrb
knockout mice with simultaneous SMC lineage-tracing on an Apoe™~ background (Apoe™~
Myh11-CreERT2 ROSA26-STOPFLFL_eYFP PagfrFL/FL or “WT/WT mice): henceforth
referred to as Pdgfrt®MC-NAB or Pagfr>MC-WTWT mice, respectively, after tamoxifen
treatment (Extended Data Fig 1, see Methods). Pagfr°MC-A/A mice exhibited highly
efficient PDGFRB knockout (Extended Data Fig 1c). Following 18 weeks of WD feeding
(Figure 1a), Pdgfre®MC-AA mice had a 90% reduction in Myh11-eYFP* cell investment into
advanced brachiocephalic (BCA) lesions (Figure 1b,c) and a 94% reduction in Myh11-eYFP
* cells in the fibrous cap area (standardized herein as the 30um subluminal space, Figure
1b,c & Supplement 1) versus Pagfr>MC-WTWT Jittermate controls. Similarly, aortic root
lesions showed a 71% decrease in Myh11-eYFP* cells within the fibrous cap in
PdgfrSMC-LA versus Pagfr®MC-WTWT mice (Extended Data Fig 2). Loss of SMC
accumulation in lesions was likely due to impaired migration into the lesion and/or to
retention of SMC within the media since we found no change in SMC dedifferentiation or
apoptosis, and increased proliferation of medial SMC (Extended Data Fig 2d—i). These data
show that SMC-PDGFRB signaling plays a critical role in SMC investment within the lesion
and the fibrous cap. Given the dogma that SMC are required for plaque stability3, we
expected to see a profound decrease in multiple indices of lesion stability. Instead, we
observed no significant differences in any of the indices of stability examined including
collagen content of the lesion and fibrous cap (Figure 1d,e), intraplague hemorrhage
(TER119; Figure 1f,g), and necrotic core area (Extended Data Fig 3e). Furthermore,
Pdgfr®MC-A/A mice showed no differences in lesion area, remodeling indices (external
elastic lamina (EEL) area), or lumen area, as compared to littermate control
PdgfrSMC-WTWT mice after 18 weeks of WD (Extended Data Fig 3a—d). Most surprisingly,
the profound decrease in SMC investment in lesions was also not associated with a reduction
in ACTA2* cells within lesions (Figure 1h).
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Major transcriptional changes in energy metabolism underlie loss of SMC-
PDGFRB signaling

To better understand how lesions maintain indices of stability despite nearly complete loss of
SMC, we performed bulk RNA-sequencing (RNA-seq) to assess transcriptional differences
between the BCA lesion-containing region of Pagfrt>MC-LA and PagfrSMC-WTWT mice
(Figure 1i). Pathway analysis showed that substrate utilization and energy production
(bioenergetic) pathways comprised nearly all of the top 10 upregulated pathways in the
Pdgfr>MC-MA compared to PdgfreSMCE-WTWT mice, suggesting that significant bioenergetic
changes occur within the lesions and may be required to maintain plaque stability in the
absence of SMC. Importantly, these dramatic changes represent the cumulative differences
in transcription of all cell types within the lesion, media, and adventitia of the entire BCA,
aortic arch, and the carotid area downstream of initial PDGFRB knockout in SMC. Of
interest, altered glycolysis-derived metabolite concentrations have been shown to correlate
with, and may be a useful biomarker of symptomatic human lesions'’. Therefore, the major
differences noted in cellular metabolism following loss of SMC-PDGFRB signaling, despite
maintaining lesion stability indices, may be a predictor of a vulnerable lesion. However, it is
unclear if these metabolism-related transcriptional changes were the result of global
bioenergetic reprogramming in all vessel wall and lesion cells (including SMC, EC,
adventitial cells, and macrophages), or if one or a few specific cell populations reprogram to
compensate for the lack of SMC-derived cells in the lesion and fibrous cap.

To further understand these changes, we performed single cell RNA-sequencing (SCRNA-
seq) on three groups of cells from the BCA region of Pdgfrt>MC-AB and PdgfrSMC-WTWT
mice: (group 1) sorted Myh11-eYFP* derived SMC from the media (to determine
transcriptional changes that may prevent SMC from exiting the media), (group 2) unsorted
medial and adventitial cells (to determine the overall impact of loss of SMC-PDGFRB), and
(group 3) cells isolated from the lesion (to investigate transcriptional changes in lesion cells
that help compensate for the loss of SMC) (Figure 2). Uniform Manifold Approximation and
Projection (UMAP) analysis showed clusters of cells aligning with published studies8-20,
including seven SMC-derived clusters. Interestingly, we observed a decrease in clusters 1-3
consisting of Myh11-eYFP™ cells expressing classic SMC markers, including My#11,
Acta2 and Tag/n), a decrease in cluster 6 (a Myh11-eYFP* cluster expressing Col15a1;
Extended Data 4e), and increases in clusters 4 and 5 (Myh11-eYFP™* cells lacking expression
of SMC-marker genes but expressing ECM and osteochondrogenic marker genes like Sox9,
Trov4, and Alpl) in Pdgfr®MC-LA mice (Figure 2 & Extended Data 4f-h). Additionally, we
found that BCA lesions from Pdgfrt®MC-AA mice had an increase in cluster 12 including
macrophages expressing antioxidant defense genes, or “Mgy 2122, clusters 14 & 15 (pro-
inflammatory monocytes), and cluster 18 (T-cells), while having a decreased proportion of
clusters 10 (Cx3cr1-and Cd6&-expressing macrophages) and cluster 17 (B-cells; Figure 2d).
These changes in cell clusters between PdgfrSMC-NA and PdgfrSMC-WTIWT \yere further
assessed as a function of spatial location and origin (i.e. “group”), confirming that loss of
PDGFBR plays a key role in SMC (group 3) phenotype (Extended Data Fig 4b, bottom) and
that there are distinct effects in the lesion downstream of SMC-PDGFBR KO in cells
expressing multiple immune markers in the lesion (e.g. group 2, Extended Data 4b, middle).
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Furthermore, four of the top five upregulated pathways were implicated in regulating
metabolic state, including oxidative phosphorylation, which was significantly upregulated in
the sorted medial Myh11-eYFP* cells (group 3), and in the unsorted lesion cells in
PdgfrSMC-AA mice (group 2; Figure 2e). These scRNA-seq data show that PDGF-
dependent metabolic reprogramming takes place within both SMC-derived medial and
lesion cells during atherosclerosis.

ACTAZ cells in the fibrous cap are derived from multiple cell origins

To understand the populations of cells that comprise the ACTA2* fibrous cap (Figure 1h),
we first quantified Myh11-eYFP* SMC within the ACTA2* fibrous cap in
PdgfreSMC-WTWT mice. Unexpectedly, we found that only 60% of the ACTA2* fibrous cap
cells were derived from SMC (Figure 3a), meaning that a large fraction of the ACTA2*
fibrous cap cells are normally derived from non-SMC sources. To determine their sources,
we assessed co-staining of putative MMT and EndoMT markers, as both macrophages and
EC have been shown to express ACTA2 in atherosclerotic lesions®—2:23.24, Coincident
marker analysis demonstrated that nearly 30% of ACTA2* cells in the fibrous cap were
comprised of cells positive for markers of MMT (Figure 3b & Extended Data 3f) or
EndoMT (Figure 3c & Extended Data 3g), using LGALS3, a marker of pro-fibrotic M2
cells, and CD31 expression, respectively. Remarkably, in Pdgfrt>MC-AA animals, where
SMC accumulation was greatly reduced, the percentage of ACTA2* cells associated with
markers for EndoMT or MMT in the fibrous cap was greater than 70% (Figure 3d).

To test that results were not unique to the Apoe™~ model of murine atherosclerosis, we used
two additional atherosclerotic mouse models to quantify the origins of ACTA2* cells within
the fibrous cap. Myh11-CreERT2 ROSA26-STOPFL/FL.eYFP animals infected with gain of
function mutant (m)PCSK9-AAVS and Ldlr!~ Myh11-CreERT2 ROSA26-STOPFLFL_eYFP
mice demonstrated similar results to those in Pdgfrt>MCWTWT mice (Extended Data Fig 5,
see Methods). The higher-than-expected percentage of hon-SMC contributing to the
ACTA2* fibrous cap in wild type lesions suggests an underappreciated lesion-stabilizing
role for MMT and EndoMT at baseline and that compensatory myofibroblast transitions of
these cells and investment into the fibrous cap are markedly increased if SMC investment is
impaired.

Because of the well-documented ambiguity of relying on marker staining for lineage
identification in the context of atherosclerosis and to rule out Myh11-eYFP~ fibrous cap
cells representing false negatives, we utilized a tamoxifen-inducible EC lineage-tracing
model (Apoe’~ Cah5-CreERT2 ROSA26-STOPFLFL_eYFP mice, henceforth “Cahs
eYFP”) to directly assess the contribution of EndoMT to the fibrous cap (Figure 3e,
Extended Data 6, see Methods). We fed Cadh5-eYFP mice 18 weeks of WD. Consistent with
our observations of coincident marker staining, we found that ~20% of the ACTA2* cells in
the fibrous cap of advanced BCA lesions were derived from lineage-traced EC (Figure 3f,g)
indicating that EndoMT is a substantial source of ACTA2* fibrous cap cells during
atherosclerosis development. We next sought to determine if the extraordinary increase in
the contribution of EndoMT to the fibrous cap occurred in other models characterized by
reductions in lesion SMC. We performed lethal irradiation of Cah5-eYFP mice, which we
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have previously shown completely abrogates SMC investment into BCA lesions!3. Cahs
eYFP mice were reconstituted with tdTomato* Apoe™~ bone marrow cells, allowing for
simultaneous EC (Cdh5-YFP) and hematopoietic cell (tdTomato) lineage-tracing (Figure
3h). Consistent with our observations in Pdgfrt>MC-A8 mice, we found that Cah5-eYFP*
cells underwent a marked expansion, comprising the majority of overall lesion cells and
approximately 70% of the ACTA2™ fibrous cap cells (Cdh5-eYFPT ACTA2* /IACTAZ;
Figure 3i,j & Extended Data 7). In addition, we found that about 16% of the ACTA2*
fibrous cap cells originated from bone marrow cells (tdTomato* ACTA2* /ACTA2; Figure
3i,j, Extended Data 7h). These results challenge the long-standing dogma that EndoMT
within lesions is detrimental and that SMC are the near exclusive cell type responsible for
the formation of the protective ACTA2* fibrous cap.

Prolonged loss of SMC-PDGFRB leads to decreased indices of plaque

stability

Given the chronic nature of atherosclerosis, which develops over decades in humans, we
asked if indices of lesion stability were maintained with longer-term WD feeding after
SMC-PDGFBR loss. We assessed lesion composition and indices of stability after 26 weeks
of WD in PagfrSMC-WTWT and pogfrSMC-AA mice (Figure 4a & Supplement 2). Similar
to the 18-week WD experiment, the lesions that developed in the PagfrtSMC-AA animals fed
26 weeks of WD had a 95% reduction in Myh11-eYFP* investment within the lesion and
fibrous cap (Figure 3b) without any change in morphometry (Supplement 2), compared to
PdgfrSMC-WTWT animals. However, after 26 weeks of WD, Pdgfrt>MC-A/A [esjons had
significantly reduced indices of stability, including reduced collagen content in the lesion
and fibrous cap (Figure 4c,d) and increased intraplaque hemorrhage (Figure 4e,f).
Interestingly, the proportion of ACTA2* cells within the fibrous cap between
PdgfrSMC-WTWT and Pagfr>MC-MA animals remained unchanged (Figure 4g). Similar to
mice fed 18 weeks of WD, PdgfrtMC-AA animals fed 26 weeks of WD showed comparable
increases in Myh11-eYFP~ ACTA2* cells that co-stained with CD31 (EndoMT) or LGALS3
(MMT) (Figure 4h). Taken together, these data suggest that in the absence of SMC
investment, mesenchymal transitions of non-SMC-derived cells are capable of only
temporarily maintaining indices of lesion stability.

ACTA2 cells in human lesions are derived from both SMC and non-SMC

sources

To quantify SMC and non-SMC-derived ACTA2* cells within the fibrous cap of stable
human coronary lesions, we used a unique /77 situ hybridization-proximity ligation assay
(ISH-PLA\) to determine the fraction of ACTA2* Myh1I-promoter-H3K4diMe* (SMC-
derived, henceforth: “PLA*”") and ACTA2* Myh11-promoter-H3K4diMe™ (non-SMC-
derived: “PLA™") cells within the fibrous cap. This method, which is currently the only
means to reliably identify cells of SMC origin in human lesions, was previously developed
by our lab to detect SMC-specific epigenetic signatures within single cells?®>=27. Importantly,
we previously showed that My#h11-promoter-H3K4diMe™ is a SMC-specific epigenetic
signature that persists in SMC in atherosclerotic vessels, even if SMC have undergone
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phenotypic transitions characterized by loss of expression of their characteristic SMC
markers, including ACTA2510.12.25 Dye to the possibility of false negatives (i.e. a SMC-
derived cell that is PLA™) inherent with this ISH-PLA method, all results were corrected
based on detection frequency of PLA in the SMC-rich media, corresponding to each
individual histological lesion section (see Methods). Corrected results showed that only
78.6+21.7% of ACTA2* cells throughout advanced human coronary artery lesions were
derived from SMC. Moreover, of major significance, we found that 24.2+6.0% of fibrous
cap ACTA2* cells were PLA™ and thus likely of non-SMC origin (Extended Data Fig 8a,c,d,
see Methods). These data are consistent with previous reports that ACTA2* cells can be
derived from a myeloid origin in human atherosclerotic lesions® but are the first to define
that non-SMC substantially contribute to the ACTA2* fibrous cap population in human
lesions. Further, assessment of EndoMT in the fibrous cap showed that about 10.4+3.7% of
the ACTA2" cells are also CD31* (Extended Data Fig 8b,e,f). Taken together, these data
suggest that similar to our observations in mice, the ACTA2™ fibrous cap of human
atherosclerotic lesions is derived from multiple cellular origins.

Loss of SMC-PDGFRB signaling reduced stability in mice with established

atherosclerosis

Thus far, our data has shown that the investment of SMC into the fibrous cap is dependent
on PDGFRB signaling and that prolonged loss of SMC investment into the fibrous cap
results in decreased indices of lesion stability. However, whether PDGFRB signaling is
critical for maintaining SMC content after the development of advanced lesions, or if
pharmacologic inhibition would adversely affect indices of lesion stability is unclear. This is
important because any therapeutic intervention in patients would likely occur decades after
initial lesion development. Previous animal studies antagonized PDGFRB signaling in
advanced lesions, presumably to reduce lesion size, and found an overall reduction in
ACTA2" cells'®. However, these studies lacked lineage-tracing and thus were unable to
provide mechanistic insights for their observed effects, specifically how interventions
impacted the contributions of SMC and non-SMC to the ACTA2* population of advanced
lesions. To test this, we administered tamoxifen to Pagfr>MC-FLIFL and pPagfrpSMC-WTIWT
mice from 16 to 18 weeks of WD, such that the mice would already have developed
advanced lesions prior to the loss of PDGFBR signaling (Figure 5a). This allowed for
simultaneous lineage-tracing and deletion of PDGFRB in cells expressing Myh11
(henceforth: delayed-Pdgfrt>MC-WTIWT o —AA mijce, Figure 5b).

After an additional eight weeks of WD feeding (totaling 26 weeks of WD), we found a 30%
reduction in the percent of Myh11-eYFP™ cells within the fibrous cap of delayed-
PdgfrMC-NA animals (Figure 5¢), as well as a 50% reduction in Myh11-eYFP* cells
expressing ACTA2 (Figure 5d). This was associated with a significant decrease in collagen
content in the fibrous cap (Figure 5f), despite no changes in the total number of ACTA2*
cells (Figure 5e). These results indicate that persistent PDGFRB signaling is required to
maintain the SMC-derived ACTA2* population within the fibrous cap of established lesions
and that collagen content relies on their sustained presence. Notably these results are likely
to underestimate the contribution of SMC-PDGFRB signaling in late-stage lesions since
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only about 20% of SMC-derived lesion cells, predominately fibrous cap cells, express
Myh11 at this stage of the disease and would undergo CreERT2-induced recombination®.

To better mimic a clinical intervention, we tested how therapeutic disruption of PDGFRB
signaling would affect the cellular composition of the fibrous cap. Myh11-eYFP mice fed 18
weeks of WD were administered 100mg/kg/day Imatinib Mesylate via intraperitoneal
injections (Figure 5g, see Methods), which inhibits the tyrosine kinases PDGFRB, BCR-
ABL, and ¢c-KIT28, Imatinib is generally well-tolerated and has resulted in an incredible
reduction in the mortality of certain cancer patients, albeit with an increased long term risk
of CVD?. In our WD fed atherosclerotic mice, Imatinib administration resulted in 100%
morbidity (limb paralysis, significant weight loss, sudden death) compared to saline treated
control mice, which showed no morbidity or mortality (Figure 5g). Following Imatinib
administration, BCA lesions showed large reductions in the percentage of Myh11-eYFP*
and Myh11-eYFP* ACTA2* cells in the fibrous cap (Figure 5h). Although, the overall
reduction in ACTA2* cells was entirely due to a reduction in My#h11-eYFP™ cells (Figure
5i); there was no change in the percent of non-SMC-derived ACTA2* cells, suggesting that
non-SMC-derived cells were unable to compensate for the rapid loss of SMC-derived
ACTA2* cells. There were no associated changes in collagen content, but a near -significant
increase in intraplaque hemorrhage (p = 0.064, Supplement 3), indicating that even a short
period of Imatinib treatment resulted in a marked loss of both SMC-derived cells and overall
ACTA2* cells within the fibrous cap and with increased mortality. Taken together, both the
delayed- PdgfrSMC-MA and Imatinib-treated mice show that disrupting PDGFRB signaling
in pre-existing atherosclerotic lesions has major detrimental effects, including decreasing
SMC-derived ACTA2* cells in the fibrous cap and collagen content in the delayed-
PdgfrSMC-LA mice.

SMC require aerobic glycolysis to dedifferentiate and drive ECM

transcription

To elucidate how SMC maintain an ECM-rich fibrous cap, we revisited our bulk and
scRNA-seq datasets (Figure 1i, 2, Extended Data 4) that identified multiple bioenergetic
pathways, specifically Pyruvate Metabolism and Oxidative Phosphorylation, as markedly
upregulated in the BCA of atherosclerotic Pdgfr>MC-A/2 mice. We hypothesized that the
cellular adaptations required to maintain atherosclerotic plaque stability following SMC-
specific deletion of Pagfrbwould require major shifts in energy consumption and that the
transition of fibrous cap cells to a MF-like, ECM-synthesizing state would be associated
with extensive metabolic reprogramming.

To test this hypothesis, we isolated SMC from the thoracic aorta of My/h11-eYFP lineage-
tracing mice (Supplement 4, see Methods) and stimulated them with recombinant PDGF and
TGFB1 to induce SMC to MF transitions (SMC-MFT; Figure 6a—c)0. Interestingly, SMC-
MFT was associated with a 6-fold increase in glycolytic capacity and 3-fold increase in
respiratory capacity (Figure 6d). We used inhibitors of lactate dehydrogenase (LDH,;
Galloflavin) and the pyruvate dehydrogenase complex (PDHC; CP1613) to test whether this
bioenergetic shift was required for expression of collagen and other ECM-related genes by

Nat Metab. Author manuscript; available in PMC 2021 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Newman et al. Page 9

SMC (Figure 6a)31-35, In addition to the previously published studies confirming the
specificity of these inhibitors for their targets, we utilized four different experimental
approaches to demonstrate that these compounds inhibit the intended target pathways in
cultured SMC (Extended Data Fig 9,10 and Supplement 5-9,10). We found that blocking
aerobic glycolysis with Galloflavin significantly reduced expression of multiple ECM genes
(Figure 6e). Additionally, boosting aerobic glycolysis by blocking the glucose-driven Krebs
cycle and oxidative phosphorylation with CP1613 (6,8-bis(benzylthio)-octanoic acid,;
Supplement 5) further increased PDGF-driven mRNA expression. This included key ECM-
reorganizing genes, such as Col/15a1 and Mmp3 (Extended Data Fig 9), and PDGF and
TGFB-driven synthesis of SppI (Figure 6e), which encodes the ECM protein osteopontin,
shown to inhibit vascular calcification3¢:37. Of major interest, inducing SMC-MFT with
TGFB and PDGF in the presence of Imatinib abrogated the PDGF-driven contribution to
glycolytic capacity and Col15a1 expression (Supplement 6). Together, these data provide
evidence that SMC require metabolic reprogramming to aerobic glycolysis in order to carry
out their essential lesion-stabilizing functions, namely ECM synthesis and remodeling.
Furthermore, these in vitro data suggest that disrupting the PDGF-PDGFRB axis abrogates
protective lesion-stabilizing SMC transitions and ECM synthesis /n vivo.

EndoMT relies on IL1 signaling both in vitro and during atherogenesis

Given that changes in energy consumption underlie matrix-synthesizing capabilities of MF-
like SMC, we hypothesized that ECM expression in EC undergoing EndoMT would also
require shifts in energy consumption. To test this hypothesis, we attempted to induce
EndoMT in cultured human umbilical vein endothelial cells (HUVECs) with PDGF, TGFp,
and IL1B. Multiple studies have demonstrated a critical role for IL1 signaling on EC
function, including leukocyte adhesion, hemostasis3®, and inducing EndoMT Jn vitrd®39. Of
interest, we previously showed that global suppression of IL1f in mice with advanced
atherosclerosis resulted in a dramatic loss of ACTA2™ cells within the fibrous cap and loss of
collagen content9, We found that in confluent HUVECs, IL1p treatment alone — but not
TGFpB or PDGF - increased ACTAZ mRNA synthesis and that the combined treatment of
IL1p and TGFp induced a state consistent with EndoMT (Figure 7a—c). This included a
significant increase in COL1A1 production and an associated drop in respiratory capacity
with no changes in glycolytic capacity (Figure 7c,d). These data suggest that IL1p is a major
regulator of not only EC-derived collagen production but also of their transition to an
ACTA2* state, that EndoMT results in a metabolic profile distinct from MF-like SMC in
culture, and that mesenchymal transitions of HUVECs occur through distinct metabolic
reprogramming compared to SMC.

Given the critical role of L1 signaling in the expression of ACTAZin cultured EC, we
sought to test if EC-IL1 signaling is necessary for EndoMT during atherosclerosis. We
generated tamoxifen-inducible EC-specific IL1R1 knockout mice with simultaneous EC
lineage-tracing by crossing //2r1F-/FL mice with Cah5-eYFP mice (henceforth:
H1rfEC-WTIWT and //1r1EC-D/B after tamoxifen; Extended Data 6). After 18 weeks of WD,
we observed EC-derived cells in the lumen monolayer, the 30um fibrous cap (excluding the
monolayer), and within the lesion core®7 (Figure 7e). We analyzed EC within the BCA to
understand the effect of EC-specific loss of IL1-signaling on EC phenotype and found that
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111r1EC-A mice exhibited a greater than 50% reduction in Cah5-eYFP* ACTA2" cells
within the fibrous cap compared to //2r7EC"WTWT mice (Figure 7f). Interestingly, despite
this reduction in EC-derived ACTA2" cells, there was no change in the overall number of
ACTA2" cells or the collagen content within the fibrous cap (Figure 7g, Supplement 11),
suggesting that in the absence of EC-derived cells in the fibrous cap, other cell types (likely
including SMC) maintain the protective ACTA2* population. This further emphasizes the
distinct mechanisms by which multiple cell populations maintain a continuous ACTA2*
fibrous cap layer, leading to a more resilient, dynamic structure even when the abundance of
one of the cellular sources is reduced.

Discussion

The protective ACTA2* cells within the fibrous cap of atherosclerotic lesions have been
widely considered to be of smooth muscle origin, and studies over the last several decades
have established the key role of these ACTA2" cells in preventing catastrophic plaque
rupture and its resultant cardiovascular complications!=3. This study provides critical
insights into the cellular origins and mechanisms regulating the maintenance of the fibrous
cap. First, we unexpectedly discovered that in BCA lesions of mice, only about 60% of the
ACTA2" cells within the fibrous cap are of smooth muscle origin — much fewer than
previously assumed?C. Consistent with these data, we provide evidence that the fibrous cap
of advanced human lesions also contains 20-25% of ACTA2" cells from a non-SMC origin.
Second, EC-derived cells comprise ~20% of ACTA2* fibrous cap cells in murine lesions
during normal lesion development. Third, continued PDGFRB signaling is essential for
SMC investment into and retention within the lesion and fibrous cap, which is required to
maintain indices of stability. Depleting SMC investment by either SMC-specific PDGFRB
ablation or radiation exposure resulted in a dramatic increase in EndoMT and MMT, which
was unexpectedly associated with transient maintenance of indices of lesion stability. This
suggests that these processes play an underappreciated protective role in maintaining lesion
stability and collagen deposition. Fourth, we describe divergent mechanisms whereby these
different sources of ACTA2" cells attain their protective phenotype. Specifically, the
transition of SMC to a myofibroblast-like state appears to require a PDGFRB-dependent
metabolic shift characterized by increased aerobic glycolysis, while the EC to myofibroblast
transition requires IL1-signaling. Taken together, our studies refine our understanding of the
fibrous cap and reveal potential strategies to therapeutically augment lesion stability.

PDGF signaling through PDGFRB is tightly conserved evolutionarily due to its essential
role in cardiovascular development where it directs SMC migration to nascent endothelial
tubes. In fact, global knockout of PDGFB or PDGFRB is embryonically lethal because of
multiple defects in cardiovascular development, which are likely secondary to SMC
hypoplasia?142. This suggests immense evolutionary pressure favoring mechanisms that
control the plasticity and ability of SMC and other vascular cells to respond to and repair
vascular injury. However, it is still unclear whether MF-like cells in the fibrous cap derived
from EndoMT or MMT are detrimental or beneficial for lesion stability. Studies have
demonstrated that EC and macrophages can synthesize and organize collagen®743, and our
current studies show that in the absence of SMC, their expansion can be associated with
maintained indices of stability. This beneficial role and the fact that these MF transitions
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constitute a sizable fraction of fibrous cap cells during normal atherosclerosis development
suggest that the prevailing dogma that EndoMT is always a maladaptive process®’ be
reconsidered. Indeed, there is clear evidence that EndoMT occurs extensively during
development and contributes a large fraction of vital mesenchymal cells during heart valve
formation and perivascular cells during coronary artery formation. Yet, the idea that
EndoMT is detrimental in atherosclerosis has largely emerged from a study showing that
genetic augmentation of EndoMT in all endothelial cells exacerbated atherosclerosis,
making it impossible to determine the role of naturally occurring EndoMT in
atherosclerosis8. A follow-up study showed that reducing EndoMT by selectively ablating
TGFBR1/2 in EC showed reduced lesion size. However, the same study also reported a
significant depletion in ACTA2" cells and collagen content, which is contrary to the desired
effect of interventional therapy for atherosclerosis**. These results reinforce our
observations that EndoMT is an essential component of the fibrous cap and suggest that
therapeutic inhibition of EndoMT be considered with caution®”.

A previous study from our lab showed that disrupting IL1-signaling resulted in multiple
detrimental effects on fibrous cap stability mediated in part through IL1-signaling in SMC,
which we hypothesize may have contributed to the modest beneficial effects seen in the
CANTOS trial1%45. Our current studies expand these observations by showing that loss of
IL1-signaling also reduces the contribution of EndoMT-derived cells to the fibrous cap.
Similarly, we believe that indiscriminately inhibiting PDGFRB signaling could dramatically
inhibit key processes that regulate lesion stability, including delaying fibrous cap
development and significantly reducing ACTA2* cells within the fibrous cap®16. Indeed,
sustained PDGFRB signaling is essential for retention of ACTA2* SMC and collagen
content within the fibrous cap, suggesting a critical protective role of PDGFRB signaling in
fibrous cap development and maintenance. Therefore, contrary to dogma, we propose that
augmenting® rather than reducing PDGFRB signaling in SMC during late-stage
atherosclerosis, would be a beneficial therapeutic strategy for maintaining lesion stability.
Unlike many chronic diseases where fibrosis drives tissue dysfunction, atherosclerotic
plaque stability relies on a robust fibrotic response to produce a protective fibrous cap. As
such, our results may help explain why patients treated with Imatinib or other anti-cancer
treatments have increased CVD, including peripheral artery disease*’~20. Together, this data
shows for the first time /n vivo that PDGFRB signaling is a critical component of the
protective machinery that typifies a stable atherosclerotic lesion.

Further studies are necessary to identify strategies to safely augment the beneficial effects of
PDGFRB-signaling in fibrous cap SMC. However, we provide evidence that PDGFRB
function is closely intertwined with aerobic glycolysis and overall cellular bioenergetics. In
fact, recent multi-omics studies on mouse and human lesions have suggested that the
metabolic signature of lesions may be a prognostic biomarker of stability?:51-53, We have
further shown that a PDGF/TGFp-induced shift in bioenergetic pathway directly affects
ECM synthesis in cultured SMC that have phenotypically modulated to a MF-like state.
These data suggest that the beneficial impact of PDGFRB signaling in SMC is in part due to
a shift in metabolism that allows for robust ECM synthesis, which suggests that
therapeutically augmenting SMC aerobic glycolysis may induce similar plaque-stabilizing
benefits.
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The data presented in these studies demonstrate that expansion of the protective MF-like
cells in the fibrous cap is an inherent adaptation shared by multiple cell types for
maintaining plaque stability. Finally, we propose a mechanism to promote cell-specific
phenotypic transitions to an MF-like state through bioenergetic reprogramming, paving the
way for identifying potential therapeutic approaches for enhancing plaque stability.

Details about materials can be found in the Reporting Summary associated with this
manuscript.

Animal Handling and Tissue Processing for Murine Atherosclerosis Studies

Animal protocols were approved by the University of Virginia Institutional Animal Care and
Use Committee. SMC lineage-tracing studies were performed on male Myh11-CreERT?,
ROSA26-STOPFLFL_eYFP*/* littermates backcrossed at least nine times to C57BL/6J.
Males were used as the My#h11-CreERT2 transgene is located on the Y chromosome, males
and females were used for Cah5-CreERT? (see Supplement 11). All mice were given a 5-
digit numerical code, which was recorded in a micro-transponder placed subcutaneously at
the time of weaning. Mice used for all atherosclerosis studies were crossed to an Apoe™/~
background or an La/r”~ background except for the PCSK9 administered mice. Cre-lox
mediated recombination of ROSA26-LSL-eYFP was induced in 6-8-week-old mice after
intraperitoneal injections of 1mg of tamoxifen (T-5648, Sigma) per mouse per day for 10
days over two weeks, except in the case of delayed tamoxifen studies, which received
tamoxifen between 16-18 weeks of WD feeding (24-26 weeks of age). At 8 weeks of age,
mice were put on Western diet (WD) containing 21% milk fat and 0.2% cholesterol (Harlan
Teklad 88137) and remained on WD for 18 or 26 weeks (26-34 weeks old).

On the day of harvest, and at least 4 hours after fasting, mice were euthanized by CO,
asphyxiation. Mice were weighed, the identity of each mouse was confirmed using
implanted radio-frequency transponders, and a segment of the tail was taken to repeat
genotyping and assess recombination when appropriate. Blood was drawn for lipid analyses
prior to the gravity- perfusion/fixation via the left ventricle with 5 mL of PBS, 10 mL of 4%
paraformaldehyde (PFA; EMS 15710), and an additional 5 mL of PBS. Organs were
harvested and weighed. Vascular locations, including the BCA and aortic root, were
carefully dissected, processed, and embedded in paraffin. To test for hyperlipidemia, plasma
cholesterol and triglyceride levels were analyzed by the University of Virginia Clinical
Pathology Laboratory. Any animal without elevated lipids after WD was excluded.

PDGFRB deletion in smooth muscle cells in vivo—PDGFRB studies used male
Myh11-CreERT2, ROSA26-STOPFL/FL_eYFP**  Apoe'~ mice crossed with PdgfrtF- mice
to generate Pagfr>MC-WT/FL Jineage tracing mice. Pagfrt>MC-WT/FL mice were bred to
produce Pdgfrb-WT and KO (“PdgfrSMC-WT/WT» gnd «~AA») [jttermates. Mice were
allocated to groups by genotyping. Recombination resulted in eYFP expression and
knockout of Pdgfrb, specifically in SMC (Extended Data Fig 1). Pdgfrb excision was
validated by PCR using primers to validate the excision of exon 7 of the Pagfrb gene, as well
as single cell analysis of SMC by immunofluorescence in the vessel media after 18 weeks of
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WD. Only animals with greater than 95% excision of PDGFRB in SMC (% Myh11l-eYFP*
PDGFBR™ /Myh11-eYFPY) in the media after 18 weeks of WD were included in subsequent
analyses.

Endothelial cell lineage-tracing in vivo—EC lineage-tracing mice were generated by
crossing Cah5-CreERT2 mice with the ROSA26-STOPFL/FL_eYFP*/* reporter mouse.
Although for the Myh11-eYFP experiments, we were limited to studying male mice given
the location of the transgene on the Y Chromosome, both male and female mice were used
for Cdh5-lineage tracing experiments, in adherence with NIH guidelines. We have separated
the data by sex in Supplement 11. IL1R1 studies used Cah5CreERT2, ROSA26-STOPFL/FL.
eYFP** Apoe™~ (Cdh5-eYFP) crossed with //2r17- mice to generate //1r1EC-WT/FL
lineage-tracing mice. //1r7EC-WT/FL mice were bred to produce //2r7-WT and KO
(“H1rfEC-WTWT» and «~A/A) |ittermates. Mice were allocated to groups by genotyping at
the time of weaning. Recombination resulted in eYFP expression and knockout of //1r1,
specifically in EC (Extended Data Fig 6). //1r1 excision was validated by PCR using primers
that detect excision of exon 4 of the //ZrIgene. The genotype and recombination status was
confirmed for every experimental mouse using PCR at the time of harvest. Mice failing to
undergo recombination were excluded from the analysis. In addition, Cah5-eYFP* cells
were sorted from the aorta of ILIR1IEC-WT/WT or ~A/A mjce, and recombination was
confirmed in the KO and absent in the WT.

PCSK9-AAV8 model of murine atherosclerosis—The gain of function mutant murine
pAAV/D377Y-mPCSK9 plasmid was purchased from Addgene (Cat# 58376)%4. The
amplified plasmid was purified using a Qiagen endotoxin-free purification kit
(Qiagen#12362). Viral vector serotype 8 (rAAV8-D377Y-mPCSK9) was produced by
Vigene biosciences (Rockville, MD) with the purified the Addgene plasmid. To induce Cre-
recombination, SMC lineage-tracing My#11-CreERT2, ROSA26-STOPFLFL_eYFP*/* mice
were fed a 250 mg per kg body weight tamoxifen diet (Cat# TD.130855-Envigo) from 6 to 8
weeks of age. To ensure sufficient tamoxifen consumption, the diet was given both as pellets
and mixed with drinking water in a paper cup inside the cage, which was changed three
times a week. One week later, mice were anesthetized with methoxyflurane (2,2-
dichloro-1,1-difluoroethyl methyl ether) and a single dose of 1x101 mPCSK9-AAVS viral
genome was injected intravenously in the tail vein. Mice were then fed WD for 18 weeks to
induce atherosclerosis prior to harvest and processing.

LDLR deletion model of murine atherosclerosis—For atherosclerosis studies in low-
density lipoprotein (LDL) receptor-deficient (Lad/r”") mice, SMC lineage-tracing My#h11-
CreERT2, ROSA26-STOPFL/FL_eYFP*/* mice were crossed with Ld/r”~ mice (on a mixed
C57BL/6x129 background). To avoid strain differences, these mice were backcrossed seven
generations with the Myh11-CreERT2, ROSA26-STOPFL/FL_eYFP*/* mice prior to setting
up experimental cohorts. Between 6-8 weeks, male Myh11-CreERT2 ROSA26-STOPFL/FL.
eYFP*'* Ldlr”~ mice were injected with tamoxifen as described above. At eight weeks of
age, mice were fed a WD (Harlan Teklad 88137) for another 18 weeks to induce
atherosclerosis prior to harvest and processing.
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Lethal Irradiation and Bone Marrow Transplant

At nine weeks of age, male and female Cah5-eYFP mice underwent lethal irradiation,
receiving two 600 cGy doses, 3 hours apart, using a cesium-137 irradiator (Mark 1-68a) and
reconstituted 30—60 minutes later with >1 x 108 unfractionated bone marrow (BM) cells via
tail vein injection from tdTomato Apoe™~ micel355, The 1200 cGy dosage was chosen
based on multiple previous reports. BM was harvested from the femur and tibia from donors
aged 4 to 7 weeks!3. After BMT, mice were given antibiotics via drinking water (Sulfa
water: 80mg/mL sulfamethoxazole, 16 mg/mL trimethoprim, Teva Pharmaceuticals) for 6 to
7 weeks during BM reconstitution before being placed on WD (Figure 2).

Delayed Tamoxifen Administration Studies

PdgfreSMC-WTWT and Pagfr>MC-FLIFL animals were put on WD starting at eight weeks of
age. Between 16 and 18 weeks of WD, mice were injected with tamoxifen to induce
recombination of eYFP and Pdgfrb specifically in Myh11-CreERT2 expressing cells. This
method labels approximately 20% of the SMC within the lesion, primarily those located in
the fibrous cap. Mice remained on WD and were harvested eight weeks later.

Imatinib Mesylate Administration Studies

Myh11-CreERT2, ROSA26-STOPFLFL.eYFP** | Apoe™~ mice were injected with
tamoxifen between 6-8 weeks of age and fed a WD for 18-20 weeks before being randomly
allocated to receive either Imatinib or saline as a control treatment via intraperitoneal
injection once daily for seven days. Treatment mice received 100 mg/kg/day of Imatinib
based on numerous pre-clinical studies showing the tolerability of this dosage in mice®6:57,
and its relevance to the human dosing regimen (up to 400 mg BID; Gleevec by Novartis).
Imatinib was purchased as a mesylate salt (Selleckchem) and was resuspended in 0.9%
medical-grade sterile saline prior to each injection. Mice were euthanized if they exhibited
symptoms of distress such as hunching or hind-limb paralysis per ACUC guidelines. Saline
treated control mice were euthanized after seven injections, corresponding to the final
Imatinib injection.

Immunohistochemistry

Murine tissue preparation, lesion morphology, and immunofluorescence
staining—PFA-fixed paraffin-embedded tissues were sectioned at a thickness of 10um with
three sections per slide. Brachiocephalic arteries were prepared with care to record the
distance of the section from the vessel’s origin at the aortic arch®.

To assess vessel morphometry and composition, Modified Russell-Movat pentachrome
(MQOVAT) staining was performed, which provides excellent contrast between vascular
features. Image Pro Plus Software was used to determine vessel, lesion, lumen, and media
areas at 3 locations, 300um apart. The lesion measurements in Supplement 11 were obtained
by tracing the differential interference contrast image using ImageJ. Necrotic core areas
were measured at two locations 300um apart. Collagen content was visualized by
PicroSirius Red staining at two locations, 300um apart. The sample size is indicated in all
graphs by individual dots.
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Paraffin-embedded BCA lesions were deparaffinized in xylene and rehydrated in ethanol.
Citrate-based antigen retrieval was performed (H-3300 Vector Laboratories) as described by
the manufacturer. Slides were blocked for 1 hour at room temperature with a mixture of
PBS, fish skin gelatin, and 10% horse serum. Slides were then incubated with the following
primary antibodies: GFP (Abcam ab6673, 1:250), PDGFRB, (Abcam ab32570, 1:250),
CD31 (Abcam ab124430, 1:500), LGALS3 (Cedarlane CL8942AP, 1:500), MKi67 (Abcam
ab15580, 1:250), cleaved caspase-3 (CASP3; Cell Signaling no. 9661S, 1:75), MYH11
(Kamiya Biomedical Company MC-352, 1:500), or their isotype IgG as negative control.
Each slide had 2 sections stained with primary antibodies and 1 section used for 1gG control
antibodies. ACTA2 was conjugated to -FITC (Sigma F3777 clone 1A4 1:500) or -Cy3
(Sigma C6198, clone 1A4, 1:500). Secondary antibodies for immunofluorescence included
the following: donkey anti-goat 488 (Invitrogen A11055, 1:250), donkey anti-rat Dylight
550 (Abcam ab102261, 1:250), and donkey anti-rabbit 555 (Invitrogen A21206, 1:250),
donkey anti-goat 647 (Invitrogen A21447, 1:250), and donkey anti-rat Dylight 650 (Abcam
ab102263, 1:250). Red blood cell analysis was performed using DAB (Acros Organics), a
primary Ter119 antibody (rat anti-mouse Santa-Cruz Biotechnology, Inc; 1:200), and rabbit
secondary antibody (Vector Labs BA-4001; 1:200). Sections were washed in a series of
PBS-Tween and PBS baths between antibody steps. Nuclear counterstaining was performed
with DAPI (ThermoFisher Scientific D3571), and slides were mounted with Prolong Gold
Antifade (Invitrogen).

Image acquisition of murine lesions—Immunofluorescence imaging of BCA sections
was performed using a Zeiss LSM700 or LSM880 confocal microscope. Acquisition settings
were determined using the 1gG isotype control. Images were acquired at 1024 x 1024 or
2048 x 2048 resolution using a 20x magnification at 0.5 zoom. A series of 1um Z-stack
images were acquired for single cell analyses of the entire media, lesion, or fibrous cap
areas. The fibrous cap area was determined as the 30pm area under the lumen, and the lumen
was determined by Differential Interference Contrast (DIC) channel.

Determining fibrous cap area in murine lesions—The 30um area under the lumen
was selected as a standard to measure the fibrous cap across the different experimental
assays within this study. This standard was selected after analysis of ACTA2* cell location
by the two following methods.

For the first method, we determined the depth of the contiguous ACTA2* cell area. To do
this, 15 evenly spaced points were drawn along the lumen of Myh11-CreER2 animals fed
18 weeks of WD, starting at the middle and extending toward the two shoulder regions of
the lesion. Perpendicular lines from the points on the lumen were drawn to measure
contiguous ACTA2* cell depth (ACTA2* staining that was not separated by ACTA2™ DAPI*
cells). The lengths of the 15 points were averaged to determine depth of the fibrous cap
(Supplement 1).

For the second method, we determined the distribution of all ACTA2™ cells within the
lesions, relative to the lumen. The distance from the lumen of all ACTA2* cells within the
lesion was measured. ACTA2* eYFP* or ACTA2" eYFP™ cells were indicated as graphical
elements in the Zeiss Zen Black or Zen Blue software (3.2) and imported into FIJI for
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further analysis®8. Using the DIC channel, the interface between the plaque and the lumen
was outlined and added to the ROI manager. Next, the indicated cells were detected using
the Analyze Particles module and also added to the ROl manager. Code modified from the
office of collaborative Science Microscopy Core at New York University was then used to
determine the shortest distance (tangent) between the identified nuclei and the lumen
(Supplement 1).

Single cell counting and image analysis of murine lesions—Single cell counting,
as denoted by DAPI, was performed using the Zeiss Zen software to determine cell
composition and co-localization of markers within a single DAPI* nucleus. All counting
studies were performed blinded to mouse genotype. For EC lineage tracing image analysis,
EC were counted in three different locations within the lesion: 1) DAPI* cells within the
lumen monolayer, 2) within the 30um fibrous cap area, and 3) located >30um into the lesion.
The distinction of whether EC remained within the lumen monolayer was based on cellular
morphology, whether the cellular border was in contact with lumen as determined by DIC
image, and whether a nucleated cell separated the cell from the lumen. Fibrous cap counting
in Supplement 11f includes only those cells in group two while those in Supplement 11h and
Figure 7f included both groups 1 and 2 to gain a comprehensive understanding of the cells
within the 30um fibrous cap area, matching the counting approach used for the My#11-
CreERT2 mice. Linear or gamma brightness adjustments for print were applied equally to all
panels within an image, and figure images were pseudo-colored. Scale bars were added in
Adobe Photoshop or Illustrator.

Single cell counting was performed on the entire lesion, media, or 30pum fibrous cap area.
Each DAPI* cell was marked and counted as an “event”. Subsequently, eYFP*, ACTA2",
and CD31*, LGALS3*, or tdTomato staining were associated with each DAPI* nucleus by
scanning through the Z-stacks to ensure ownership of that marker for the particular cell.
eYFP and LGALS3 were considered positive if they were observed throughout the
cytoplasm of the cell. ACTA2 staining was considered positive if it displayed cytoplasmic
staining with distinct structural morphology. CD31 staining, generally localized to the cell
membrane, was considered positive if it was associated with a DAPI* nucleus. Staining for
tdTomato was considered positive if it was cytoplasmic and not associated with a Cah5
eYFP* DAPI* cell. After individual stains were attributed to a DAPI nucleus, double and
triple positive cells were counted and expressed as a percent over total DAPI or total ACTA2
cells within the region of interest. The sample size is represented by individual dots within
each figure (each dot is one location of one individual mouse). Multiple locations counted
for a single stain were specified in microns past the aortic arch on the X-axis. Cell counting
is innately subjective, and therefore every effort was made to minimize human influence by
keeping counters blinded to mouse genotype throughout each experiment, to perform quality
control spot-checks using a second, blinded investigator, and to corroborate findings with
multiple mouse lines.

PicroSirius Red staining was imaged by fiber birefringence under polarized light using an
Olympus BX51 camera with a polarized lens. Ter119 status was analyzed as a binary: either
a lesion was had staining (Ter119%) or did not have staining (Ter1197). The percentage of
lesions with or without staining were analyzed per location and then combined into a single
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bar graph with analyses performed as a function of genotype and Ter119 status over three
locations (specified in the respective figure legends). Movat and Ter119 staining were
imaged using a Zeiss Axioskope?2 fitted with an AxioCamMR3 camera, using AxioVision40
V4.6.3.0 software (Carl Zeiss Imaging Solution). Image Pro Plus software (Media
Cybernetics) was used to analyze Ter119, Movat, and PicroSirius Red. Areas of Interest
were drawn denoting the external elastic lamina (“EEL”), internal elastic lamina (“IEL”),
lesion, and 30um fibrous cap. The lumen area was the difference between IEL and lesion.
Pixels were selected for Ter119 and Picro Sirius Red analyses to denote positive staining and
defined using color-cube based method. Researchers were blinded to mouse genotype.

ISH-PLA and immunofluorescence staining of human tissue

Human coronary processing—De-identified human coronary artery specimens were
obtained from the CVPATH Institute. Advanced lesions classified as “plaque rupture”,
“plaque erosion”, or “stable” were selected from the CVPATH Institute Sudden Death
Registry. Briefly, the artery segments were fixed in formalin, 2 to 3mm segments were
embedded in paraffin. Cross-sections 5um thick were cut from each of the segments
mounted on slides and stained with hematoxylin eosin (H&E) and/or Movat for
histopathology evaluation. The diagnosis of coronary disease and histopathological
determination severe coronary artery disease with stable lesions were performed by an
experienced cardiac pathologist at the CVPath Institute. This study has been approved by
CVPATH Institutional Review Board (IRB) as an exempt study (#RP0074).

ISH-PLA staining—Paraffin-embedded Human coronary lesions were deparaffinized in
xylene and rehydrated in ethanol. Citrate-based antigen retrieval was performed as described
by the manufacturer (H-3300 Vector Laboratories). Slides were blocked for 1 hour at room
temperature with a mixture of PBS, fish skin gelatin, and 10% horse serum. ISH-PLA
staining for H3K4me2 at the Myh11 promoter was performed” using Duolink Probe anti-
mouse MINUS (Millipore Sigma DU0O92004) and anti-rabbit PLUS (Millipore Sigma
DU092002) and In Situ Orange (Millipore Sigma DUO92007). Antibodies were as follows:
mouse H3K4me2 (Millipore Sigma 05-1338, 100 ug, clone CMA303, 1:100), rabbit Biotin
(Abcam ab53494, 1 mg/mL, 1:100), ACTA2 was conjugated to -FITC (Sigma F3777 clone
1A4, 1:500). Nuclear counterstain was performed with DAPI containing mounting media
(DU082040 Sigma-Aldrich Duolink In Situ Mounting Medium with DAPI). Notes
important to hybridization: Pepsin solution pH=4.3. Human Cot-1 DNA was from Millipore
Sigma (11581074001 Roche).

CD31 staining of human coronary artery lesions—After blocking, slides were
incubated with the following primary antibodies: CD31 (Abcam ab32457, 1:100), LGALS3
(Cedarlane CL8942AP, 1:500) or their isotype 1gG controls. Each slide had at least two
sections stained with primary antibody and at least one section used as an 1gG control.
ACTAZ2 was conjugated to -FITC (Sigma F3777 clone 1A4 1:500). Secondary antibodies for
immunofluorescence were as follows: donkey anti-rabbit 555 (Invitrogen A21206, 1:250)
and donkey anti-rat Dylight 650 (Abcam ab102263, 1:250). Nuclear counterstain was
performed with DAPI (ThermoFisher Scientific D3571), and slides were mounted with
Prolong Gold Antifade (Invitrogen).
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Imaging of human coronary artery lesions—Coronary arteries were imaged using an
HC PL APO CS 40x/0.85 DRY objective on a DMI8 Leica Thunder Imager (v 3.7.1.21655).
Images were reduced to a single z-plane using the extended depth of field (EDoF; developed
by A. Prudencio) method and converted to 8-bit to prevent integer floats. The fibrous cap
region was determined by the CVPATH Institute based on H&E or Movat staining and
superimposed on a merged tile image of the immunofluorescent stained section (Extended
Data Fig 8). The merged tile image served as a map to determine the region of interest for
analysis. Images were then imported into Cellprofiler 3.0, for automated cell segmentation
and object counting.

Nuclei segmentation and identification of ISH-PLA signal in human samples—
The fibrous cap region of interest was manually identified, and DAPI was used to identify
and segment cells as primary objects using Otsu three-class thresholding. Artifacts of red
blood cell autofluorescence and elastic lamina were filtered based on the MADIntensity in
the 488 channel. Next, the nuclei primary objects were expanded and used to mask the ISH-
PLA channel (as ISH-PLA signal can be present just outside of the nucleus??). ISH-PLA
dots were detected as primary objects using Otsu three-class segmentation in the masked
image and filtered based on size and circularity. ACTAZ intensity within expanded nuclei
primary objects was then used to determine if a cell was ACTA2* or ACTA2™. Finally,
RelateObjects was used to associate ISH-PLA dots to the closest cell, and results were
exported as outlines on the original image and in an excel spreadsheet. Based on the
exported images, any region with significant misidentification of nuclei was removed from
the analysis. Medial regions not underlying the plaque were used to establish a baseline for
ISH-PLA efficiency for each sample, which was then applied as a correction factor to the
fibrous cap raw values. Assuming that all ACTA2* medial cells are derived from SMC (i.e.
should be PLA*), we used (Eqg. 1) to calculate efficiency of 38% in the sections used
(Extended Data Fig 8). We used this correction to calculate the proportion of all ACTA2*
fibrous cap cells that are of SMC (Eqg. 2) and non-SMC origin (Eq. 3).

Efficiency of the ISH-PLA process was determined by:

Medial PLATACTA2% cell count

Efficiency = T
Total Medial ACTA2" cell count

Eq. 1
Proportion of ACTA2" cells in the fibrous cap derived from a SMC origin was determined
by:

PLAYACTA2* _ [ Fibrous Cap PLAT ACTA2" cell count
ACTA2Y Total Fibrous Cap ACTA2 cell count Eq.2

Corrected

/Ef ficiency

Proportion of ACTA2" cells in the fibrous cap derived from a non-SMC origin was
determined by:

- + + +
Corrected PLA ACTAZ =1 — Corrected PLA"ACTAZ Eq. 3

ACTA2% ACTA2*
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Nuclei segmentation and coincidence determination of ACTA2 and CD31 in
human samples—The fibrous cap region of interest was manually identified as described
above, and DAPI was used to identify and segment cells as primary objects using Otsu three-
class thresholding. Artifacts of red blood cell autofluorescence and elastic lamina were
filtered based on the MADIntensity in the 488 channel. ACTA2 and CD31 positivity was
determined by the MADIntensity staining within and directly surrounding the nuclei primary
objects. Results were exported as outlined images and an excel spreadsheet. Based on the
exported images, any region with significant misidentification of nuclei was removed from
the analysis. EndoMT was defined as (CD31*ACTA2* /ACTA2Y).

Metabolic Flux Measurements

Cell Culture—To ensure a true population of SMC-derived cells in culture, SMC were
isolated from the thoracic aorta of My/11-eYFP* mice. The thoracic aorta was excised from
4-7-week-old Myh11-CreERT? lineage-tracing mice and carefully cleaned in PBS and
dissected to remove all periadventitial fat. Aortae were then placed in a collagenase mixture
(Sigma) at 37°C until the adventitia started to digest (assessed by brightfield microscopy).
The enzyme was inactivated using serum-containing media, and the adventitia was carefully
peeled away from the smooth muscle layer. The vessel was cut open en face in PBS, and the
endothelial layer was gently removed using forceps. The smooth muscle layer was rinsed
gently in PBS and dissociated using a Liberase digestion cocktail (Sigma). The single cell
suspension was subjected to flow-assisted cytometric sorting (FACS) for eYFP* cells and
placed in culture flasks with DF10 [DMEM/F12 media (Gibco; cat#:11320-033) containing
10% FBS (Hyclone; cat#: SH3007.03)]. Once the cells reached 80-90% confluence, cells
were subjected to FACS to enrich for eYFP™* cells. Ultimately, the final cultures of the
murine aortic SMC cultures were >99% eYFP™ as assessed by flow cytometry, indicating a
pure SMC-derived population (gating strategy found in Supplement 4). Human umbilical
vein endothelial cells (HUVEC; Lonza) exposed to cytokines IL1p and TGFB2 were used as
a model of endothelial-to-mesenchymal transitions (upregulation of multiple mesenchymal
markers and downregulation of multiple EC markers), in accordance with previous
studies®39. Human coronary artery smooth muscle cells (HCASMC; Lonza) were used
according to manufacturer’s protocols and were serum-starved for 24—72 hours prior to each
experiment.

Quantitative Real-Time PCR—My#h11-eYFP* SMC were plated on tissue culture plates
and grown in DF10 [DMEM/F12 media (Gibco; cat#:11320-033) with 10% FBS (Hyclone;
cat#: SH3007.03)] to confluence before being switched to serum free media for 24-72
hours. Cells were washed with 1x PBS and treated with one or a combination of the
following, depending on the experiment: PDGF-BB or -DD (10-50ng/mL; vehicle — 4mM
HCl in PBS), TGFB1 (10-50ng/mL; vehicle — 4mM HCI in PBS), Galloflavin (10-50uM;
vehicle - DMSO), CP1613 (20uM; vehicle - DMSO), FX-11 (5-50uM; vehicle — DMSO),
2-deoxy-D-glucose (2DG; 10mM; vehicle — PBS), or vehicle control. RNA was extracted
using RNEasy Mini Kit (Qiagen). cDNA synthesis was performed using iScript cDNA
Synthesis Kit (Bio-Rad) using 250ng of RNA per sample. gRT-PCR was performed using
SensiFast SYBR No-ROX and run on a Bio-Rad CFX56 Real-Time System. The analysis
was performed using 2-22Ct method with beta-2-microglobulin (82m), 18s ribosomal RNA
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(18s), or Ldha variant 2 (Ldhav.2) as the normalization factor (housekeeping gene). For
each unique experimental design, non-random variance was assessed for each housekeeping
gene to select the normalization factor least influenced by the treatment (e.g. Z8swas not
used for TGFB-containing experiments, as TGFB1 increased 18s transcript abundance).

Glycolytic and Mitochondrial Stress Test—4x10* Myh11-eYFP* SMC were seeded
onto a Seahorse 24-well tissue culture plate (Agilent Technologies) in DF10. One to three
days before the treatment, the culture medium was replaced with serum-free media (SFM),
supplemented with 2.8ug/mL insulin, 6.25ng/mL sodium selenate, 0.2mM ascorbic acid,
5ug/mL transferrin, and 1.6mM glutamine. Cells were then treated accordingly for 24-48
hours in serum free media prior to metabolic assessment. The metabolic assessment was
performed as outlined below?2.

Briefly, to measure respiratory capacity, cells were subjected to a mitochondrial stress test
(MST). At the beginning of the assay, the media was changed to DMEM with pyruvate
(Thermo-Fisher, pH=7.35 at 37°C), and the cells were allowed to equilibrate for 30 minutes.
Oxygen consumption rate (OCR) was measured using a Seahorse XF24 Flux Analyzer
(Agilent Technologies). After three basal OCR measurements (3 min mix, 3 min wait, 4 min
measurement), compounds to modulate cellular respiratory function [1uM Oligomycin
(Sigma-Aldrich); 2uM BAM15 (Cayman Chemical Company); 1uM Antimycin A & 100nM
Rotenone (Sigma-Aldrich)] were individually injected after every set of three measurements.
Basal respiration was calculated by subtracting the average of the first three measurements
by the average of the post-Antimycin A & Rotenone measurements. Respiratory capacity
was calculated by subtracting the average of the post-BAM15 measurements by the average
of the post-Antimycin A & Rotenone measurements. Reserve capacity was calculated by
subtracting the average of the basal measurements from the average of the post-BAM15
measurements.

To measure glycolytic capacity, cells were subjected to a glycolytic stress test (GST). For
this test, extracellular acidification rate (ECAR), a measurement of lactate export, was
measured using a Seahorse XF24 Flux Analyzer. Cells were seeded onto a Seahorse 24-well
tissue culture plate. At the beginning of the assay, the media was changed to unbuffered,
glucose-free, DMEM (Sigma-Aldrich cat#: D5030, pH=7.35 at 37°C), supplemented with
143mM NaCl and 2mM Glutamine. After three basal ECAR measurements, the drugs of
interest were injected into the plate, and ECAR was measured every three minutes.
Compounds to modulate glycolysis [20mM Glucose; 1uM Oligomycin; 80mM 2-
Deoxyglucose (Sigma)] were injected after every three measurements. Basal glycolysis was
calculated by subtracting the average of the post-2-Deoxyglucose measurements from the
average of the post-Glucose measurements. Glycolytic capacity was calculated by
subtracting the average of the post-2-Deoxyglucose from the average of the post-Oligomycin
measurements. Glycolytic reserve capacity was calculated by subtracting the average of the
post-Oligomycin measurements from the average of the post-Glucose measurements.
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RNA-seq Analysis
Bulk RNA-seq—The BCA, aortic arch, and carotid arteries from 18-week Western diet fed
PdgfrSMC-WTWT (n=5) and Pdgfr>MC-NB (n=5) mice were flash frozen in liquid nitrogen
for RNA-seq analysis. Total RNA was extracted from arteries using Trizol (Invitrogen).
Directional RNA-sequencing with ribosomal reduction and strand specificity was performed
by HudsonAlpha Institute for Biotechnology (Illumina HiSeq v4, pe, 100bp, 25M reads),
and the sequences were aligned by the University of Virginia Bioinformatics Core.

RNA-seq data were analyzed as outlined below2. Briefly, 100 nt paired-end reads were
mapped to the mm9 reference genome using STAR software version 2.4. A table of gene
counts/quantification was generated using FeatureCounts in the Subread package. DESeq?2
Bioconductor R package was used to identify differentially expressed genes at a 5% (P,qj <
0.05) false discovery rate (FDR). Benjamini—-Hochberg was used to adjust p-values. Gene
IDs were mapped using GENCODE/Ensembl. Significantly regulated genes were identified
using the Benjamini-Hochberg procedure to adjust p-values (P,gj) to less than or equal to 5%
false discovery rate. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was performed on all significantly up- or down-regulated genes in the PdgfrtSMC-A/B ys,
PdgfrpSMCE-WTWT samples, as well as all down-regulated genes based on Pqgj. This 7 vivo
RNA-seq procedure analyzes RNA from all cell types (including endothelial cells and
adventitial cells) within the lesions and surrounding vessels and demonstrates the net
downstream effect of Pdgfrbloss in SMC in advanced atherosclerosis. The data that support
the findings of this study are available from the corresponding author upon request.

Cell processing for scRNA-seq—Six samples (unsorted media and adventitia, sorted
media and adventitia, and unsorted lesions) from Pdgfrt>MCWTWT and PagfrSMC-LA were
prepared as outlined below!8. Briefly, samples were minced and digested with Liberase
(Roche, Cat: #355374) plus 1pg/mL Actinomycin-D (Cat #) for 1 hour at 37°C. Unsorted
samples were counted and submitted directly to sScRNA-seq, and sorted samples were flow
sorted before submission. Gating strategy is outlined in Supplement 12. Libraries were
prepared using the Chromium 10X genomic library according to the manufacturer’s
protocol, and 2,000 cells were targeted. Sequencing was performed on the Illumina
NextSeq™, 150 cycle high-output.

scRNA-seq Data Analysis—Quality control, cell filtering, integration, and downstream
analysis were performed using Seurat in R as outlined below!8. Briefly, filters were set for
200-5000 reads UMI, 10% or less mitochondrial and 5% or less hemoglobin gene content.
Integration was performed using the scTransform algorithm/function. Significant principal
components of variation (PCs) were calculated using JackStraw test with 10000 repetitions,
and clusters were calculated with 26 PCs. Differential expression analysis was done using
Model-based Analysis of Single-cell Transcriptomics (MAST), and pathway analysis was
performed using KEGG. The data and code that support the findings of this study are
available from the corresponding author upon request.
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Statistical Analysis and Reproducibility

Statistics were performed using GraphPad Prism software. Data were assessed for outliers
by a ROUT test and excluded if indicated. Data for individual locations between wildtype
and knockout animals were assessed by a two-sided, unpaired Mann-Whitney U-test. The
sample size is represented by the number of data points within individual graphs or is
indicated in the figure legend. When comparing multiple locations (e.g. distinct animals
assessed at two or three locations past the arch) between genotypes, a two-way ANOVA with
multiple comparisons and Sidak correction was performed to determine significant
differences between genotype, or the interaction of treatment and genotype in the case of
intraplague hemorrhage analysis. Regression analyses were plotted with 95% confidence
interval. Each murine and /n vitro experiment was repeated at least twice. Data are presented
as mean + SEM. All p-values reflect significant differences between control and
experimental groups, and animal numbers and type of statistical analysis done are reflected
within figures. A p-value < 0.05 was considered statistically significant.

Data Availability

The data and code that support the findings of this study are available at GSE163519.

Genotyping
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Pdgfrb tdTomato
GCCATCAACATCTCTGTGATCGG | AAGGGAGCTGCAGTGGAGTA
CTCCAGCAGCCGCACGTAGCCAT | CGGGCCATTTACCGTAAGTTAT

Pdgfrb Excision CCGAAAATCTGTGGGAAGTC
TAGACTTCCCACCGAGCCTAGT CD45.1
ACGGCCAGTTCCCCTAAACTAC CTCACAGGCACATGAACGAT
eYFP CGCTTCAAGCATGTCTTCTG

GGAGCGGGAGAAATGGATATG dsRed

AAGTTCATCTGCACCACCG CCCATGGTCTTCTTCTGCAT
TCCTTGAAGAAGATGGTGCG AAGGTGTACGTGAAGCACCC
CGTGATCTGCAACTCCAGTC CTAGGCCACAGAATTGAAAGATCT
Myh11-Cre GTAGGTGGAAATTCTAGCATCATCC

TGACCCCATCTCTTCACTCC 11rl
CTAGTCTGGTGGAACTTACATGC
AACTGAAAGCTCAGTTGTATACAGC

AACTCCACGACCACCTCATC
AGTCCCTCACATCCTCAGGTT

Apoe GGGGATGGAGGTAGAGGTATGG
GCCTAGCCGAGGGAGAGCCG GATAAAGCAGAGCTGGAGACAGG
TGTGACTTGGGAGCTCTGCAGC

GCCGCCCCGACTGCATCT

qPCR — Mus musculus

18s

F - CGGCTACCACATCCAAGGAA

R - AGCTGGAATTACCGCGGC

Ldha v.2

F - AACTTGGCGCTCTACTTGCT

R - GGACTTTGAATCTTTTGAGACCTTG
B2m

F - GCTATCCAGAAAACCCCTCAAATTCA
R - GCAGGCGTATGTATCAGTCTCAGTG
Acta2

F - CGCTGTCAGGAACCCTGAGA

R - CGAAGCCGGCCTTACAGA

Itgb3

F - CAGTGGCCGGGACAACTC

R - TGTGGTACAGATGTTGGACTCTCC
Mmp3

F - TAAAGACAGGCACTTTTGGCG

R - GGAGACCCAGGGTGTGAATG

Fnl

F - TCTGGGAAATGGAAAAGGGGAATGG
R - CACTGAAGCAGGTTTCCTCGGTTGT
Sppl

F - CTGGCTGAATTCTGAGGGACT

R - TTCTGTGGCGCAAGGAGATT

Collal

F - CAGGCTGGTGTGATGGGATT

R - AAACCTCTCTCGCCTCTTGC

Colgal

F - GGCAAAGAGTACCCACACCTACC

R - GACCTTGTTCTCCGCGCAAACTG
Col15al
F-CTGTCCACTTTCCGAGCCTTT

R - AAAGCACTTGGCCCTTGAGA
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gPCR — Homo sapiens

LDHA

F - GCTGTTCCACTTAAGGCCCC

R - AAGGAATCGGGAATGCACGTC
B2M

F - GAGTATGCCTGCCGTGTGAA

R - GCTTACATGTCTCGATCCCACT
ACTA2

F - TATCCCCGGGACTAAGACGG

R - CACCATCACCCCCTGATGTC
TAGLN

F - CTGAGGACTATGGGGGTCATC
R - TAGTGCCCATCATTCTTGGT
NOS3

F - ATTTCCACGGAAACTACAGG

R - TCTCCCTAAGCTGGTAGGTG

SNAI1

F - GCTGCAGGAACTCTAATCCAGA
R - ATCTCCGGAGGTGGGATG
PECAM1

F - AACAGTGTTGACATGAAGAGCC
R - TGTAAAACAGCACGTCATCCTT
CDH5

F - TTGGAACCAGATGCACATTGAT
R - TCTTGCGACTCACGCTTGAC
COL1A1

F - GGACACAGAGGTTTCAGTGGT
R - CACCATCATTTCCACGAGCA
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Extended Data
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Extended Data Fig. 1. Generation and validation of SMC-specific conditional PDGFRB deletion
in SMC lineage-tracing mice.

(A) Myh11-CreERT2/ROSA-STOPFYFLIeYFP: Apoe™~ (Myh11-CreERT2) mice were
crossed with a PdgfrtF-/FL mouse to generate Pagfrt>MC-FLFL and “WT/WT animals.
Heterozygote animals were bred (PdgfrtF~WT: Myh11-CreERT2/ROSA STOPFL/FL/eYFP;
Apoe ) to generate littermate FL/FL and WT/WT controls, which were used in all
experiments. (B) Analyses were conducted on the BCA, at multiple locations past the aortic
arch in order to assess patterns across the entire region, or within the aortic root. (C)
Quantification of IF staining at 18 weeks of WD in the media of BCA lesions showed
efficient KO of PDGFRB in >94% of SMC. ***p-value = 0.0006. (D) PDGFRB KO in SMC
is not associated with decreases in the total number of DAPI* or Myh11-eYFP* cells (SMC)
in the media, but there was a significant reduction in the total number of PDGFRB™* cells
and Myh11eYFP* PDGFRB* cells. ***p-values = 0.0006. (E) Validation of genetic
deletion of Pdgfrb gene was confirmed for each experimental mouse. (F) Representative
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images showing PDGFRB loss within the SMC-rich media in Pdgfrt>MC-AA mice. Scale
bar: 20um. Graphs were analyzed using two-tailed Mann-Whitney U test, biologically
independent animals are indicated as individual dots in (C, D), error bars represent mean +
SEM.
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Extended Data Fig. 2. SMC investment is significantly impaired in the aortic root of
PdgfrbSMC'NA mice and SMC-PDGFRB KO did not show reduced dedifferentiation,
proliferation, or apoptosis of medial SMC following 18 weeks of WD.

(A) Representative images of aortic root lesions from Pagfrt>MC-WTWT and (B)
PdgfrtSMC-AA mice. (C) Quantification of Myh11eYFP* cells content in the fibrous caps
of aortic root lesions from Pdgfrt>MC-WTWT and PagfrSMC-LA mice, demonstrated a
significant reduction in SMC-derived cells in aortic root lesions. ***p-value = 0.0002. (D)
Representative image of the media from the BCA of PagfrtMC-WTWT and palgfrSMC-A/A
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mice show ACTA2 downregulation in the innermost layer of the media. (E) Quantification
of Myh11-eYFP*ACTA2* cells in the media. (F) Representative image of Ki67 staining in
Myh11-eYFP* SMC in the media. (G) Quantification of Ki67 expression in the media,
representing proliferation. Ki67*: **p-value = 0.0017, Myh11-eYFP* Ki67* *p-value =
0.0130, Myh11eYFP~ Ki67* *p-value = 0.0337. (H) Representative image of cleaved
caspase 3 staining in Myh1IeYFP* SMC in the media. Myh11-eYFP~ Casp3* p-value =
0.0476. (1) Quantification of Casp3 expression in the media, representing apoptosis. *p-
value = 0.0476. A: Adventitia, M: Media, L: Lesion. Scale bar: 100um (whole lesion) or
20pm (zoom). Graphs were analyzed using Graphs were analyzed using two-way ANOVA
with Sidak correction and multiple comparisons or two-tailed Mann-Whitney U test,
biologically independent animals are indicated as individual dots in (C, H, I), n =8 (WT and
KO) in (G), error bars represent mean + SEM.
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Extended Data Fig. 3. PdgfrbSMC'NA did not result in differences in BCA lesion size or
remodeling indices after 18 weeks of WD and ACTA2" cells co-localize with LGALS3 or CD31 in
lesions lacking SMC investment.

(A) MOVAT representation of Pdgfr>MCWTWT and pogfrSMC-NB mice after 18 weeks of
WD. (B) Lesion, (C) External elastic lamina (EEL), (D) or lumen area were not significantly
changed at three locations. (E) Necrotic core area was also unchanged. ACTA2 staining co-
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localizes with LGALS3 (F) or CD31 (G) in the fibrous cap of Pagfrt>MC-AA mice. In
PagfrSMC-WTWT mice ACTA2* eYFP* cells co-stain with LGALS3 (white) or CD31
(yellow). Scale bar: 100um (A) and 20um (F, G). X-axis values represent distance past the
aortic arch. Graphs were analyzed using two-way ANOVA with Sidak correction and
multiple comparisons, biologically independent animals are indicated as individual dots in
(B, C, D, E), error bars represent mean + SEM.

40
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Cluster

Extended Data Fig. 4. UMAP presentation of sScRNA-seq data showing gsene eXPression of the
eYFP transgene, Pdgfrb, and Col15al in PdgfrbSMC'WT WT and Pdgfrb MC-AIA mice.

A)UMAP representations of each scRNA-seq library from cells isolated from BCAs from
PdgfrSMC-WTWT and PagfrSMC-LA mice fed 18 weeks of WD. (B) Percentage of cells in
each cluster from each respective group described in A, unsorted media and underlying
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adventitia cells (left), unsorted lesion cells (middle), and eYFP* sorted cells from media and
underlying adventitia cells (right). (C-H) UMAP representations of expression levels of
target genes from scRNA-seq analysis of cells isolated from BCAs of mice fed 18 weeks of
WD (top). Violin plots showing expression of each target gene by cluster (bottom). (C)
Demonstrates presence of eYFP transgene, identifying the SMC-derived cell populations.
(D) Demonstrates loss of Pagfrb gene expression in PdgfrMC-AA mice only in SMC-
derived cells. (E) Col15a1 gene expression is highly enriched and specific for cluster 6,
which is reduced in the PdgfrSMC-L2 mice. (F-H) Osteochondrogenic genes represented in
SMC clusters.
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Extended Data Fig. 5. Analysis of BCA lesions from gain of function mutant (m) PCSK9-AAV8
and Ldir~~ models of murine atherosclerosis.

(A) Schematic of experimental design for experiments using My#11-CreERT2/ROSA-
STOPFL/FL_eYFP mice infected once with mPCSK9-AAV8 (Myh11-CreERT2 mPCSK9).
Representative images depicting (B) EndoMT (eYFP~ ACTA2* CD31* /ACTA2*) and (C)
MMT (eYFP~ ACTA2* LGALS3* /ACTA2%). (D) Quantification of Myh11-eYFP* cells in
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the 30um fibrous cap area. (E) Quantification of the percentage of ACTA2* cells derived
from SMC (Myh11-eYFP* ACTA2*) and from non-SMC sources (Myh11-eYFP~ACTA2*)
in Myh11-CreERT2 mPCSK9 mice. (F) Quantification of MMT and EndoMT from (B &
C). (G) Schematic of Lalr'~ Myh11-CreERT2/ROSA-STOPFLFL_eYFP (Myh11-CreERT2
Ldlr") experimental design. Representative images depicting (H) EndoMT (My#h11-eYFP~
ACTA2* CD31* /ACTA2%) and (1) MMT (Myh11-eYFP~ ACTA2" LGALS3* /ACTA2Y).
(J) Quantification of Myh11-eYFP™ cells in the 30um fibrous cap area. (K) Quantification
of the percentage of ACTA2™ cells derived from SMC (Myh11-eYFP* ACTA2*) and from
non-SMC sources (Myh11-eYFP~ ACTA2") in Myh11-CreERT2 Ldlr!~ mice. (L)
Quantification of MMT and EndoMT from (H) & (1). Scale bar: 100um (B, C, H, | top) or
20um (B, C, H, I bottom). Biologically independent animals are indicated as individual dots
in(D,F J,L),(E)n=7,6 (WT and KO: 330, 480um), (K) n=5 (WT and KO), error bars
represent mean = SEM.
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Extended Data Fig. 6. Generation and validation of EC-lineage tracing mice and EC-specific
deletion of I11r1.

(A) Cdh5-CreERT2/ROSA-STOPFLFL_eYFP/Apoe™'~ (Cah5-CreERT2) mice were
generated to lineage trace EC and their progeny within the BCA. Mice were then crossed to
an //1r1-Flox mouse to generate //1r1E¢-/f and -WT/WT animals. Heterozygote animals
were bred (//1rIFYWT: Cah5-CreERT2/ROSA-STOPFLFL_eYFP/Apoe™™) to generate
littermate FL/FL and WT/WT controls, which were used in all experiments. (B) Image
denoting the endothelial monolayer with Cah5-eYFP* staining only in this layer. (C)
Validation of genetic deletion of //ZrZin organs using isolated DNA. Lanes A, C, E contain
the FL and WT genotyping reactions while lanes B, D, F contain the excision reaction.
Representative images of Cah5-eYFP™ staining in (D) Liver, (E) Lung, and (F) Aorta. (G)
Gating strategy for isolation of Cadh5-eYFP* endothelial cells. (H) Genotyping and
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recombination analysis of Cah5-eYFP* cells sorted from //1r7EC-WTWT (Janes A, B) and
112r1EC-FLFL (Janes C, D) mice. Lanes A, C contain FL and WT genotyping reaction while

B, D contain the excision reaction. Scale bar: 100um (D, E, F).
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Extended Data Fig. 7. Lethal radiation and BMT significantly increases the percentage of EC in

the lesion and fibrous cap.

((A) Representative images of BCA lesions in Cah5-CreERT2 mice fed 18 weeks of WD
with or without 1200cGy of radiation, which is known to ablate SMC accumulation within
the lesion and fibrous cap. (B) Quantification of Cah5€eYFP* cells in the fibrous cap
showed significantly increased EC-derived cells after radiation. ***p-values < 0.0001. (C)
The increased percentage of EC-derived cells within the fibrous cap was not associated with
changes in overall ACTA2" cells within the fibrous cap. (D) Zoom in of highlighted area in
(A) showing EC-derived cells express ACTAZ2. Single cell breakdown and quantification of
Cdh5eYFP* ACTA2" cells per total Cah5-eYFP* (E) or per total ACTA2* cells, **p-value
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= 0.0023, (F) within the fibrous cap, ***p-values < 0.0001. (G) Representative image of
bone marrow cells (BMC) expressing ACTA2 within the fibrous cap of Cah5-CreERT2 mice
after radiation. (H) Quantification and comparison of MMT by co-incident staining of
ACTAZ2 and marker protein staining for LGALS3 or for the BMC lineage tag, tdTomato.
Scale bar: 100um (whole lesion) or 50um (zoom). Graphs were analyzed using two-tailed

Mann-Whitney U test, error bars represent mean + SEM.
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Extended Data Fig. 8. A subset of ACTA2™ cells in human coronary lesions are derived from a
non-SMC source.

Representative images of stable human lesions of (A) ISH-PLA staining or (B) CD31
staining, showing the fibrous cap outlined using serially stained H&E and MOVAT slides.
(C) Analysis following ISH-PLA, where PLA dots correspond to cells with H3K4me2 on
the MYH11 promoter. (D) Graph representing the portion of ACTA2* cells that are SMC
(ACTA2* PLA™) or non-SMC derived in human lesions (ACTA2* PLA"). (E) Analysis of
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the percent of ACTA2™ cells that are CD31* within the fibrous cap of human coronary
lesions. (F) Graph representing a portion of ACTA2* cells that co-stain with CD31 within
the fibrous cap. Data were obtained by assessing co-localization of DAPI, ACTA2, and PLA
or DAPI, ACTA2, and CD31 (see Methods). (G) Total calculated efficiency of ISH-PLA
positivity (ACTA2* ISHPLA™) calculated based on total # of ACTA2" cells within media,
with the assumption that 100% of ACTA2" cells in the media will be PLA*. Each Sample ID
is a distinct patient and this total efficiency includes error introduced by the semi-automated
quantification pipeline, calculated separately in (H-J). Comparison of single-cell counting
by manual human input and the semi-automated pipeline of DAPI (H), PLA* (1), and PLA*
ACTA2" /ACTA2* (J) using 6 distinct subsections of human coronary artery vessels, that
were chosen to keep the manual counter blinded. Statistical analysis of Manual versus semi-
auto detection comparison was performed with paired two-tailed t-tests. Individual patients
are indicated as individual dots in (D, F-J). Scale bar: 1000um (A, B) or 100um (C, E).
Graphs shown as mean + SEM.
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Extended Data Fig. 9. Bioenergetic and transcriptional changes of SMC in response to PDGF
and inhibitors of pyruvate metabolism.

Murine SMC were serum starved for 24—72 hours and then treated with Vehicle, PDGF-BB
or -DD (50ng/mL), and/or Galloflavin (10uM or 50puM) or CP1613 (20uM). (A) Glycolytic
stress test (GST) measuring extracellular acidification rate (ECAR) of treated SMC,

representing glycolytic ability. (B) ECAR was measured initially in the absence of glucose,

after injection of 20mM D-glucose (basal glycolysis), 1uM oligomycin (glycolytic capacity),

and 80mM 2-deoxy-D-glucose (hon-glycolytic; used for normalization). Glycolytic reserve
was determined by subtracting post-glucose ECAR from post-oligomycin ECAR. [Aerobic
glycolysis p = 0.0206; Glycolytic capacity p = 0.0441 and p = 0.0234]. (C) Mitochondrial
stress test (MST) measuring the oxygen consumption rate (OCR) of cells, representing
mitochondrial respiratory ability. (D) OCR was measured initially (basal respiration), and

Nat Metab. Author manuscript; available in PMC 2021 August 22.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Newman et al.

murine aortic

SMC

=

Page 36

after injection of 1uM oligomycin, 2uM BAM15 (respiratory capacity), and 10uM antimycin
A & 1uM rotenone (non-mitochondrial; used for normalization). Spare respiratory capacity
was determined by subtracting the initial OCR from the post-BAM15 OCR. [Respiratory
capacity p = 0.0013 and p = 0.0248; Spare respiratory capacity p = 0.0007 and p = 0.0165].
(E) Energy capacity map representing the bioenergetic potential of SMC (x-axis, maximal
ECAR; y-axis, maximal OCR). (F) mMRNA expression of Co/15a1, measured by qPCR in
SMC treated for 24 hours. [Vehicle p < 0.0001, PDGF-BB p < 0.0001, PDGF-DD p =
0.0004, and Galloflavin 10uM p = 0.0007]. (G) mRNA expression of Col15a1, Mmp3, and
ActaZ, measured by qPCR in SMC treated with Vehicle, PDGF-BB, and/or Galloflavin
10uM for 24 hours [Col15al p <0.0001, p = 0.003, and p = 0.0457; Mmp3 p = 0.0354 and p
=0.0437; Acta2 p = 0.0685 and p = 0.0192]. (H) Energy capacity map representing the
bioenergetic potential of SMC treated with Vehicle, PDGF-BB, and/or CPI613 for 24 hours.
(1) mRNA expression of Col15a1, and Mmp3, measured by gPCR. [Col15al p = 0.0226 and
p = 0.0007; Mmp3 p = 0.0002 and p < 0.0001]. Graphs were analyzed using one-way
ANOVA with Tukey’s correction for post-hoc analysis, error bars represent mean + SEM.
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Extended Data Fig. 10. Cultured SMC stimulated to myofibroblast-like state with PDGF and
TGFB, require aerobic glycolysis to maintain myofibroblast-associated gene expression.

A) Murine aortic SMC were serum starved for 24—72 hours. After serum starvation, SMCs
were treated with vehicle control or PDGF-DD (10ng/mL) and TGFB1 (10ng/mL),
Galloflavin (10puM), and/or CP1613 (20uM) for 24 hours. Next, cells were treated a second
time, with PDGF-DD (10ng/mL) and TGFB1 (10ng/mL), this time in combination with
Galloflavin (10uM) or CP1613 (20uM) for another 24 hours. (B) Pyruvate metabolism

pathway map, highlighting lactate dehydrogenase (LDH) as the target of Galloflavin and
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pyruvate dehydrogenase (PDH) as the target of CP1613. (C) Mitochondrial stress test (MST)
measuring the oxygen consumption rate (OCR). OCR was measured initially (basal
respiration), and after injection of 1uM oligomycin, 2uM BAM15 (respiratory capacity), and
10uM antimycin A & 1pM rotenone (non-mitochondrial; used for normalization). Spare
respiratory capacity was determined by subtracting the initial OCR from the post-BAM15
OCR. [Basal respiration p = 0.0003, p = 0.009, and p = 0.0026; Respiratory Capacity p <
0.0001, p < 0.0001, and p = 0.0008] (D) Glycolytic stress test (GST) measuring extracellular
acidification rate (ECAR). ECAR was measured initially in the absence of glucose, after
injection of 20mM D-glucose (basal glycolysis), 1uM oligomycin (glycolytic capacity), and
80mM 2-deoxy-D-glucose (non-glycolytic; used for normalization). [Glycolysis p < 0.0001,
p =0.0002, and p < 0.0001; Glycolytic Capacity p = 0.0006, p = 0.0052, and p = 0.0006].
(E) Energy capacity map representing the bioenergetic potential of SMC (x-axis, maximal
ECAR; y-axis, maximal OCR). (F) mRNA expression of ECM and ECM-interacting genes
as measured by gPCR. [Collal p = 0.0009, p = 0.0310, p = 0.0647; Col15al p = 0.0049 and
p = 0.0003; Acta2 p = 0.0009 and p = 0.0003; Spp1 p = 0.0004, p = 0.0008, and p = 0.0006].
Graphs were analyzed using one-way ANOVA with Tukey’s correction for post-hoc analysis
with n= 3, error bars represent mean + SEM.
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Figure 1: SMC-PDGFRB KO resulted in a dramatic reduction in SMC investment but no effect
on indices of stability in BCA lesions including the number of ACTA2" cells in the fibrous cap

following 18 weeks of WD feeding.

(A) BCA lesions of PDGFRB WT and KO littermate mice fed WD for 18 weeks were
harvested and analyzed for SMC content. (B top) Pdgfrt>MC-WTWT mice exhibited robust
SMC accumulation within the lesion and fibrous cap, outlined by dashed lines. (B bottom)
Pdgfr®MC-AA mice showed greatly reduced numbers of SMC within the lesion and fibrous
cap. (C) Quantification of single cell counting of eYFP/DAPI within the lesion and fibrous
cap at three locations. ***p-values < 0.0001. (D) Representative images of PicroSirius Red
staining representing collagen deposition. (E) No significant changes were observed for
collagen deposition within the lesion and fibrous cap. (F) Representative images of Ter119
staining for intraplaque hemorrhage. (G) There were no significant differences in Ter119
staining at three locations past the aortic arch. (H) Despite loss of SMC, the total percentage
of ACTA2* cells was unchanged in the fibrous cap. (1) Schematic for RNA-seq analysis on
the entire carotid, BCA, aortic arch region showing the top upregulated pathways in the
PdgfrSMC-MA vs . poigfrpSMC-WTIWT mice. Scale bar: 100um (B, D, F) or 20pum (B zoom).
X-axis values represent distance past the aortic arch. Graphs were analyzed using two-way
ANOVA with Sidak correction and multiple comparisons (C, E, G, H), biologically
independent animals are indicated as individual dots (C, E, H), intraplaque hemorrhage was
analyzed as either positive or negative staining and n = 12, 13, 11 (WT: 240, 540, 840 pm) or
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n =10, 12, 9 (KO) (G), error bars represent mean + SEM, p-values displayed refer to two-
way ANOVA between genotype unless otherwise indicated.
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Figure 2: scRNA-seq analysis of advanced BCA lesions in PdgfrbSMC'WT/WT and
Pdgfrbs'\"C'A/A identified 19 distinct cell clusters, including a primarily SMC-derived ECM

cluster that is Pdgfrb-dependent.

A) Schematic of experimental design showing that cells were harvested for ScRNA-seq from
micro dissected advanced BCA lesions from PdgfrtSMC-WTWT and PagfrtSMC-A/A mice fed
18 weeks of WD. Three libraries were generated per genotype: 1. unsorted medial and
underlying adventitial cells (top right); 2. unsorted lesion cells (middle right); and 3. My#h11-
eYFP* sorted cells from the medial and underlying adventitial cells (lower right). These data
are the results of 6 Chromium 10X libraries made from 7 mice. (B) UMAP results shows 19
different clusters and (C) UMAP analysis shows cells from Pagfrt>MC-WTMWT (right) and
from PagfrMC-NA (left), colored by origin/library. (D) Dot plot showing gene expression
of traditional markers used for cell identity, as well as markers related to unique clusters.
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Clusters 1-3 correspond to mature SMC with the expression of Myh11*, ActaZ*, Cnnl*.
Cluster 4 appears to be a transition state with low expression of traditional markers and with
cells activating Ly6a. Cluster 5 is an ECM/osteo-chondrocyte-like phenotype. Cluster 6 has
lowered but still present expression of SMC markers including My#11* and ActaZ?, but high
expression of Co/15a1. Cluster 7 appears as an intermediate SMC-associated. Cluster 8 has
high levels of Ly6aand ECM genes, likely representing a fibroblast population. Cluster 9 is
characterized by endothelial markers. Clusters 10-15 are different macrophage cell types.
Cluster 16 is composed of cells that are in the process of replicating, indicated by Mki67
expression. Cluster 17 represents B cells. Clusters 18 and 19 represent T-cells. (E) Pathway
analysis shows the top up-regulated (red) and down-regulated (blue) pathways in
Pdgfr®MC-MA compared to Pdgfre®MC-WTWT in (top) Unsorted media and adventitia cells,
(middle) Unsorted lesion cells, and (bottom) Sorted media and adventitia cells. Importantly,
Oxidative Phosphorylation is notably upregulated in the Pagfrt®MC-AA mice consistent with
our observations in the bulk RNA-seq.
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Figure 3: EndoMT and MMT are markedly upregulated in lesions lacking SMC investment.
Loss of Pdgfrb signaling significantly increased the proportion of non-SMC derived

ACTA2* fibrous cap following 18 weeks of WD feeding. ***p-value < 0.0001.(A) SMC
account for only about 60% of the ACTA2* fibrous cap cells in Pagfrt®MCWTWT mice,
Representative images of MMT (B) and EndoMT. (C). (D) Marker protein staining and
single-cell counting indicates that up to 40% of ACTA2" cells were derived from EndoMT,
**xp_value = 0.0006, or MMT, **p-value = 0.0059, in Pdgfrt>MCWTWT [esions, with these
contributions increasing dramatically in Pagfrt®MC-AA mice. (E) EC-lineage-tracing mice
(Cdh5eYFP) were fed a WD for 18 weeks and analyzed for EC-derived cells within the
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fibrous cap. (F) Representative image of a lesion from the Cah5-eYFP mice. (G)
Quantification shows about 20% of ACTA2* cells within the fibrous cap were derived from
EC. (H) Cah5-eYFP mice underwent lethal irradiation and BMT with tdTomato™ bone
marrow prior to WD feeding to ablate SMC accumulation within BCA lesions. (1)
Representative image showing loss of SMC within My/11-eYFP lesions (left) and
accumulation of EC within Cah5-eYFP lesions (right) after lethal radiation. (J) Cdh5-eYFP
* cells account for nearly 70% of the ACTA2* fibrous cap cells following radiation-induced
loss of SMC accumulation. BM-tracing shows nearly 16% of ACTA2* fibrous cap cells are
tdTomato* and thus of bone marrow origin. Scale bar: 100pm (B, C, F, 1) or 20um (F, I;
zoom). Graphs were analyzed using two-tailed Mann-Whitney U test (D) or two-way
ANOVA with Sidak correction and multiple comparisons (A) biologically independent
animals are indicated as individual dots in (D) and n =8, 9, 6 (WT: 300, 450, 750 pm) or n =
8,8, 7 (KO) in (A), n=12, 13 for each location (G), n= 12 (J), error bars represent mean +
SEM, p-values displayed refer to two-way ANOVA between genotype unless otherwise
indicated.
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Figure 4: After 26 weeks of WD feeding, PdgfrbSMC‘NA mouse lesions lack SMC investment and
have reduced indices of lesion stability.

(A) After 26 weeks of WD, (B) PdgfrtSMC-WTWT mice exhibited robust SMC accumulation
within the fibrous cap, which was reduced by more than 90% in PdgfrtSMC-MA mice, ***p-
value < 0.0001. (C) Representative PSR images and (D) quantification of collagen in the
lesion, **p-value = 0.001, and fibrous cap, *p-value < 0.0368, demonstrated significantly
reduced collagen content. (E) Representative Ter119 staining and (F) quantification of
intraplague hemorrhage in the lesion showed significantly increased Ter119 staining over
three locations. ***p-value of interaction < 0.0001. (G) Despite loss of SMC, there were no
changes in the percentage of total ACTA2* cells within the fibrous cap at 26 weeks of WD,
likely due to compensatory increases in EndoMT, **p-value = 0.0006, and MMT, p-value =
0.0876, as assessed by marker protein staining (H). X-axis values represent distance past the
aortic arch. Scale bar: 100um. Graphs were analyzed using two-tailed Mann-Whitney U test
(H) or two-way ANOVA with Sidak correction and multiple comparisons (B, D, F, G),
biologically independent animals are indicated as individual dots in (B, D, G, H),
intraplague hemorrhage was analyzed as either positive or negative stainingand n =6, 8, 8
(WT: 270, 570, 870 pm) or n = 9 (KO) in (G), error bars represent mean + SEM, p-values
displayed refer to two-way ANOVA between genotype unless otherwise indicated.
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Figure 5: Persistent PDGFRB signaling in Myh11™* cells within advanced lesions is required for
maintenance of ACTA2* cell number and collagen content within the fibrous cap.

(A)Schematic of tamoxifen administration in mice with advanced lesions, which results in
delayed- Pagfrb deletion and Myh11-eYFP labelling in the subset of cells expressing
Myh11-CreERT2 (located mainly within the media and fibrous cap). Lesions were harvested
eight weeks after the final tamoxifen injection. (B) Representative images of the fibrous cap
of Pdgfr®MC-WTWT and PagfrSMC-A/A mice, outlined with dashed lines. Single cell
counting of the fibrous cap shows KO of Pdgfrbin Myh11-CreERT2 -expressing cells
resulted in (C) a reduction in total My#h11-eYFP* cells, *p-value = 0.0126, and (D)
decreased Myh11-eYFP* ACTA2" cells per total ACTA2* cells in the fibrous cap, **p-value
=0.0016, despite (E) no change in the percentage of total ACTA2* cells. (F) Pdgfrt>MC-AA
resulted in decreased collagen deposition within the fibrous cap. *p-value = 0.0366. (G) To
test global antagonism of PDGFRB, My#h11-eYFP mice were put on WD for 18 weeks prior
to receiving daily injections of Imatinib or saline. (H) 100mg/kg/day of Imatinib resulted in
100% morbidity within 8 days as well as significant reductions in Myh11-eYFP* cells, **p-
value = 0.0017 (left) and SMC-derived ACTA2" cells, **p-value = 0.0025 (right), in the
fibrous cap. This resulted in a significant decrease in the overall number of ACTA2* cells
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***p-value of treatment = 0.009 (1) within the fibrous cap. X-axis values represent distance
past the aortic arch. Scale bar: 20um. Graphs were analyzed using two-way ANOVA with
Sidak correction and multiple comparisons (C-F, H, 1), or Kaplan-Meier curve with Log-
rank test (G), n =4 (WT) and n =5 (KO) for each location in (1), error bars represent mean
+ SEM, p-values displayed refer to two-way ANOVA between genotype unless otherwise
indicated.
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Figure 6: Aerobic glycolysis is necessary for the PDGF/TGFB-driven transition of cultured SMC
to an ECM producing myofibroblast-like state.

(A) Schematic showing the experimental design. Briefly, isolated flow-sorted murine aortic
SMC were plated, serum starved, and treated with recombinant PDGF-DD for 24hr followed
by recombinant TGFB1 with or without LDH-inhibitor Galloflavin or PDHC-inhibitor
CPI1613 for 24 hours. (B) Representative phase contrast images and (C) gene expression
showing PDGF and TGFp induced /fgb3, representative of a myofibroblast-like state. [ /fgb3
p =0.0001, p =0.0002, and p = 0.0001]. Blocking LDH or PDHC resulted in a change in
myofibroblast gene expression. (D) Energy capacity map representing the bioenergetic
potential of SMC using glycolytic capacity (x-axis, maximal ECAR) and respiratory
capacity (y-axis, maximal OCR). (E) mRNA expression of ECM-associated genes. [Collal
p = 0.0024 and p = 0.0056; Col/15a1p =0.0001, p <0.0001, p <0.0001, and p < 0.0001;
Col8alp < 0.0001, p =0.0006, p=0.0106, and p = 0.0147; SppIp =0.0082, p =0.0158, p
< 0.0001, and p < 0.0001; FnZp =0.0002, p =0.0012, p =0.0622, and p = 0.0481]. Scale
bar: 100um. Graphs were analyzed using one-way ANOVA with Tukey’s correction for post-
hoc analysis, error bars represent mean + SEM, p-values displayed refer to two-way
ANOVA between genotype unless otherwise indicated.
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Figure 7: EC expression of ACTA2 and ECM components is interleukin-1 dependent.
(A) Schematic showing experimental design. Briefly, human umbilical vein endothelial cells

(HUVEC) were plated at confluence and incubated in basal media for 24-72 hours. Cells
were treated with Vehicle, IL1p (10ng/mL), TGFB2 (10ng/mL), and PDGF-DD (10ng/mL)
for 4-6 days. (B) mRNA expression of endothelial marker genes including PECAM, CDH5,
and NOS3, measured by gPCR. [NOS3 p = 0.0311]. (C) mRNA expression of EndoMT
genes including ACTAZ, SNA/1, TAGLN, and COL1A1. [ACTAZp =0.0022; SNA/1p =
0.0002 and p = 0.0472; COL1A1p <0.0001; TAGLNp < 0.0001]. (D) Energy capacity map
representing the bioenergetic potential of EC using glycolytic capacity (x-axis, maximal
ECAR) and respiratory capacity (y-axis, maximal OCR). (E) Representative images of BCA
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lesions from //1rIEC-WT/WT and //1r15C-NB mice fed 18 weeks of WD that were harvested
and analyzed for EC content. EC-specific deletion of IL1R1 significantly reduced the
contribution of EC to the ACTA2* fibrous cap population, **p-value = 0.0034, (F), but had
no effect on the overall percent of ACTA2* cells within the fibrous cap (G). Arrows indicate
Cdh5€YFP* ACTA2* cells. Scale bar: 100um (whole lesion) or 20um (zoom). Graphs were
analyzed using two-way ANOVA with with Sidak correction and multiple comparisons (F-
G) or one-way ANOVA with Tukey’s correction for post-hoc analysis (B, C), error bars
represent mean = SEM, p-values displayed refer to two-way ANOVA between genotype
unless otherwise indicated.
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GCCATCAACATCTCTGTGATCGG | AAGGGAGCTGCAGTGGAGTA
CTCCAGCAGCCGCACGTAGCCAT | CGGGCCATTTACCGTAAGTTAT
Pdgfrb Excision CCGAAAATCTGTGGGAAGTC
TAGACTTCCCACCGAGCCTAGT CD45.1
ACGGCCAGTTCCCCTAAACTAC CTCACAGGCACATGAACGAT
eYFP CGCTTCAAGCATGTCTTCTG
GGAGCGGGAGAAATGGATATG dsRed
AAGTTCATCTGCACCACCG CCCATGGTCTTCTTCTGCAT
TCCTTGAAGAAGATGGTGCG AAGGTGTACGTGAAGCACCC
CGTGATCTGCAACTCCAGTC CTAGGCCACAGAATTGAAAGATCT
Myh11-Cre GTAGGTGGAAATTCTAGCATCATCC
TGACCCCATCTCTTCACTCC 11rl
AACTCCACGACCACCTCATC CTAGTCTGGTGGAACTTACATGC

AGTCCCTCACATCCTCAGGTT
Apoe
GCCTAGCCGAGGGAGAGCCG
TGTGACTTGGGAGCTCTGCAGC
GCCGCCCCGACTGCATCT

AACTGAAAGCTCAGTTGTATACAGC
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GATAAAGCAGAGCTGGAGACAGG
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