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SUMMARY

The interstitial and perivascular spaces of the mammalian heart contain a highly
interactive tissue community essential for cardiac homeostasis, repair and
regeneration. Mesenchymal cells (fibroblasts) are one of the most abundant cell
types, playing key roles as sentinels, tissue architects, paracrine signaling hubs and
lineage precursors, and are linked to heart disease through their roles in
inflammation and fibrosis. Platelet-derived growth factors (PDGFs) are secreted by
several cell types involved in cardiac injury and repair, and are recognized mitogens
for cardiac fibroblasts and mesenchymal stem cells. However, their roles are
complex and investigations of their impact on heart repair have produced contrasting
outcomes, leaving therapeutic potential uncertain. Here, we use new approaches and
tools, including single cell RNA sequencing, to explore cardiac fibroblast
heterogeneity and how PDGF receptor a (PDGFRo) signaling impacts fibroblasts
during heart repair. Short-term systemic delivery of PDGF-AB to mice from the time
of myocardial infarction (MI) led to enhanced anatomical and functional recovery.
Underpinning these benefits was a priming effect, in which PDGF-AB accelerated
exit of fibroblasts from quiescence and induced a higher translational biosynthetic
capacity in both fibroblasts and macrophages without triggering fibrosis. Our study
highlights the significant biosynthetic heterogeneity and plasticity in cardiac fibroblast
populations, and suggests a rationale for a novel therapeutic approach to cardiac

injury involving controlled stimulation of fibroblast activation.

Keywords: cardiac, heart, CFU-F, mesenchymal stem cell, stem cells, platelet-
derived growth factor, PDGF, metabolism, myocardial infarction, heart regeneration,

single cell RNA sequencing.
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INTRODUCTION

In humans, myocardial infarction (Ml) is the most common form of acute cardiac
injury leading to the death of millions of cardiomyocytes (CM), reduced heart function
and high mortality. Therefore, achieving heart regeneration after Ml is a major clinical
imperative. The hearts of zebrafish and some urodele amphibia show spectacular
regeneration through cardiomyocyte (CM) dedifferentiation and proliferation *, and a
similar capacity exists in neonatal mammalian hearts 2. However, in the hearts of
adult mammals, CM turnover is low ® and replacement after Ml is thought to be

insignificant.

The heart also contains a variety of stromal cell types, including fibroblasts,
endocardial, epicardial, coronary and lymphatic vascular cells, nerves, immune cells,
and potentially stem and progenitor cells, although a comprehensive understanding
of this complex interacting cellular community is lacking. It is intuitive that achieving
cardiac regeneration in man will involve preserving and restoring connective tissue
and vasculature architecture as well as CMs. Fibroblasts are one of the most
abundant cardiac cell types, acting as major sensing and signaling hubs through their
progenitor, paracrine, mechanical and electrical functions 7, and are conspicuously
linked to heart disease through their roles in inflammation and fibrosis. After M,
stromal fibroblasts proliferate and differentiate into myofibroblasts, which stabilize the
infarct through secretion of a collagen-rich matrix ‘. A common feature of
regenerating tissues is that timely resolution of inflammation is critical for limiting
fibrosis and allowing tissue replacement 8. However, in the injured heart, inhibition of
inflammation can lead to arrest of repair and autoimmunity, while inhibition of fibrosis
can promote functional recovery °, albeit at the cost of a predisposition to cardiac
rupture '°. Thus, cellular interactions driving inflammation and fibrosis are finely
balanced, and a deeper understanding of relevant pathways will be needed to point

the way to novel regenerative targets.

We previously defined a population of cardiac fibroblast colony-forming cells (termed
colony forming units - fibroblast; cCFU-F) that exhibit stem cell qualities, including
long-term self-renewal and multi-lineage differentiation capacity in vitro, akin to those

of bone marrow (BM) mesenchymal stem cells (MSCs) ***2. In the BM, accumulating
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evidence show that cells enriched for MSC colony-forming units correspond to
multipotent osteogenic/chondrogenic/stromal lineage progenitors in vivo, and that
their descendants support different stages of hemopoiesis through niche functions **.
A potentially analogous population in skeletal muscle supports satellite stem cell
activation, and gives rise to fibro-adipogenic cells in pathology **. We hypothesize,
therefore, that aspects of fibroblast activation, expansion, differentiation and/or

renewal are governed by stem cell principles **#*°.

Virtually all cardiac fibroblasts express Platelet-Derived Growth Factor Receptor o
(PDGFRo) **'" and PDGF ligands are expressed by multiple cell types involved in
the injury response. In mammals, there are 4 PDGF ligands which form 5 dimeric
species (AA, AB, BB, CC, DD) that bind with different affinities to homo- and/or
heterodimers of the two cognate receptors (ao, af, BB). The roles of PDGF signaling
in the heart are complex. Genetic studies show that the PDGF-BB/PDGFRJ signaling
axis is involved in both developmental and adult coronary angiogenesis, principally
for recruitment of perivascular cells *® but also acts in induction of pro-angiogenic
signaling from CM under stress conditions *°. PDGFRa. is essential for formation of
interstitial fibroblasts from epicardium in development %, and has been implicated in
proliferation, migration and differentiation of a variety of mesenchymal cell types
including MSCs and cardiac fibroblasts #*. Constitutively active mutants of PDGFRa

2

lead to organ-wide fibrosis and cancer %), while PDGFR inhibition in humans can

cause lethal cardiomyopathies

. In preclinical models, the therapeutic impact of
delivering different PDGF ligands before or at the time of Ml has been tested based
principally on a pro-angiogenic rationale; however, this has yielded diverse outcomes
from improved cardiac repair to frank fibrosis and heart failure **?%. Thus, how PDGF
ligands and receptors function in cardiac homeostasis and injury repair is not well
understood, and the therapeutic potential of modulating PDGF/PDGFR signaling

remains unclear.

Here, we use new approaches and tools, including scRNAseq, to investigate
fibroblast heterogeneity, and the impact of manipulating PDGFRo signaling on
cardiac fibroblasts in vitro and in vivo. Short-term systemic delivery of PDGF-AB to

mice from the time of MI led to significantly improved anatomical and functional
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repair. Enhanced PDGFRa signaling stimulated the rate of cell cycle engagement of
fibroblasts exiting quiescence, and induced a higher ribosomal biosynthetic state in
both fibroblasts and macrophages in vivo, without triggering fibrosis. By contrast,
inhibition of PDGFRa signaling in fibroblasts induced quiescence and reduced self-
renewal, associated with major changes in the transcriptome and potentially
chromatin structure. Our results show a pro-reparative role for enhanced PDGFRa.

signaling in the heart involving controlled fibroblasts and macrophage activation.
RESULTS

Modulation of PDGFR signaling on cell cycle dynamics in vitro
Our previous work has shown that there are two major resting fibroblasts sub-sets

6,16

which express PDGFRa (a generic fibroblast marker >~°) but are distinguishable by

high versus low expression of the stem cell marker SCA1 "2 (Fig. S1A). The
SCA1*PDGFRo. (S*P*) population is enriched for cCFU-F colony-forming units "2,

attesting to functional differences between these populations. We recently profiled
cardiac fibroblasts using scRNAseq and cell clustering revealed two major fibroblast

sub-populations expressing high and low levels of the Scal gene *°.

We first explored how PDGF signaling influenced the cell cycle of S'P* cells grown in
vitro under MSC conditions. Among PDGF ligands tested (AA, AB, BB), PDGF-AB
was the most potent in stimulating colony formation (see below), so we used it in
these experiments. Single cell lineage tracking of freshly isolated S*P* cells showed
that ~60% underwent cell division in generation (gen) 0 and, of these, 60% divided at
least once more (gens >0; Fig. 1A). In gen 0, PDGF-AB strongly stimulated the
probability of cell cycle entry and the overall proportion of cells dividing (Fig. 1B), and
increased EdU incorporation over the first 24 hrs (Fig. 1C). Total cell yield was
increased at the end of passage PO (Fig. 1D), with no change in cell death (Fig.
S1B). By contrast, the small molecule PDGFRo/f inhibitor, AG1296, had no
significant effect on the rate of cell cycle entry or the proportion of cells dividing in
gen O (Fig. 1B). In gens >0, PDGF-AB also stimulated the probability of cell division,
although to a lesser extent than in gen 0, whereas AG1296 slightly decreased the

probability, with accompanying changes in the proportion of cells dividing (Fig. 1B).
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Western blotting of protein extracts harvested from ligand and inhibitor treated
cultures at the end of PO showed reciprocal changes in both positive and negative
cell cycle regulators, including Rb, pl130, cyclins G1 and D1, and the cyclin-
dependent kinase inhibitor p27<** (Fig. 1E).

We repeated these experiments on cCFU-F cultures at P4, which are fully adapted to
the in vitro culture. After re-plating, 100% of cells divided in gen 0 and ~80% divided
again (gens >0; Fig. 1F). However, neither PDGF-AB nor inhibitor had any impact on
the probability of cell cycle entry and proportion of cells dividing (Fig. 1F), or cell
death (Fig. S1B), even though there were observable changes in cell cycle regulators
(Fig. S1C).

These data reveal that the dominant effect of increased PDGF signaling in S'P* cell
cultures was to increase the probability of cell cycle entry and the proportion of cells
initially dividing. However, PDGF-AB had only a minor effect on the subsequent rate
of cell cycle progression, and no effect once cultures were fully established.
Paradoxically, ligand and inhibitor treatment of P4 cells still showed a pronounced
increase and decrease, respectively, in EdU incorporation and total cell number at
the end of P4 (Fig. 1G,H). We hypothesized, therefore, that PDGFR signaling was

impacting the dynamics of self-renewal.

Impact of modulating PDGF signaling on cCFU-F self-renewal

In our colony assay, around 1 in 120 S*P* cells form large colonies **. We have also
previously shown using single cell tracking of cCFU-F cultures derived from
Pdgfa®™"* mice (expressing a nuclear-localized fusion between histone H2B and
eGFP under control of the Pdgfra locus '), that GFP* cells are capable of expansive
self-renewal (probability of division generating two GFP* daughters >0.5) .
Furthermore, the size of cCFU-F colonies is a proxy for their clonal growth, with only
large colony cells capable of undergoing self-renewal over many passages (>200
days) . During culture there is a degree of spontaneous differentiation of cells into
large flat myofibroblast-like cells, which rarely divide (Fig. S1D) - this occurs
infrequently in large colonies, whereas in micro-colonies, which do not re-plate,

virtually all cells are differentiated **. These experiments show that cCFU-F exist in a
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spectrum of cell states correlating with their self-renewal ability and propensity for

spontaneous differentiation.

Using the colony readout, we explored the impact of altering PDGF signaling. S'P*
cells were isolated from healthy adult hearts and cultured in a cCFU-F assay with
and without increasing doses of PDGF-AB ligand and/or AG1296 inhibitor until the
end of PO (day 12). PDGF-AB increased the number of large colonies ~2-fold in a
dose-dependent manner (Fig. 11), as well as cell yield, as noted above (Fig. 1D).
AG1296 decreased the number of large colonies ~3-8-fold and cell yield. The
addition of increasing amounts of a specific ligand-blocking PDGFRa monoclonal
antibody (mADb) produced the same colony profile as increasing doses of AG1296
(Fig. S1E), confirming the role of PDGFRa: in these effects.

We asked whether inhibition of PDGFRa signaling was accompanied by a permanent
change in cell state, e.g. whether they became committed to differentiate. We cloned
large, small and micro colonies from inhibitor and vehicle-treated PO cultures, and
clone pools were re-plated without inhibitor, continuing this clonal analysis through
secondary (2°), tertiary (3°) and quaternary (4°) assays (Fig. S1F). All inhibitor-
treated colony types gave rise to large 2° colonies after re-plating in the absence of
inhibitor - even micro-colonies, which, when taken from control cultures, do not re-
plate (Fig. S1F). Further passage of clone pools restored colony forming ability to
that typical of control colony types (Fig. S1F). Thus, PDGFRa inhibition does not
appear to irreversibly commit cCFU-F cultures to differentiate and its effects on
colony number are fully reversible over time. Consistently, bulk S'P* cell cultures
could be passaged in the presence of the inhibitor without exhaustion for >120 days
(P13), albeit that inhibited cultures showed a lower rate of self-renewal than control
cultures, whereas PDGF-AB ligand-treated cultures showed a higher rate of self-
renewal (Fig. 1J). Therefore, PDGF-AB promotes, and PDGFRa inhibitor

suppresses, colony formation and self-renewal.
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Short-term PDGF-AB treatment promotes heart repair

The specific impact of increasing or decreasing fibroblast signaling states in vivo is
not known. Therefore, we asked how exogenous PDGF-AB influenced heart repair in
a murine MI model in which left coronary artery was permanently occluded. A
previous rat study delivered PDGF-AB via intra-myocardial injection 1-2 days prior to
induction of MI, and improvements in cardiac parameters (scar size, ST-elevation,
fractional shortening) and exercise tolerance were shown *, hypothesized to be via
an angiogenic mechanism. However, the impact on fibroblasts was not considered,
the model has no clinical correlate and no benefit was seen if PDGF-AB was injected
at the time of Ml 3. Here, we delivered PDGF-AB via mini-pump to wild-type (WT)
mice over a 5-day period from the time of MI, which led to a ~40% increase in serum
PDGF-AB levels (Fig. S2A). At 28 days post-MI, PDGF-AB-treated hearts showed a
~50% reduction in scar area and normalized heart/body weight ratio (Fig. 2A-C).
Echocardiographic analysis revealed a ~50% improvement in ejection fraction (EF)
as early as day 5, a benefit maintained at day 28 post-MlI, in PDGF-AB compared to
PBS-treated hearts (Fig. 2D). Left ventricular (LV) fractional area change (FAC) was
also improved at the ventricular apex, which, in MI+PBS hearts, was virtually akinetic
(Fig. 2E,F; Fig. S2B). PDGF-AB treatment also significantly improved LV end systolic
(ES) and end diastolic (ED) areas at days 5 and 28 post-MI at all four short-axis
echocardiographic planes surveyed (Fig. 2G,H; Fig. S2C,D).

We assayed dying cells (TUNEL assay®) at 6 hr post-MI and found no difference
between PBS and PDGF-AB-treated hearts (Fig. S2E), suggesting that rescue of cell
death in the immediate aftermath of Ml is not the principal mechanism of benefit. We
surveyed non-CM populations and found that PDGF-AB increased BrdU uptake in
CD31" vascular endothelial cells (ECs) at 5 days post-MI (Fig. 2I). This was also
evident in PDGF-AB-treated sham hearts, showing that PDGF-AB can stimulate
BrdU incorporation in ECs in the absence of injury **. Whereas there was no
significant increase in vascular density in PDGF-AB-treated uninjured hearts, in
treated MI hearts there was an increase in vascular density in remote as well as the
border and infarct zones (Fig. 2J). Vessel caliber within the scar was increased at 28
days post-MI (Fig. 2K).


https://doi.org/10.1101/225979

bioRxiv preprint doi: https://doi.org/10.1101/225979; this version posted June 13, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

We also looked at monocytes and found that the relative number of pro-inflammatory
m1 monocytes was decreased at day-5 (Fig. S2F,G), leading to an increase in the
Ly-6C"*"/Ly-6C"9" (m2/m1) monocyte ratio (Fig. 2L) known to reflect a pro-reparative
monocyte milieu . Thus, PDGF-AB can significantly improve cardiac functional repair
when delivered from the time of MI, potentially impacting fibroblasts and multiple

other cell types directly or indirectly.
Pdgfra-GFP discriminates between resting and activated fibroblasts in vivo

To begin to dissect the mechanism of enhanced functional repair, we focused for the
remaining parts of this study on PDGFRa" cardiac fibroblasts as a direct target of
PDGF-AB. We first investigated Pdgfra™ ™" knockin mice as a new tool for
discriminating between resting and activated PDGFRo;* fibroblasts in vivo ™. In sham
hearts, virtually all S*P* and S'P* fibroblasts were GFP™", as assessed by flow
cytometry (Fig. 3A, left panels). On tissue sections, GFP™™" cells were found
embedded within a collagen VI-rich matrix in the tunica adventia of arterioles and
distributed throughout the myocardial interstitium close to isolectin® microvessels
(Fig. S3A-D), consistent with previous studies on fibroblast localization . However,
neither CMs nor ECs showed detectable GFP (see Discussion). GFP™" cells were
low or negative for PDGFR[ and other pericyte markers including CD146 and NG2
(Fig. S3E-G; 1), and were exclusively external to the collagen IV* basal lamina
surrounding vascular endothelial cells (Fig. S3H; 1500 cells scored), indicating that
they are not pericytes 2’.

Post-MI, flow cytometry revealed accumulation of a GFP™*™

population in Pdgfra-
GFP hearts between 2 hrs and 5 days (Fig. 3A). These were negative for the
hematopoietic lineage cell surface marker CD45 (Fig. S3J), consistent with a local
origin, and by day 5 post-MI most had become negative for cell surface PDGFRa
(Fig. 3A). S'GFP™™ cells were also seen when cardiac fibrosis was induced by
aldosterone/salt treatment or aortic banding (Fig. 3B). We determined that
S*GFP™™ cells encompassed activated fibroblast populations. We recently profiled
cardiac fibroblasts in sham and days 3 and 7 post-MI hearts using scRNAseq data *°

and observed down-regulation of GFP, Pdgfra and other stem cell markers (Scal,

10
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Cd34, Cd90/Thy1) with injury, and up-regulation of contractile markers such as Acta2
(encoding aSMA) and the matricellular marker Postn (encoding Periostin), in
fibroblasts as they activate, proliferate and differentiate after Ml *®. scRNAseq data
allowed us to formally define the main population of activated fibroblasts (F-Act), a
novel activated fibroblast population (F-WntX) present in sham hearts, a distinct pre-
proliferative state (F-Cl) and proliferating fibroblasts (F-Cyc) which predominate at
Mi-day 3, and multiple myofibroblast populations at MI-day 7. gqRT-PCR confirmed
higher expression of activation markers in S'GFP™™ cells relative to S*GFP""
cells at 5 days post-MI, including a ~70-fold increase in expression of Acta2 and
down-regulation of several cardiac transcription factor genes that mark resting
fibroblasts ** (Fig. 3C; Fig. S3K). When plated, GFP"" cells gave rise to large cCFU-
F colonies which were PDGFRo™"aSMA", whereas GFP™ ™ cells only gave rise
to micro-colonies which were PDGFRa“™aSMA" (Fig. S3L,M).

We confirmed that resting Pdgfra” fibroblasts give rise to activated fibroblasts by

merCremer’* CRE recombinase

lineage tracing using tamoxifen (tam)-inducible Pdgfra
driver mice crossed to a Rosa26™7°™* CRE reporter mice (Fig. 3D). 14 days after
tam treatment and 5 days post-sham, virtually all lineage tagged (tdTomato™) cells
were PDGFRa"™aSMA", as expected of resting fibroblasts. Post-MI, the infarct
region contained abundant, large, tdTomato’PDGFRo®™aSMA™" cells, findings

consistent with recent fibroblast lineage tracing studies 3.

Flux between resting and activated fibroblasts in PDGF-AB-treated Ml hearts

We quantified GFP"" and GFP™"™ fractions at day 5-post sham or MI. A GFP™edu™
population was not detected in the absence of Ml (Fig. 3A; Fig. 4A). Consistent with
time-course evaluation (Fig. 3A), GFP™ M cells accumulated in MI+PBS animals
(Fig. 4A), and this could be partially inhibited by treatment with the PDGFRo/
signaling antagonist Imatinib (Fig. 4A), or systemic injection of blocking anti-PDGFRa
antibody (Fig. 4B), demonstrating that normal fibroblast activation in vivo is

dependent at least in part on endogenous PDGFRa signaling.
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We noted that activated GFP™®™ cells formed at the expense of resting GFP""
fibroblasts, and this was evident in both SCA1*" and SCA1" sub-fractions (see bar
plots in Fig. 4A). This is consistent with the currently-held view that activated
fibroblasts derive almost exclusively from resident resting fibroblasts *’. This effect
was also observed in fibroblast populations defined by scRNAseq data *°. Based on
Pmedium

our flow data, 30-50% of resting fibroblasts transit to an activated (GF
by Ml-day 5.

) state

PDGF-AB treatment of uninjured hearts did not lead to activation of fibroblasts (Fig.
4A). Strikingly, however, PDGF-AB treatment increased the number of S*TGFP™ed™
fibroblasts by ~50% at MI-day 5. Interestingly, S GFP™* "™ cells were not increased,
even though Imatinib inhibited their accumulation post-MI. Thus, PDGF-AB targets

S'P” cells and increases the activated fibroblast pool after injury.

To assess proliferation in the different fibroblast populations over the first 5 days,
BrdU was delivered (along with vehicle, PDGF-AB or inhibitor) continuously from the
time of MI via mini-pump (Fig. 4C). A basal level of BrdU incorporation was seen in
GFP"™" cells in the sham condition (higher in the STGFP"" population); however,
PDGF-AB did not stimulate this level, suggesting that exogenous PDGF-AB is not
mitogenic for fibroblasts in uninjured hearts. After MI, BrdU incorporation was
increased in GFP"" cells and PDGF-AB slightly stimulated incorporation into the
S*GFP"" population. We were surprised by this finding, given that scRNAseq clearly
assigns pre-proliferative and proliferative fibroblasts an activated status (high levels
of Acta2 and Postn, and lower levels of Pdgfra and Scal, relative to resting
fibroblasts) . It is possible that some proliferating fibroblasts retain high GFP
expression due to the stability of H2B-eGFP compared to PDGFRo protein;
alternatively, some activated and divided fibroblast may regress to a resting (GFP"")

state 1638,

GFP™UM cells showed higher BrdU incorporation than GFP™" cells, consistent with
the known division of activated fibroblasts in response to injury-induced mitogens
over the first 2-4 days post-MI ¢34 (Fig. 4C). However, PDGF-AB did not stimulate

an increase in BrdU incorporation in GFP™™ cells, demonstrating that exogenous

12
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PDGF-AB does not act as a conventional mitogen for activated fibroblast lineage
cells. Thus, PDGF-AB promotes activation of cardiac fibroblasts without stimulating

DNA synthesis, consistent with our in vitro findings (Fig. 1A-D).

Biosythetic profiling of cardiac fibroblasts

Taking an alternative approach to profiling fibroblast activation, we stained freshly
isolated S*P” cells with DNA (7AAD) and RNA (Pyronin Y) dyes and analyzed uptake
by flow cytometry. Pyronin Y staining largely reflects ribosomal RNA and ribosomal

¥ In

protein mMRNA content, and serves as a marker of the biosynthetic state
uninjured and sham-operated hearts, virtually all freshly isolated S'P* cells had 2n
DNA content, with 60% exhibiting a very low RNA state consistent with quiescence
(Go) (Fig. 5A). The remainder showed a continuum of higher biosynthetic states. By

day 5 post-MI (after the peak in fibroblast proliferation 3*3°

), there was a significant
reduction in the proportion of cells in Go from ~60% to ~40%, showing that a large
number of quiescent fibroblasts become biosynthetically activated after MI (Fig. 5A).
Activation was completely inhibited by Imatinib treatment, demonstrating again that

normal fibroblast activation in vivo requires PDGFR signaling.

PyroninY/7AAD analysis of fibroblasts from Pdgfra-GFP mice revealed similar
heterogeneity in biosynthetic states among SCA1'GFP™" cells (Fig. 5B).
S*GFP™™ cells also showed a broad biosynthetic spectrum, although, as expected
for activated cells, very few (~10%) were in Gy and overall there was a shift to higher

states in these cells.

To examine the biosynthetic state of cCFU-F, S'P* cells were further fractionated to
CD90+PDGFRB'°W cells, which resulted in a >10-fold enrichment in large colony-
forming cells *. Virtually all cells in this enriched fraction were in Go (Fig. 5A, lower
panels); however, >50% became activated after MI, which was partially inhibited by
Imatinib. Thus, similar to long-lived stem cells, cCFU-F reside in Go, with a major shift

towards higher biosynthetic states as they become activated after M.

We applied the PyroninY/7AAD assay to cCFU-F cultures. When freshly isolated

S*P" cells were cultured until the end of PO, ~46% remained in G (Fig. 5C). Because

13
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60% of PO cells divide after plating (Fig. 1A), many of these dividing cells must retain
or re-assume a low biosynthetic state. This delayed adaption to cell culture likely
accounts for the slower initial rate of self-renewal of cCFU-F cultures, which show an
inflection point at ~P4 (48 days) * (Figs. 1F; see also Fig. 61). This is consistent with
the slow activation of stem cells from quiescence *, although we cannot discount a
contribution from cell stress during adaptation to cell culture. Strikingly, however,
cultures treated with PDGF-AB ligand across PO showed a decrease in the
proportion of cells in Gy from ~46% to ~29%, whereas AG1296 increased the
proportion of cells in G from ~46% to ~81% (Fig. 5C). Even in P4 cultures, in which
virtually all cells were fully activated (RNA™U™"9" * treatment with AG1296 led to
~50% of cells being drawn into Gy (Fig. 5D), with an associated reduction in cell yield
(Fig. 1H). Thus, in cCFU-F cultures, PDGFRa signaling promotes exit from
quiescence. Conversely, inhibition of PDGFRao signaling induces quiescence. These
results align with our observation that PDGFRa signaling promotes exit of freshly-

plated fibroblasts from quiescence in vitro.

These data complement our analysis of fibroblast activation using Pdgfra-GFP mice.
They highlight the significant heterogeneity in the biosynthetic state of ventricular
cardiac fibroblasts even at rest, with many cells, including cCFU-F, being in Go
(quiescence), whereas others, while dormant, exhibit a spectrum of biosynthetic
states. PDGF signaling stimulates exit from quiescence, whereas inhibition induces

guiescence.
Exit from PDGFRa-inhibition-induced quiescence requires AKT and cMYC

To see whether the biosynthetic changes in fibroblasts during activation correlate
with metabolic indicators, we probed mitochondrial and metabolic signaling pathways
in cultured S'P* cells. Using MitoTracker Green staining, we found that PDGF-AB
increased the proportion of cells with higher mitochondrial mass, whereas AG1296
increased the proportion of cells with a lower mass (Fig. 6A). These effects were
accompanied by changes in transcripts encoding mitochondrial polymerases (POLG,
POLG2) and the transcription factor, TFAM (Fig. 6B). Thus, increased biosynthetic

14


https://doi.org/10.1101/225979

bioRxiv preprint doi: https://doi.org/10.1101/225979; this version posted June 13, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

activity induced by PDGF-AB drives mitochondrial biosynthetic networks, with likely

changes in energy substrate use.

PDGFRa signaling is known to activate the PI3K/AKT/FOXO and c-Myc pathways
involved in G1 checkpoint control, cell growth, mitochondrial biosynthesis and stem

cell function *+*4

. Important to this study, nuclear AKT and cMYC collaborate in
ribosomal biogenesis *°. Treatment of cCFU-F cultures with PDGF-AB until the end
of PO activated the AKT and cMYC pathways, as seen by increases in the active
phosphorylated forms of AKT (pAKT473, pAKT308) and in AKT-dependent
phosphorylation of FOXO (which excludes it from the nucleus and marks it for
degradation), and increased cMYC levels (Fig. 6C). Conversely, AG1296 led to a
decrease in pAKT and pFOXO, and an increase in total FOXO, consistent with the

observed induction of quiescence *.

We discovered using the Pyronin Y/7AAD assay that if inhibitor-treated P4 cultures
(~60% of cells in Go) were released from inhibitor for a further passage (P5) there
was a significant upwards surge in biosynthetic state and only ~1% of cells remained
in Go (condition AG-R versus control; Fig. 6E; Fig. S4A). This may be due to the
increased expression of Pdgfra with inhibitor (data not shown). Time course Western
blot analysis of AG-R cultures across P5 showed accumulation of pAKT and cMYC
(Fig. 6D). We exploited this assay to ask whether the AKT and cMYC pathways were
required for exit from the Go-like state imposed by PDGFR inhibition. At the
concentrations used, neither the AKT inhibitor (LY294002) nor cMYC inhibitor
(10058-F4) had any impact on steady state growth or the PyroninY/7AAD profile of
control cultures (Fig. S4B,C and data not shown). However, exit from the Gy-like
state induced by PDGFR inhibition was completely blocked in a dose-dependent
manner by both drugs (Fig. 6E,F). Thus, PDGFR signaling in cCFU-F cultures
governs metabolic and biosynthetic states, with inhibition inducing a low biosynthetic
and network state resembling Ge/quiescence, release from which requires AKT and
cMYC.
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Transcriptome analysis of cCFU-F cultures

Microarray and principal component analysis of cCFU-F cultures at PO showed that
inhibitor-treated cells were transcriptionally distinct from those of untreated and
ligand-treated cultures, which clustered together (Fig. S5A). The top gene ontology
(GO) terms associated with genes downregulated by inhibitor were nucleosome
assembly (driven largely by down-regulation of histone genes), as well as epigenetic
regulation of gene expression, DNA methylation, cell proliferation, migration and
adhesion, negative regulation of apoptosis, angiogenesis and other signaling terms
(Fig. S5B), consistent with a repressed signaling, proliferative, transcriptional and

epigenetic state in inhibitor-treated cultures.

There were many genes up-regulated with inhibitor, associated with terms for cell
adhesion and extracellular matrix, as well as negative regulation of Wnt signaling (a
positive driver of fibrosis) and a variety of tissue developmental processes (Fig. S6B),
consistent with findings that quiescence involves many active network states

controlling metabolism, proliferation and differentiation “°.

Impact of modulating PDGFRea signaling on cCFU-F in uninjured hearts

Although in vivo delivery of PDGF-AB did not activate cardiac fibroblasts in the
absence of injury using Pdgfra-GFP as the readout (Fig. 4A), PDGF-AB may induce
metabolic and biosynthetic changes in resting fibroblasts that could relate to the
increased fibroblast activation seen during MI. We specifically assessed this using
PyroninY/7AAD staining. Whereas Imatinib treatment of uninjured mice for 5 days
had no effect on the staining profile of isolated S'P* fibroblasts, in vivo PDGF-AB
treatment shifted the profile significantly, inducing exit of ~35% of cells from Gy (Fig.
6G). We also assayed colony formation after in vivo treatments. PDGF-AB induced a
~70% increase in large colony formation from S*P” cells of uninjured hearts, whereas
Imatinib severely inhibited colony numbers, with PDGF-AB partially mitigating the
effects of Imatinib (Fig. 6H). Imatinib significantly inhibited long-term self-renewal of
cCFU-F cultures (assayed in the absence of inhibitor; Fig. 6l). Identical results were

seen after injection of blocking PDGFRo mADb to uninjured mice (Fig. S4D,E). These
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colony and long-term growth profiles closely resembled those obtained after ligand
and inhibitor treatment of S*P* cultures in vitro (Fig. 11,J). Our data show that PDGF-

AB can metabolically prime cardiac fibroblasts in vivo independently of injury.

Single cell transcriptome analysis of cardiac fibroblasts after in vivo PDGF
treatment

It was important to establish whether fibroblast activation occurring in PDGF-AB-
treated sham and MI hearts was a trigger for myofibroblast differentiation and
fibrosis. scRNAseq can significantly extend our view of cell state and lineage
heterogeneity in complex biological systems. We therefore performed scRNAseq on
the total cardiac interstitial cell population (TIP) of hearts at days 3 and 7 post-sham
or Ml surgery, with PBS or PDGF-AB treatment. Days 3 and 7 were chosen to align
with our previous scRNAseq study *°. We profiled over 45,758 cells after quality
control filtering and performed unbiased clustering using the Seurat R package *,
identifying 24 sub-populations after removal of hybrid or contaminating (erythroid)
cells, with data plotted on t-SNE dimensionality reduction plots (Fig. 7A) *°. All major
TIP populations corresponded to those we previously characterized at days 3 and 7
post-sham and MI *; however, we did not observe any major population-level
differences between the PBS and PDGF conditions at MI-days 3 or 7 (Fig. S6A),
confirmed by Differential Proportion Analysis (DPA) (Fig. S6D) *°.

Nonetheless, we noted a slight but significant increase in the number of unique
molecular identifiers (UMIs) in PDGF-AB-treated TIP cells across all experiments
(Wilcoxon rank-sum test; P < 1e-07 for all experiments), including in PDGF-AB-
treated sham hearts (Fig. S6C). There was a similar trend for the number of genes
detected per-cell (with the exception of Ml-day 7) (Fig. S6D), overall suggesting an

increased level of transcription in TIP cells from PDGF-AB treatment.

Differential expression (DE) analysis using MAST “® was applied to detect population-
specific DE genes between PDGF-AB and PBS conditions. The largest number of
DE genes were detected at MI-day 7 (Fig. 7B; Fig. S7A-D) and myofibroblasts (MYO)
showed the largest number of DE genes (>200; Fig. 7B). The number of DE genes
decreased progressively in activated fibroblasts (F-Act), M2 macrophages (M2M®),
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resting fibroblasts (F-SL) and other populations. The change in gene
expression between PBS and PDGF-AB conditions was relatively modest, with most
genes showing a 0.25-0.5 (log2) fold-change. Nevertheless, gene ontology (GO)
over-representation testing with PANTHER “° showed that PDGF-AB up-regulated
genes were overwhelmingly associated with components of the translational
machinery (Fig. 7C; Fig. S7E-G; Supplementary Tables 1-4). Protein:protein
association network analysis using STRING® showed that up-regulated DE genes
encoded a tightly interconnected network of ribosomal and ribosome-connected
proteins, the latter including numerous heat shock protein chaperones, Gnb2l1
(involved in ribosome quality control), translation initiation factors Eifl (involved in
ribosome biosynthesis), Eif2s1 and Eif4al, translation elongation factors 1o and 1,
nascent polypeptide-associated complex protein alpha (Naca), which inhibits nascent
proteins from being inappropriately shunted to the endoplasmic reticulum, and Ostc,
a subunit of an oligosaccharyltransferase which transfers high manose
oligosaccharides to nascent proteins (Fig. 7D). Complex | and V mitochondrial
protein genes mt-Nd1/2/4 were also up-regulated. The vast preponderance of
ribosomal protein genes in the network is highly suggestive of activated
PI3BK/AKT/mTOR signaling and c-Myc activity, which are the main pathways
collaborating to regulate ribosomal biosynthesis *°. Ribosomal RNA synthesis is likely
also increased by PDGF-AB, as shown by Pyronin Y staining in uninjured hearts (Fig.
6G), although this would not be detected in our scRNA-seq study since this was
performed on polyadenylated RNA. The increased expression of transcription factor
genes Kilf4, Nfix, Egrl, Fosb, Atf3 and Zbtb20 may account for the increased global
transcription in PDGF-AB-treated hearts.

Collagen genes were not up-regulated by PDGF-AB and indeed most DE genes
related to ECM were down-regulated in MYO (Fig. S7H), suggesting that PDGF-AB
does not trigger activated fibroblast lineage cells to differentiate into myofibroblasts.
Other down-regulated gene modules included those for COPI retrograde golgi-to-
endoplasmic reticulum transport (e.g. Copbl, Copb2, Copx2, Cope, Arf4, Scdfl),
actin and actin filament regulatory proteins (e.g. Acta2, Actb, Tpm3/4, Gsn, Arpc2,
Capza2), and a distinct group of molecular chaperones (e.g. Hspa5, Hsp90bl,
Dnajbl11, Dnajc3, Pdia3/6). Overall, the signature for PDGF-AB primed fibroblast
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lineage cells is one of elevated protein synthesis capacity, seen most strongly in
MYO, as well as other fibroblast and macrophage populations. There was no
evidence that activated cells possessed an enhanced ECM or general secretory

phenotype, or had differentiated to myofibroblasts disproportionately.

DISCUSSION

Replacing CMs lost to ischemic injury will be necessary for achieving heart
regeneration in humans. However, it is intuitive that the diverse connective tissue and
vascular populations of the heart, which form a complex interactive cellular
community contributing to organ architecture, viability and function, will also need to
be restored *. In pro-regenerative animals, fibroblasts, vessels, immune cells and

L Therefore, characterizing the

nerves are all essential for heart regeneration
heterogeneity in these cells, and understanding and unlocking their paracrine

signaling and pro-regenerative functions, is a research and therapeutic priority.

PDGEF ligands are expressed by many tissues involved in cardiac injury and repair.
Virtually all resting fibroblasts express the PDGFRo gene and protein, making them a
likely target of cognate ligands *®*’. The Pdgfrb gene is also expressed in cardiac
fibroblast lineage cells in healthy and injured adult hearts, including vascular mural
cells *°, although we found only low to absent levels of PDGFRP protein in Pdgfra-
GFP"9" resting fibroblasts by immunofluorescence (Fig. S3G). This is likely because
PDGFRp acts downstream of PDGFRa principally in recruitment of perivascular cells
in remodeling vascular networks *°, although in adult hearts it is also expressed on

CMs under stress conditions where it may elicit pro-angiogenic effects **°2,

PDGF ligands have been implicated as mitogens for mesenchymal cells and MSCs,

and chronic activation of PDGFR signaling has been associated with fibrosis and

cancer in different settings **. However, various PDGFs have also been tested for
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their impact on heart injury based on a pro-angiogenic rationale. Different ligands and
delivery approaches have led to diverse outcomes, from improved heart repair after
MI, to frank fibrosis and heart failure in uninjured mice ?*?*?"8_Only one study has
assessed the impact of PDGF-AB, which was shown to have beneficial effects when
directly injected into the myocardium 1-2 days prior to experimental Ml *; however,
this model does not have a clinical correlate and a single injection of PDGF-AB at the
time of MI had no effect on outcomes *'. These diverse findings highlight the lack of
understanding of how different PDGF signaling pathways regulate the responses of
the heart to injury, and the therapeutic potential of altering PDGFR signaling in vivo
remains obscure.

We hypothesized that cardiac fibroblasts and their cCFU-F component are primary
targets of PDGF ligands induced in the injury environment. Whereas inhibition of
PDGFRa or B signaling has been shown to decrease collagen deposition after heart
injury previously ’, suggesting roles in fibrosis, their specific roles on fibroblast
activation and differentiation have not been documented. Here, we set out to explore
in detail the role of PDGFRa signaling on fibroblast heterogeneity, activation,
proliferation and differentiation in vitro and in vivo using complementary approaches.
Delivery of PDGF-AB via osmotic mini-pump for 5 days from the time of Ml led to
significant positive impacts on cardiac anatomical and functional repair including
increased ejection fraction, and reduced end systolic and diastolic dimensions, and
scar. Given the severity of infarcts imposed in this mouse study (mean EF ~20%), the
degree of function improvement is noteworthy, and would be highly significant in the
clinical setting. Our cellular and molecular analyses have demonstrated that the main
impact of augmented PDGF-AB signaling in fibroblasts was to promote oxidative
metabolism (increased mitochondrial mass and transcription factor expression) and
increase ribosomal biosynthetic state, exit from Gy and increasing self-renewal
capacity, without influencing fibroblast proliferation or fibrosis. We propose, therefore,
that stimulation of PDGFRa with exogenous PDGF-AB ligand in this therapy setting
significantly changes their metabolic and biosynthetic state, with associated changes
in the dynamics and extent of intracellular and paracrine signaling contributing to

heart repair.
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We first used Pdgfra®""* knock-in mice as a novel tool for quantification of fibroblast
activation during heart injury and repair by flow cytometry. The majority of resting
fibroblasts were GFP"® whereas GFP™™ cells were identified as activated
fibroblasts, aligning with the down-regulation of numerous stem cell markers
including Pdgfa in activated fibroblast lineage cells, as shown by scRNAseq *°. It is
likely that at day 5 post-MI Pdgfra-GFP™*"™ cells contain a mixture of activated, pre-
proliferative and proliferative fibroblasts (F-Act, F-Cl, F-Cyc) and early myofibroblasts
(MYO) *°. Using PDGFR inhibitors and a specific PDGFRo. blocking antibody, we
found that PDGFRa signaling was essential for fibroblasts activation and/or
differentiation in vivo using the Pdgfra-GFP readout, consistent with previous studies
2’ _On the other hand, PDGF-AB treatment promoted fibroblast activation, leading to
a ~50% increase in GFP™™ cells at the expense of GFP"" cells. However, PDGF-

Pmedium

AB did not lead to increased BrdU incorporation in Pdgfra-GF cells.

We are aware that the increase in S*GFP™*™

cells after PDGF-AB treatment may
be exaggerated if there was a negative feedback from PDGFRa activation to Pdgfra
transcription. However, this seems unlikely as we found that PDGF-AB treatment of
cCFU-F cultures led to increased Pdgfra expression (data not shown). Furthermore,
PyroninY/7AAD staining has provided a complementary and quantitative view of
fibroblast activation/biosynthetic state, in this case reflecting cellular ribosomal
(RNA content. Using this approach, we found that in uninjured hearts fibroblasts
exist in a continuum of states with around half expressing extremely low levels of
rRNA that we and others have interpreted as Go/quiescence *. Like other stem cell
populations, cCFU-F, which are enriched in the SCA1"9" subset of resting fibroblasts,
were exclusively in quiescence, although after Ml a significant proportion of them
(~30%) became activated. As expected, GFP™™ cells induced during MI were
virtually all activated. Importantly, even in the absence of injury, Pyronin Y staining
showed that PDGF-AB was able to stimulate a substantial exit of fibroblasts from
quiescence — this occurred without increasing BrdU incorporation or
activation/differentiation using the Pdgfra-GFP readout. It was also accompanied by
an increase in large colony formation and long-term self-renewal, demonstrating the
functional impact of the effect. These data demonstrate a biosynthetic priming effect
of PDGF-AB on fibroblasts.
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We recently profiled cardiac fibroblasts by scRNAseq, revealing substantial fibroblast

heterogeneity and non-linear cell dynamics *°

. We defined two major resting
fibroblast populations expressing high and low levels of Scal, and a novel activated
fibroblast lineage (F-WntX) present in uninjured hearts. We also formally defined the
major activated fibroblast population (F-Act), as well as pre-proliferative (F-Cl) and
proliferative fibroblast (F-Cyc) states, and at least 3 myofibroblast states, which

appear after Ml.

A key question is whether acute exogenous PDGF-AB delivery stimulates
myofibrogenesis, although this seems unlikely given the pro-reparative effects
elicited. We used scRNAseq to address this issue. We performed scRNAseq on TIP
cells at day 7 post-MI to align with our previous analyses *°. However, this showed no
increase in the relative numbers of resting or activated fibroblasts (F-SH, F-SL, F-Act,
F-Cyc), or myofibroblasts (MYO), compared to PBS-treated controls. Nonetheless,
MYO, as well as other resting and activated fibroblasts (F-SL, F-SH, F-Act), and M1
and M2 macrophages, showed an increase in ribosomal biosynthetic state, without
enhancement of secretory or ECM signatures. This likely occurs in response to
increased PI3K/ATK/mTOR and cMYC signaling which are activated downstream of
PDGFRa (Fig. 6C,D) and known to regulate ribosomal RNA biogenesis among other
anabolic processes *°. The ribosomal biosynthetic network signature has similarities
to that induced in pre-proliferative fibroblasts (F-Cl) that we defined previously at MI-
day 3 using scRNAseq . F-ClI cells appear to exist in a cell trajectory continuum
between activated (F-Act) and proliferative (F-Cyc) fibroblasts, and show strong
upregulation of genes for ribosome biosynthesis and translation yet lack proliferative
and myofibroblast ECM signatures >. For example, 57% of genes induced by PDGF-
AB in MYO overlap with genes upregulated in F-Cl compared to F-Act. Thus, multiple
lines of evidence suggest that acute PDGF-AB treatment leads principally to an
increase in ribosomal biosynthetic state in different fibroblast populations, as well as
in macrophages, however without triggering fibrosis. The priming effect was minimal
in ECs. It is possible that the accelerated resolution of inflammation observed in
PDGF-AB-treated MI hearts (increased M2/M1 macrophage ratio) is related to the
increased macrophage biosynthetic state.
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Manipulation of PDGFRa signaling in vitro supported the above model. In freshly
plated S'P" cells, PDGF-AB treatment led to an increased probability of cell cycle re-
entry from the quiescent state over the first few cell cycles, and subsequently
increased oxidative metabolism, colony formation and self-renewal, without effects
on the rate of proliferation (cell cycle length) or commitment to differentiation. PDGFR
inhibition had the opposite effect. Overall, our findings extend previous work showing
that PDGF can act as a competence factor during re-entry of serum-starved
immortalized fibroblasts to the cell cycle **. The primed state of PDGF-AB-induced
cardiac fibroblasts may have similarities to G(Alert), a reversible, activated state
induced in skeletal muscle stem cells by remote injury *°. In common with G(Alert),
PDGF-AB-treated S*P" fibroblasts showed an increased rate of cell cycle re-entry in
vitro. However, concomitant changes in cell size, mitochondrial content and
activation of the AKT/mTOR pathway (other features of G(Alert)) were not observed
in S'P* cells after hind limb ischemic injury (data not shown), albeit that effects on

minor populations (eg. cCFU-F) may have been masked.

PDGFRo. blockade in both freshly plated and P4 S'P* cells inhibited cell cycle re-
entry and induced a reversible low rRNA state akin to quiescence. This was
accompanied by decreased colony formation and rate of self-renewal. Exit from this
state required AKT and cMYC, which are known to be involved in Go/G; checkpoint
control and metabolic state, notably ribosomal biosynthesis. Inhibition led to altered
expression of cell cycle regulators and to profound changes in the transcriptome.
Down-regulation of expression of epigenetic pathways after PDGFRa inhibition
suggests that the induced quiescence is accompanied by a reorganisation of

%, In addition to down-

chromatin, as seen in endogenous stem cell populations
regulated genes, hundreds of genes were up-regulated in PDGFRa-inhibited cells,
consistent with findings that maintenance of quiescence involves active programs “°.
The quiescence induced in cCFU-F cultures in vitro by PDGFR inhibition may
resemble the quiescent state observed in ~50% of GFP™ fibroblasts in healthy hearts.
Importantly, when we inhibited PDGFR signaling in uninjured hearts, even though the
rRNA spectrum did not change, there was a decrease in colony formation and the

rate of self-renewal ex vivo was strongly and permanently inhibited. Thus, fine control
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of PDGFR signaling is necessary for maintaining fibroblast metabolic and niche
characteristics, as well as activation/differentiation of resting fibroblasts after injury.
We have not yet analysed the precise impact of inhibiting endogenous PDGFR
signaling on fibroblast activation versus differentiation during Ml at single cell
resolution, although this will be important to study using scRNAseq and functional

assays.

Overall, our studies suggest that a dynamic continuum of cell metabolic and
biosynthetic states underpins stromal fibroblast behavior, proliferation and lineage
differentiation. This heterogeneity is reflected in the spectrum of colony forming
ability, self-renewal, mitochondrial content and ribosomal biosynthetic states.
Different matrix and vascular niche environments likely set up the continuum, which
could be influenced by hypoxic, signaling or biomechanical gradients. These states
are plastic, as seen after induction of MI, and PDGFRa stimulation or inhibition. Our
studies reinforce the link between metabolism, and stem and progenitor cell states,
and support the notion that a proportion of cardiac fibroblasts, those at the lower end

of the ribosome biosynthetic spectrum, have stem cell-like properties ***2.

The pro-reparative effects of PDGF-AB on MI hearts likely involve cellular targets
other than fibroblasts. Our data suggest that this could include ECs and macrophage
precursors, and direct effects on CMs cannot be excluded *°. PDGFRa expression

has been reported on a minority of ECs **°°

, although we did not see Pdgfra-GFP
expression in ECs (or CMs) in healthy and injured hearts on sections (Fig. S3A-C
and data not shown); however, flow cytometry has shown a minor sub-population of
ECs with Pdgfra-GFP'" expression (data not shown). We found that PDGF-AB
increased BrdU incorporation in EC in sham as well as Ml hearts, and increased
vascular density in remote as well as border and infarct regions after Ml, suggesting
a direct impact on ECs. While the identity and progenitor status of Pdgfra-GFP'*"
cells will be interesting to study, it is noteworthy that the injury response also includes
pro-angiogenic paractine effects from CMs via PDGFRB'°, as well as from
myofibroblasts *°. Additional work will be needed to fully understand the in vivo
cellular targets of different PDGF ligands, and the complex inter-cellular

communications participating in the PDGF-AB model of augmented cardiac repair.
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There remains a strong clinical and economic case for the development of new
regenerative therapies including modulators of fibrosis, and interestingly several
existing cardiac standard-of-care drugs, such as statins, act, in part, as anti-fibrotics
. We have recently tested the impact of PDGF-AB therapy on cardiac repair after
ischemia-reperfusion injury in the more clinically relevant pig model, finding
significant improvements in anatomical and functional outcomes, as in the mouse Ml
model (JJHC, MX, NSA, MPF, RMG, RPH and colleagues, manuscript submitted).

In contrast to previous efforts to affect cardiac regeneration via cell therapy,
implantation of bioengineered CM sheets, or cellular reprogramming by delivery of

transcription factors °"°® 59.60

or potent signaling intermediates , the potential to
stimulate the heart non-invasively by the simple parenteral administration of a soluble
growth factor such as PDGF-AB, or matrix factors ®!, that activate endogenous pro-
regenerative pathways, is clinically attractive. This is particularly the case in the post-
acute MI setting when invasive interventions are poorly tolerated, limiting the
translatability of many of the therapeutic pro-regenerative approaches currently under

evaluation.
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Figure 1: Role of PDGFRa signaling in cCFU-F cultures

(A) Accumulated proportion of cells undergoing division over time in freshly plated
S'P" cells across PO, and established cCFU-F cultures re-plated at the P4, scored
separately in generation 0 (whose birth was not observed) and generations >0. (B)
Single cell analysis of cumulative cell division in freshly plated (PO) S*P* cells with
and without PDGF-AB and AG1296, scored separately in generations 0 and >0. (C)
EdU incorporation in S*P* cultures with 24hr pulse. (D) Total cell number in cCFU-F
cultures treated with vehicle (control), AG1296 (10uM) or PDGF-AB (100ng/ml)
scored at the end of PO. (E) Western blot analysis of indicated cell cycle regulators in
S'P" cultures at PO. (F) Live cell tracking analysis of the accumulated proportion of
cells undergoing division over time across P4 cells treated with vehicle, AG1296 or
PDGF-AB, scored separately in generation O and generations >0. (G,H) EdU
incorporation and total cell number, respectively, arising from treatment of cCFU-F
cultures across P4 with AG1296 or PDGF-AB. (I) Colony analysis (large, small,
micro-colonies) in S'P* cells scored at PO (day 12), with indicated concentrations of
PDGF-AB ligand and PDGFR signaling inhibitor AG1296. (J) Long-term cultures of
S'P" cells with or without PDGF-AB (100ng/ml) and AG1296 (10uM). All
comparisons: *p<0.05; ** p<0.01; *** p<0.001.
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Figure 2: PDGF-AB enhancement of cardiac anatomical and function repair in
MI hearts

(A) Distribution of scar (Masson’s Trichrome staining) in PBS and PDGF-AB-treated
hearts 28 days post-MI at mid-papillary (Mid P) and 3 mm below Mid P levels (see
Fig. 2E). (B) Scar area and length in PBS and PDGF-AB MI hearts. (C) Heart
Weight/Body Weight ratio at day 28 sham/MI hearts. (D) LV ejection fraction (EF) in
sham/MI hearts treated with PBS or PDGF-AB at 0 (baseline), 5 and 28 days. (E)
Cartoon showing short axis planes for echocardiographic analyses. Mid P: mid-
papillary. (F) Percent LV fractional area change (FAC) at different echocardiographic
planes at day 28. (G,H) LV end systolic area (ESA) and diastolic area (EDA)
respectively, at different echocardiographic planes at day 28. (I) BrdU uptake in
CD31" endothelial cells in sham/MI hearts with PBS or PDGF-AB treatments. (J)
Total cellularity (DAPI-stained nuclei/mm® and vascularity (CD31" micro-
vessels/mm?®) in remote, border and infarct zones of day 28 sham/MI hearts. (K)
Immunostaining showing increased caliber of CD31/PECAML1" vessels in the infarct
zone of PDGF-AB-treated day 28 post-MI hearts. (L) Quantification of flow cytometric
analysis of m2/m1 monocyte ratios in PBS and PDGF-AB-treated Ml hearts at day 5.
All comparisons: * p<0.05; ** p<0.01; *** p<0.001.
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Pmedium

Figure 3: Dynamics of Pdgfra-GF myofibroblasts after Ml

(A) Time course flow cytometry analysis of SCA1'/Pdgfra-GFP* and SCA1
/Pdgfra-GFP™ fibroblasts, displaying PDGFRoa and GFP expression, with

Pmedium

quantification of GFP™*“™ myofibroblasts. (B) Flow cytometry showing GF cell
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population (bar) in SCA1*/Pdgfra-GFP"* fibroblasts from Pdgfra®™* mice subjected to
sham operation and disease models including aldosterone plus high salt treatment,
aortic banding and MI, with graph showing percentage of the SCA1'Pdgfra-
GFP™ ™ quantified in respective assays. (C) qRT-PCR analysis of activated
fibroblast markers in total GFP™™™ and GFP"9" cells at 5 days post-sham or MI
surgeries. (D) Lineage tracing of PDGFR" fibroblasts at 5 days post-sham/MI using
tamoxifen-treated progenies of Pdgfra™“RE™"* crossed to Rosa26" ™" reporter
mice. Panels display endogenous fluorescence of tdTomato-Red, and
immunofluorescence staining of PDGFRa and SMA. They highlight tdTomato® cells
brightly stained for PDGFRa but SMA™ in the sham hearts and
tdTomato'PDGFRa™"'SMA" cells in the infarct area. cv: coronary vessel. All

comparisons: * p<0.05; ** p<0.01; *** p<0.001.
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Figure 4: Analysis of proliferation and cell flux in the fibroblast lineage in
sham/MI hearts with PDGF-AB and Imatinib treatments

(A) Flow cytometry quantifying GFP"" fibroblasts (High) and GFp™e:™
myofibroblasts (Med) from day 5 post-sham/MI hearts treated with PBS, PDGF-AB or
Imatinib in both SCA1" and SCA1 fibroblast sub-fractions. (B) Flow cytometric
analysis of SCA1"Pdgfra’GFP" cardiac fibroblasts at day 5 post-MI after treatment
with control IgG antibody or blocking with monoclonal PDGFRa. antibody (Ab), with
quantification of GFP™ ™ myofibroblasts (bar). (C) Accumulated BrdU incorporation
in GFP™" fibroblasts and GFP™“™ myofibroblasts in both SCA1* and SCA1
populations at 5 days post-sham/MI after treatment with PBS or PDGF-AB. All
comparisons: * p<0.05; ** p<0.01; *** p<0.001.
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Figure 5: Cell cycle analyses of fresh and cultured fibroblasts after PDGFRao
ligand and inhibitor treatments

(A) PyroninY/7AAD cell cycle analyses of freshly isolated S'P* (top panels) and
colony-enriched fibroblasts (bottom panels) at day 5 post-Sham/MI. Insert shows cell
cycle compartments. Data also shown from MI mice treated with Imatinib or water
control. Percent Gy cells (boxed) indicated. (B) Cell cycle analysis of S*Pdgfra-GFP”
fibroblasts (flow-purified GFP"" and GFP™®™ fractions) from Pdgfra®*" mice
subject to sham/MI. Graph indicates percent Gy cells (boxed). (C) Cell cycle analyses
of freshly plated S'P* cultures with and without PDGF-AB and AG1296 at PO. (D)
Cell cycle analysis of P4 S'P" cultures with and without AG1296 or PDGF-AB. All
comparisons: * p<0.05; ** p<0.01; *** p<0.001.
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Figure 6: Metabolic and cell cycle states of S'P* cultures — essential role of
AKT and cMYC in cell cycle reentry after PDGFR inhibition

(A) Quantification of mitochondrial mass in S'P* cells cultured to PO by Mitotracker®
Green FM (Mito) staining, with or without PDGF-AB (100ng/ml) and AG1296 (10uM),
showing quantification of Mito™ and Mito"®" fractions. (B) qRT-PCR analysis of
genes for mitochondrial polymerase enzymes (POLG; POLG2) and transcription
factor (TFAM). (C,D) Western blot analyses of indicated cMYC and AKT pathway
proteins in PDGF-AB and AG1296-treated S*P” cultures at PO (C), and after AG1296
inhibition across P4 and release from inhibition for a further passage (AG-Released;
D). (E,F) Cell cycle analysis of uninhibited cultures (P5) compared to cultures treated
across P4 with AG1296 and released (AG R), with and without increasing doses of
AKT and cMYC inhibitors. Graphs in E and F show proportion of cells in Go. (G) Cell
cycle analysis after in vivo treatment of uninjured mice with Imatinib and/or PDGF-AB
ligand relative to vehicle controls at day5. (H) Total cCFU-F (micro-, small, large) per
heart from mice receiving PDGF-AB and/or Imatinib treatments (I) Long-term growth
curves of SP* cultures after in vivo treatments. All comparisons: * p<0.05; ** p<0.01;
*** n<0.001.
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Figure 7: Single-cell RNA-seq of total interstitial population (TIP) cells from PDGF-
AB and PBS treated, injured vs. uninjured hearts. (A) t-SNE plot of aggregate of cells
across conditions showing cells coloured according to identified populations. (B)
Number of population-specific differentially expressed genes (DEGs) between
PDGF-AB and PBS conditions at MI-day 7 (MAST, P44 < 1e-05, log2 fold-change >
0.25). (C) Top 20 over-represented GO biological process terms for DEGs up-
regulated in MYO at Ml-day 7 with a PDGF-AB vs. PBS comparison. (D) STRING
high-confidence network of differentially expressed genes between PDGF-AB and

PBS conditions at MI-day 7 within sub-populations MYO, F-Act, M2M® and F-SL.

Genes (nodes) are coloured according to up-regulated in PDGF-AB (red) or down-

regulated (blue).
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