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Abstract

Pulmonary arterial hypertension (PAH) is a devastating lung disease characterized by arterial
pruning, occlusive vascular remodeling, and inflammation contributing to increased pulmonary
vascular resistance with resultant right heart failure. Endothelial cell (EC) injury and apoptosis
are commonly considered triggers for PAH, the mechanisms leading from injury to complex
arterial remodeling are incompletely understood. While current therapies can improving
symptoms, with the exception of parenteral prostacyclin, they do not significantly prolong
transplant free survival. As well, there are no therapies that can regenerate the damaged lung
short of transplantation. In this project, | sought to both advance the understanding of disease
pathogenesis and explore regenerative therapeutic options for PAH. To this end, I first
employed single cell RNA sequencing (scRNA-seq) at multiple time points during the Sugen
5416 (SU) — chronic hypoxia (CH) model of PAH, to provide new insights into PAH pathogenesis
both during onset and progression of disease. We also employed microCT analysis to visualize
and quantify the arterial pruning associated with PH and found significant loss up to 65% of the
healthy arteriolar volume in this model. Through scRNA-seq analysis performed at four
timepoints spanning the onset and progression of disease, two disease-specific EC cell types
emerged as key drivers of PAH pathogenesis. The first was the emergence of capillary ECs with
a de-differentiated gene expression profile, which we termed dedifferentiated capillary (dCap)

ECs, with enrichment for the Cd74 gene. Interestingly, RNA velocity analysis suggested that

these cells may be undergoing endothelial to mesenchymal transition during PAH development.

At later times, a second arterial EC population became apparent, which we termed activated

arterial ECs (aAECs), since it uniquely exhibited persistently elevated levels of differential gene



expression consistent with a migratory, invasive and proliferative state. Interestingly, the aAECs
together with the smooth muscle (SM)-like pericytes, a population which was also greatly
expanded in PAH, expressed Tm4sf1, a gene previously associated with a number of cancers
and abnormal cell growth. Furthermore, by immunostaining, TM4SF1 was found to be spatially
localized to sites of complex and occlusive arterial remodeling, associated with both endothelial
cells and pericytes in these lesions, suggesting an important role for the aAECs and SM-like
pericytes in arterial remodeling and PH progression. Together, these findings suggest that
aAECs, dCap ECs, and SM-like pericytes are emerging cell populations responsible for lung
arterial remodeling in PAH, which drives disease progression, and that TM4SF1 may be a novel
therapeutic target for this disease. As a first step in trying to develop approaches to regenerate
lung arterial bed that is lost in PAH, we investigated the potential role of endothelial colony
forming cells (ECFCs) and mesenchymal stromal cell (MSC) derived extracellular vesicles (EVs) as
novel therapeutics, on the premise that these stem/progenitor cells would stimulate lung
regeneration by mainly paracrine mechanisms. Additionally, we used biomaterials to
microencapsulate cells and EVs to improve their local delivery and retention. While ECFCs were
found to be ineffective in treating the monocrotaline model on their own, they were poorly
retained in the lung and microencapsulation of ECFCs led to enhanced lung delivery within the
first 72 hours, with resultant hemodynamic improvements in this model of PAH. MSCs are well
known to be immunomodulatory and proangiogenic, largely acting through paracrine
mechanisms, including by the release of EVs. Yet, following intravenous administration, nano
sized EVs are rapidly cleared from circulation, potentially limiting their therapeutic potential. |

adapted our microencapsulation strategy for EVs, and demonstrated significantly greater



retention of microgel-loaded EVs were within the lung, resulting in enhanced local cell uptake.
Interestingly, the hydrogel used for microencapsulation induced a local immune response
which made it unsuitable for testing any potential therapeutic benefits of MSC-EVs in this study.
Nonetheless, this work demonstrated proof-of-principle for the utility of microencapsulation as
a strategy to enhance EV lung delivery. Overall, this work has identified novel lung cell
populations (aAECs, dCap ECs, SM-like pericytes) driving arterial remodeling associated with PH
progression, demonstrated the potential of ECFCs as a regenerative cell for the treatment of
PAH, and illustrated the utility of microencapsulation as a tool to enhance lung targeting of

both cells and EVs.
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1.1 Pulmonary Hypertension

Pulmonary hypertension (PH) is defined as an elevated mean pulmonary arterial pressure >20
mmHg. There are five distinct PH groups, which are classified based on the underlying aetiology
and mechanism of pressure elevation. Pulmonary arterial hypertension (PAH) (or group 1 PH) is
a disease affecting the pre-capillary pulmonary arterioles, and the diagnosis requires a
pulmonary artery wedge pressure <15 mmHg and pulmonary vascular resistance (PVR) >3
Wood units, assessed by right heart catheterization.! PAH is characterised by endothelial injury
and dysfunction, and proliferative arterial remodelling.! Of the subtypes of PAH, idiopathic
(1)PAH is the most common, accounting for 30-50% of cases.! Heritable (H)PAH is diagnosed by
the presence of a family history and/or a PAH causing mutation. Other subtypes include PAH
associated with drug- and toxin exposure, connective tissue disease, HIV, portopulmonary

hypertension or congenital heart disease (CHD).

PAH is a rare disease with an incidence of 2-2.4 cases per million adults in recent registries from
France and the United States.? Despite the introduction of current therapies, PAH is still a
devastating and progressive disease with a 3-year survival in the United States of 68% in the
REVEAL registry.? Female sex is an important risk factor for PAH, with a 4:1 predominance of
females to males according to the United States Pulmonary Hypertension Registry?; however,
men with PAH demonstrate more rapid progression and have a worse prognosis, the so-called
‘estrogen paradox’*. PAH can affect people of all ages, including children, although more recent
registry data has shown increased incidence in older individuals, possibly related to more

awareness of the disease and widespread use of echocardiography. Mechanistic studies into

* While female sex is an important risk factor for PAH, the female sex hormone has been 2
demonstrated to be protective in animal models.



the pathobiology of PAH have identified distinct disease phenotypes in pulmonary arterial (PA)
endothelial cells (ECs), smooth muscle cells (SMCs) and adventitial fibroblasts, as well as various
immune cell populations. Among this myriad of players, genetic and experimental evidence is
converging on a critical role for the pulmonary endothelium as a central mediator of both

disease initiation and progression,*” which will be the main focus of this review.

1.1.1 The Genetics of PAH

Since the turn of the century, mutations in BMPR2, the gene encoding the bone morphogenetic
protein (BMP) type-Il receptor (BMPR-II), have been implicated in the development of PAH.2
These heterozygous loss-of-function mutations account for 70% of HPAH cases, and 20% of
seemingly idiopathic disease.>® BMPR2 mutations increase the odds of developing PAH from a
prevalence of 10-15 per million to roughly 1 in 4 among mutation carriers.>1%1! Interestingly,
disease penetrance in BMPR2 mutation carriers is relatively low, with the Vanderbilt Pulmonary
Hypertension Registry reporting an estimated penetrance of 14% in males and 42% in
females.'! Typically, mutation carriers that develop disease at an earlier age, have more severe
hemodynamic abnormalities, and exhibit shorter survival times than the general PAH
population.'? Importantly, the reduction of BMPR-II expression has been found in PAH patients
regardless of whether a mutation is present,3* further highlighting the critical importance of

this receptor to disease pathogenesis.

Although BMPR2 is expressed across a range of cell types, there is substantial genetic evidence

supporting that loss of endothelial BMPR2 expression is of particular importance to disease



initiation. In the lung vasculature, BMPR-Il is predominantly expressed in the endothelium
(Atkinson) and partners with the largely endothelial-restricted type-I receptor, Alk1, and co-
receptor, endoglin, to form a receptor complex for circulating BMP9, BMP10 and heterodimers
of the two ligands.?>'® Importantly, the genomic assessment of PAH patient cohorts has
identified mutations in the genes encoding Alk1 (ACVRL1), endoglin (ENG),” BMP9 (GDF2) and
BMP10 (BMP10),>® as well as downstream mediators of BMP signalling, SMAD1, SMAD9, and
the common SMAD4*® (Figure 1.1). The importance of impaired endothelial BMRP-II signalling
is also supported by in vivo studies demonstrating spontaneous PH in mice bearing an
endothelial-specific deletion of Bmpr2.” However, recent work has suggested that BMP9/10
signaling via the Alk1/BMPR-II receptor complex may also influence SMC phenotype and

function.’®

Alk1*/BMPR-II* I ATP13A3*
Complex - ~ Early &

Recycling
Endosomes

Smad1*/5/9*

Canonical Targets
D7
+ID2

DAPUDAPV

Figure 1.1: Disease-associated mutations in PAH underscore the importance of the pulmonary
endothelium in disease development.

The genetic causes of PAH are centred around the BMPR-II signalling axis, with mutations (red
text and asterisk) in the genes encoding BMPR-II, the type | receptor Alk1, the co-receptor
Endoglin, BMP9 and BMP10, as well as the secondary messengers Smad1 and Smad9, and the



common Smad4 all present in the PAH population. Other mutations outside this canonical
pathway have also been identified, including in the genes encoding the water channel AQP1,
the potassium channel KCNK3, the transcription factors SOX17 and TBX4, and the P-type
ATPase ATP13A3. The high level of expression of these genes within the pulmonary
endothelium emphasizes the critical role for this cell type in disease pathogenesis.

The therapeutic targeting of the BMP9/10 signaling axis is also complex. The enhancement of
endothelial BMP signaling through the administration of exogenous recombinant BMP9 can
prevent and reverse disease in rodent PH models.* However, the blockade of endogenous
BMP9/10 signaling using an Alk1-Fc ligand trap has produced mixed results, with contrasting
studies demonstrating either exacerbation?® or inhibition?! of PH progression. Ongoing work to
reconcile these seemingly contradictory findings has demonstrated that BMP9 can act as a
context dependent “angiogenic switch” that promotes endothelial quiescence and vascular
stability in individuals with preserved BMPR-II levels, but induces pathological proliferation
when the receptor is downregulated or lost, as it is in many PAH patients.?? Endothelial BMPR-II
loss is also linked to imbalanced signaling within the TGFB superfamily, favouring SMADs 2/3
activation by the TGFB/Activin/GDF arm of this family. Efforts to rebalance signaling using an
Activin type-llA Receptor (ActR-IIA) ligand trap targeting activin and growth and differentiation
factor (GDF) ligands have shown efficacy in preclinical models of severe PAH?® and provide a

mechanistic basis for the ActR-1IA ligand trap, Sotatarcept, which has shown promising results

in a phase 2 clinical study.?*

Mutations in several genes outside the BMPR-II signalling axis are also significantly over-
represented within the PAH patient population,? including the transcription factors TBX4 and

SOX17, the potassium channel KCNK3, the water channel AQP1, and the P-type ATPase



ATP13A3.3%727 Importantly, SOX17 is most abundantly expressed in ECs and shares a tissue
expression pattern with BMPR2 and the VEGF receptor KDR.?® AQP1 is also directly tied to
endothelial BMPR2 expression, as the loss of BMPR2 in pulmonary microvascular ECs leads to

reduced AQP1 expression?® and vice versa.3°

1.1.3 Endothelial dysfunction in PAH

The term “endothelial dysfunction” was initially coined to describe the loss of endothelial
derived vasodilator factors such as prostacyclin and nitric oxide (NO), with an increase in
production of endothelial vasoconstrictors, such as endothelin-1.3! This imbalance emerged as
an important mechanism in PAH pathogenesis in the early 1990s and served as the basis for all
currently approved PAH therapies, which were developed to target these three pathways.
While availability of vasodilatory therapies has been a great advance in the management of this
devastating disease with important hemodynamic and functional benefits for many patients, in
general they have had more limited impact on slowing disease progression or extending the
time to death or lung transplantation.3?33 Over time, the concept of endothelial dysfunction has
evolved to include other important roles of the endothelium in regulation of vascular functions,
such as smooth muscle growth and medial hypertrophy, reduced anticoagulant function,
metabolic abnormalities, reactive oxygen species production, increased expression of adhesion

molecules, and the release of cytokines, chemokines, and growth factors.?*

1.1.3.1 EC apoptosis in the initiation of PAH



While endothelial dysfunction is undoubtably an important contributor to PAH, it is believed
that EC injury and apoptosis in vulnerable regions of the lung vasculature serves as a triggering
event in disease pathogenesis.?> The increased sensitivity of the PAH endothelium to apoptotic
stimuli is linked to the genetics of disease, as both loss-of-function mutations in BMPR2 and
siRNA silencing of this gene enhance apoptosis and eliminate the anti-apoptotic effects of
BMP9%, Interestingly, the two most common animal models of PAH, the monocrotaline (MCT)
rat model and the SU5416 (SU)-chronic hypoxia (CH) rat, are also initiated by endothelial cell
injury and apoptosis3®3’. In the SU/CH model, administration of the VEGFR2 antagonist in
combination with 2-3 weeks of CH induces lung arteriolar EC apoptosis in rats,3® and to a
limited extent in mice,3® followed by the formation of complex occlusive lesions resembling the
plexiform lesions observed in patients. Complex lesions can also be seen in the MCT model
when it is combined with a left to right shunt®® or left pneumonectomy?® to induce increased
pulmonary blood flow. Inhibition of apoptosis using nonspecific caspase inhibitors (i.e., Z-VAD)
prevents the development of PH in both the SU/CH and MCT models.?® Furthermore, a
transgenic mouse model of Fas-induced EC apoptosis results in PH with dramatic pulmonary
arteriopathy and perivascular inflammation,*! supporting the critical role of EC apoptosis in the

initiation and progression of complex arterial remodeling.

However, the precise mechanisms that link EC apoptosis to complex arterial remodeling and
the development of PAH are not yet well elucidated. Endothelial injury and apoptosis can result
in a variety of direct and indirect consequences, as summarized in Table 1. An immediate

outcome of endothelial apoptosis could be the loss distal arteriolar integrity. The distal lung



arteriolar bed is unique in that it lacks smooth muscle coverage and consists largely of an

endothelial tube with scant matrix support and the occasional pericyte (Figure 1.2) and may

therefore be dependent on survival signalling through VEGFR2 and BMPR-II to maintain EC

homeostasis. The withdrawal of these signals via SU-mediated VEGF inhibition or BMPR2

mutations could lead to distal arteriolar dropout, ultimately increasing PVR, causing pulmonary

hypertension.

Table 1.1: Direct and indirect consequences of endothelial cell injury in PAH.

Direct Effects

Loss of barrier function
Increased coagulability
Arteriolar drop out

Increased immune cell trafficking

Indirect Effects

Endothelial dysfunction

Reactive EC proliferation
Emergence of apoptosis-resistant
hyperproliferative cells

Figure 1.2: Vascular remodeling in PAH.

Consequences
e Increased leakiness
e Intravascular thrombosis
e Loss of distal perfusion
e Vascular inflammation
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(A) High resolution micro-computerized tomography (HR-microCT) images of healthy (left) and
SU/CH (right) rat lungs, demonstrating significant arteriolar dropout. (B) Proposed mechanism
of endothelial cell injury resulting in dropout and loss of fragile pre-capillary arterioles.

While the histological examination of 2-dimensional lung sections is often used for quantifying
arterial remodeling in late-stage PAH including medial hypertrophy, intimal hyperplasia and
complex remodeling (i.e., plexiform lesions), this approach is not well suited for visualizing the
early changes in complex 3-dimensional architecture of the distal arteriolar pulmonary
circulation. Therefore, we have used high-resolution micro-computerized tomography (HR-
MicroCT)*? in animal models to quantify the extent of arteriolar volume loss in early stage
disease and explore the potential contribution of this loss to the onset of PAH. HR-MicroCT has
revealed >75% loss of distal arterioles in the SU/CH model of PAH as early as 4 weeks post SU
(Figure 1.2A), coinciding with marked increases in pulmonary systolic arterial pressures, but
preceding the appearance of overt occlusive arterial remodeling. Using fluorescence
microangiography coupled with immunofluorescence staining, the abrupt cut-offs in pre-
capillary arterioles could be localized to regions exhibiting a paucity of cells,*® which is
consistent with arteriolar dropout, rather than obliterative remodeling as the driver of early

stage disease development (Figure 1.2B).

1.1.3.2 Role of hemodynamic stress in perpetuating of EC injury and progression of PAH
Surprisingly, EC apoptosis is not only seen during the first days or weeks following a single
injection of SU, but may persist and even increase over a prolonged period, out to 11 weeks
into this model,* well beyond the expected pharmacological effects of this compound. Recently,

hemodynamic perturbation, in particular increased arteriolar shear stress, has been identified



as a key driver for complex arterial remodeling in the rat SU/CH model of PAH,** which may
sustain EC injury long after the initial triggering insult has worn off. Left pulmonary artery
banding (LPAB) to reduce flow in the ipsilateral lung both prevented and reversed the
formation of occlusive plexiform lesions when banding was performed either before or 5 weeks
after the induction of PAH, respectively, suggesting that occlusive arteriopathy is a
consequence, but not a cause, of the hemodynamic abnormalities responsible for early disease

progression.

This work is also consistent with the well-described role for pathological intimal shear stress in
PAH associated with congenital heart disease (CHD) and significant left to right shunting.*®
Indeed, the original description of plexiform lesions was made in patients with Eisenmenger’s
syndrome, a form of PAH in the CHD population that is pathologically indistinguishable from
idiopathic or hereditary disease.*® While early closure of left-right shunts can prevent or reverse
the PAH in these patients, the disease becomes irreversible once systemic pulmonary arterial
pressures are established, and the direction of shunting is reversed (Eisenmenger’s
physiology).*” The mechanisms underlying the transition to irreversible arterial remodeling
were recently explored in a CHD model induced by an aorto-caval anastomosis followed by
administration of MCT.*8 Single lungs from the CHD model were transplanted into normal
recipient rats at different timepoints post MCT administration to assess whether arterial
remodeling would resolve after hemodynamic unloading. Complex arterial lesions were found
to be completely reversible up to 3 weeks post MCT, whereas after this, lesions persisted or

progressed despite the exposure to normal hemodynamics. The loss of reversibility coincided
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with the appearance of vascular cell senescence markers (p16, p21) and reversibility could be
restored using a senolytic agent, strongly suggesting a role for cellular senescence in the

transition to irreversible disease.*®

1.1.4 Vascular cell proliferation in PAH — “wound healing gone awry”?

In addition to the induction of cellular senescence, failed endothelial regeneration in PAH is also
thought to lead to the emergence of the hyperproliferative, cancer-like vascular cells that drive
increased vascular resistance and late-stage disease progression by contributing to intimal
hyperplasia, occlusive arterial remodelling, and plexiform lesion formation. The ‘quasi
malignancy’ paradigm of severe pulmonary hypertension was first proposed in 2008*° based on
the remarkable similarities in cell growth dysregulation between the pulmonary ECs and SMCs
of PAH patients and malignant cells from cancerous tissues. Importantly, both cancer and the
complex arterial remodeling in PAH may arise as a result of chronic injury and failed ‘wound’
healing.>® While PAH is largely restricted to the lung vasculature, it exhibits many of the classical
hallmarks of cancer®! with the exception of tissue invasion and metastasis. Unlike the exclusive
hyperproliferation observed in other vascular cell types, such as SMCs, ECs exhibit
contemporaneously both increased apoptosis and proliferation. The link between these two
states may involve cellular senescence, which has been previously implicated in malignant
transformation,? as a potential mechanism for the emergence of apoptosis-resistant and
hyper-proliferative ECs in PAH.>3 As in cancer, there is increased expression of a wide range of
proteins involved in growth regulation, including transcription factors (PIM1, NFAT, STAT3,

FOXO01, YAP/TAZ, HIF1), survival factors (Survivin), adhesion molecules (8-catenin) and

11



regulators of DNA repair (PARP-1, BDR4).>* PAH is also linked to a shift in cellular energetics,

from oxidative metabolism to aerobic glycolysis. Although this cancer-like shift, known as the
Warburg effect, has largely been examined in pulmonary vascular SMCs,>> more recent work
has shown similar changes in vascular ECs>®>” and adventitial fibroblasts,’® suggesting a more

global shift in cellular metabolism and proliferation across cell types.

Much of the excitement for the cancer hypothesis of PAH comes from the possibility that
therapeutic interventions designed to target key pathways for cancer could be repurposed for
PAH. One of the first examples of this approach was the use of imatinib, a receptor tyrosine
kinase inhibitor targeting PDGF receptors and BCR-ABL in chronic myelogenous leukemia, that
showed promising results in randomized clinical trials of patients with PAH.>° Although the
development of imatinib stalled for a variety of reasons, both safety and commercial, the
inhibition of PDGF signaling is still an important therapeutic target and a phase 2/3 trial with an
inhaled imatinib is underway (ClinicalTrials.gov Identifier: NCT05036135). A number of other
anti-neoplastic agents are also in development for PAH, including BRD4 and PARP-1 inhibitors
(NCT03655704, NCT03782818), which have shown intriguing efficacy signals in preclinical
animal models.%%! A search of Clinicaltrials.gov revealed 17 active studies using a wide range of
antineoplastic drugs for PAH. The results of these ongoing clinical studies will be important in
validating the cancer hypothesis of PAH and determining whether targeting growth

dysregulation in the later stages of PAH will improve function and outcomes of patients.

1.1.5 Sex and the pulmonary vascular endothelium in PAH
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The fact that PAH shows a strong female predominance suggests an important role for sex
hormones in the pathogenesis of this disease. However, the link between female sex hormones
and PAH is far from clear. While females are at a greater risk of developing PAH, male PAH
patients tend to develop more severe disease and exhibit significantly shorter survival times
post-diagnosis,?®2 the so-called estrogen paradox. Similarly, postmenopausal women, who
have substantially lower levels of estrogens, have been reported to have worse outcomes than
those pre-menopause.®® This “estrogen paradox” is recapitulated in many preclinical models of
PAH, which show greater disease severity in male rats and important protective effects of
estrogen.®%®7 While it has been difficult to show a direct association between estrogen and
outcomes in PAH, a recent study found significantly higher levels of estradiol in men with PAH
compared to a large male cohort of healthy controls, whereas levels of
dehydroepiandrosterone (DHEA), a precursor in the synthesis of testosterone and estrogen,
were lower.%8 Interestingly, exogenous DHAE was also found to be protective in the SU/CH
model of severe PAH, largely by improving RV function.®® There are also a number of preclinical
and clinical studies that have implicated aberrant metabolism of estrogen in PAH. For example,
high levels of 6a-OH-E1:2-OH, an estrogen metabolite generated by metabolism of estrone (E1)
by CYP1B1, is related to PAH development in BMPR2 mutation carriers’® and CYP1B1 is
upregulated in PAH.”* In the SU/CH rat model, both CYP1A1 and the aryl hydrocarbon receptor
(AhR), an activator of this enzyme, are upregulated, and pulmonary hemodynamics are
ameliorated by inhibition of AhR.”2 Direct inhibition of CYP1A1 using tetramethoxystilbene
(TMS) also reduced PH severity in a mouse SU/CH model.”* Moreover, the McClean group

showed that the aromatase inhibitor, anastrozole, which inhibits endogenous estrogen
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production, attenuated PH development, but only in female animals, in two rodent models.”? In
a small randomized clinical trial, anastrozole significantly reduced estradiol plasma levels in
patients with PAH’# and, while it failed to improve right ventricular function, a small
improvement in walking distance was observed and a larger study is now underway

(NCT03229499).

We studied the importance of female sex hormones to the penetrance of PAH in a unique
colony of Sprague-Dawley rats that develop severe PAH in response to SU alone, without the
need for hypoxia.”® This model exhibits an ‘all or none’ bimodal response to SU, with ~70% of
males and ~30% females developing a severe PAH phenotype. This distribution mimics the
incomplete penetrance seen in BMPR2 mutation carriers, although with reversed sex-
dependence. Removal of female sex hormones by ovariectomy increased the penetrance of the
PAH phenotype in female rats to levels equivalent to males, whereas exogenous estrogen
administration eliminated PAH in both sexes in this model.®* We proposed that the cyclical
withdrawal of protective effects of estrogen at the end of the estrus cycle could create a
window of vulnerability for the fragile lung distal arteriolar bed and a greater opportunity for
injurious triggers to initiate EC apoptosis in women. In contrast, the more constant levels of sex
hormones in men reduce this risk, but once PAH has been triggered, lower estrogen levels may
contribute greater progression, providing an explanation for the estrogen paradox. However,
this paradigm would not account for the higher estrogen levels in men with PAH compared with
controls, as discussed above.®® Therefore, there are still many questions that need answers

about the role estrogens in both the initiation and progression of PAH.
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1.1.6 Immune dysfunction in PAH

Immune dysfunction and chronic inflammation are also well-recognized features of PAH.
Disease prevalence is significantly elevated in the setting of autoimmune conditions, such as
autoimmune thyroid disease, scleroderma and lupus, and chronic viral infections, like HIV.7¢77
Even IPAH patients with no associated immune conditions exhibit signs of altered immune
function, including elevated levels of circulating inflammatory cytokines,”® pathological
autoantibodies,’”® and ectopic lymphoid neogenesis.®° Perivascular inflammation, defined by the
accumulation of adventitial fibroblasts, altered macrophage polarization,®! and the recruitment
of monocytes/macrophage-derived fibrocytes, have also been linked to the progression of
disease.?? Here, we will focus more on the role of endothelial inflammation in vascular

remodeling.

1.1.6.1 Elevated TGF8 signaling as a driver of endothelial inflammation and vascular remodeling
The inflammatory phenotype of PAH has been linked to the genetic underpinnings of the
disease in the form of imbalanced signaling via the TGFB/Activin/BMP superfamily (Figure 1.3).
In PAH patients and animal models, impaired BMPR-II signaling via Smad1/5/9 (Figure 1.1) is
often accompanied by elevated TGFB and Activin signaling through Smad2/3.238384 Mice
bearing a dominant negative form of Tgfbr2, the gene encoding the type-1l TGFE receptor
(TGFBR-II), are protected in the chronic hypoxia model of PH® and approaches that block TGFB
or Activin signaling, using either small molecule inhibitors or ligand traps, prevent or reverse

pulmonary hypertension in a variety of rodent models.?38%87 This link between BMPR-II loss,
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elevated TGFB and pulmonary endothelial dysfunction was recently highlighted in rats bearing a
phenotypically silent heterozygous deletion of BMPR2, which develop PH in response to
endothelial inflammation induced by 5-lipoxygenase overexpression.® Neointimal remodeling
in these animals is secondary to increased leukotriene B4 production and is marked by
endothelial to mesenchymal transformation. Importantly, antagonizing TGF reversed this
vasculopathy in BMPR2 mutant rats, highlighting the central role for imbalanced TGFj
superfamily signaling in endothelial dysfunction and inflammatory vascular remodeling. As
detailed above, rebalancing of the BMP-TGFB/Activin pathways as a therapeutic strategy for
PAH has received strong support from the recent PULSAR clinical trial of Sotatercept, which
resulted in hemodynamic improvement, increased function and reduced levels of the

biomarker, NT-proBNP.2* A phase 3 clinical trial of Sotatarcept is ongoing (NCT04576988).
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Figure 1.3: Proposed actions of elevated TGF signaling in PAH.

Elevated TGFpB, coupled with BMPR-II loss and inflammatory factors like leukotriene B4 (LTB4)
can drive endothelial inflammation, proliferation and EndoMT. TGF can also perpetuate Th17-
driven immune responses in combination with IL-6 and drives the conversion of circulating NK
cells to a poorly cytotoxic, uterine-like phenotype with the capacity to influence vascular
remodeling.

TGFp can also work in concert with inflammatory cytokines like IL-6 to divert the TGFf3-

mediated differentiation of immunosuppressive regulatory T cells (Tregs) towards a pro-
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inflammatory Th17 fate,3%°° and can drive the conversion of innate lymphocytes, such as natural
killer (NK) cells, towards a tissue-resident phenotype with a capacity to potentiate disordered
vascularization.’>°? Although an angiogenic role for NK cells in vascular remodeling was
originally thought to be an exclusive feature of specialized uterine NK cells during pregnancy,
recent studies have identified a role for microenvironmental cues, like TGFf and hypoxia, in the
ectopic activation of a uterine NK program in the vascularization of solid tumors.%4%°
Importantly, NK cells from PAH patients exhibit signs of this angiogenic programming®® and
work in rodent models has identified spontaneous PAH in mice lacking NK cells or NK cell
activating receptors,®’ a role for NK cells in the mechanism of action of experimental PAH
therapies,®®° and a potential contribution of NK cell deficiency to right ventricular remodeling
and failure in SU/CH rats.1 Given the established links between PAH and cancer, as well as the
recent appreciation for the potential contribution of senescent cells to disease pathogenesis,
immunotherapies that target altered endothelial-immune interactions and enhance the anti-

cancer and anti-senescent actions of NK cells may also merit investigation.

1.1.7 The past, present and future of PAH research

While great strides have been made in deciphering the complex pathobiology of PAH, especially
over the last few decades, there is still much more that needs to be done. The pulmonary
vascular endothelium has emerged as a critical driver in the initiation and progression of PAH;
however, there are many paradoxes that are not well understood. While EC apoptosis is
generally accepted as a central trigger for the development of this disease, it is also well

established that EC hyper-proliferation and apoptosis resistance is a major mechanism in
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complex vascular remodeling. Female sex and sex hormones certainly have important
influences, but it is still not clear by what mechanisms or even whether estrogens are beneficial
or deleterious (or both depending on the context). The discovery of the genetic basis for
hereditary PAH has been a major advance, particularly the most common mutations in Bmpr2,
but there is still some uncertainty regarding the role of BMP9, the major agonist, in either
protecting or promoting underlining vascular changes in this disease. In the brief review, we
have tried to succinctly summarize some new insights into the endothelial pathobiology of PAH
and some of its complexities. However, our understanding is increasing exponentially as the
PAH research community grows and new technologies become available. For example, the
recent development of technologies that can probe molecular correlates of PAH at a single cell
level*®! will allow for a more holistic view of cell-cell interactions in health and disease.1027104
These technologies will no doubt expand our understanding of interactions between the
pulmonary endothelium and other vascular cell types, as well as endothelial-immune
interactions, and hopefully provide the answers to some of the questions raised in this review.
Future work will rely heavily on these advanced technologies, both in the discovery of new

disease mechanisms and the assessment and translation of novel therapeutics.
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1.2 Rodent models of PAH

Animal models are an essential tool to investigate PAH. While no model fully recapitulates the
human disease, they provide both an opportunity to learn about disease progression and to
test novel therapeutics. There are many available animal models of PAH, each with different

utility depending on the research questions to be addressed.

1.2.1 Sugen — chronic hypoxia model

Initially developed in the early 2000’s, the rat Sugen (SU) — chronic hypoxia (SU/CH) model
combines a single subcutaneous injection of the vascular endothelial growth factor receptor 2
(VEGFR2) antagonist, SU5416, with exposure to hypoxia (10% oxygen) for three weeks to
produce a severe model of PAH.3¢ Subsequently, the SU/CH model was shown to be progressive
upon return to normoxia, and able to recapitulate the formation complex plexiform lesions that
are considered a hallmark of the human disease.'% Interestingly, applying this same strategy to
mice does not produce the same result; while weekly doses of SU led to elevated RVSP while
animals were in CH, this effect was lost after removal to normoxia.t% Thus, there are species
specific differences in the response to SU/CH, where rats produce a more roboust model of PH
then mice. Although these models require the use of hypoxia chambers to control oxygen
levels, they are well tolerated with low mortality and the rat SU/CH is widely considered a gold

standard because it produces lung vascular pathology that is similar to the human disease.

1.2.2 Monocrotaline model

19



Monocrotaline (MCT) is a plant derived pyrrolizidine alkaloid (PA). MCT is activated in the liver
dependent on cytochrome P-450, producing reactive pyrrole metabolite dehydromonocrotaline
(MCTP) which is an endothelial toxin.” In rats, a single intraperitoneal injection of MCT leads to
a severe and progressive model of PAH within several weeks.?” While the MCT model produces
some of the expected pulmonary vascular remodelling, elevated pulmonary artery pressures,
and right heart hypertrophy, this model on its own does not recapitulate the complex vascular
lesions associated with the human disease.'%® However, it can be combined with a second hit
from chronic hypoxia (CH),1% left pneumonectomy,®° or aortocaval shunt?? to produce a more
severe disease including these hallmark features; yet, the technical skills required for these
complex surgical models limit their widespread utility. Additionally, the MCT model is often
characterized by marked inflammation in the lungs, and accompanying off target damage to the
liver, kidney, and heart.1%’ Interestingly, attempts to produce an MCT mouse model have been
unsuccessful, which may relate to a difference in the mouse’s metabolism of MCT. However, a
single dose of MCT produced symptoms in line with acute lung injury in mice within 7-10 days.?’
The single hit MCT model is commonly used to test therapeutic agents due to its relatively short
development, yet its mechanisms of onset and off-target effects make it an imperfect model for

studying some aspects of PH progression.

1.2.3 Chronic hypoxia model
Chronic hypoxia (CH) is used to induce a model of PH in mice and rats. Typically, animals are
placed in hypoxic chambers at 10% oxygen for at 3-5 weeks.!!! The CH model produces some of

the features of PH, primarily pulmonary artery muscularization due to, smooth muscle cell
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hypertrophy and proliferation, and right ventricular remodelling, but these changes are
reversible upon return to normoxia.!'? Interestingly, the CH model produces more severe
effects in rats then in mice, whereas mice develop a very mild PH phenotype.!!! CH model
provides an opportunity to study some aspects of PH, and it is useful to study PH induced by
hypoxia (i.e. group 3 PH), but it is not a model of PAH (group 1 PH) and does not reproduce the

characteristic pathological features of PAH making it a poor model for this human disease.

1.2.4 Genetic models of pulmonary hypertension

Transgenic animal models provide the opportunity to address the role of specific genes in the
development of PAH. These genetic manipulations are commonly performed in mice, and often
coupled with the CH model as a second hit in an attempt to reproduce the development of
PAH.13 The most widely studied genetic manipulations are BMPR2 knockouts, since mutations
in BMPR2 are strongly implicated in hereditary PAH.8 The series of BMPR2 related animal
models are well summarized in the review by Boucherat et al., demonstrating a second hit is
still required for more complete penetrance of PH.1% Additionally, a number of other genes
implicated in PH have been studied using transgenic models including ALK1, ENG (endoglin),
CAV-1 (caveolin-1), PPAR-y, IL-6, and Kcnk-3, demonstrating roles for these genes in PH
progression.1% In particular the prolyl-4 hydroxlyase-2 (PHD2) knockout mouse model*** and
the IL-6 overexpression model'*> have best reproduced the complex arteriopathy of PAH. These
transgenic models can provide valuable insights into genetic factors associated with PH and
serve as validation for role of suspected genetic mutations. Yet, they need to be used in concert

with other general models to truly appreciate the intricacies of PAH progression.
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1.3 Single cell transcriptomics

In recent years, new technological advances have made it possible to perform transcriptomic
analyses at a single cell level. While traditional bulk RNA sequencing methodologies still provide
important insights into transcriptomic changes at the tissue level, these methodologies lack the
resolution to interrogate the cellular heterogeneity within an organ or biological system.!® The
advances made using single cell RNA sequencing (scRNA-seq) have aided in our understanding
of the complexity of organs, and tissues at the single cell level during both healthy and disease
conditions.’” Commercially available equipment is now readily accessible from many
companies, including 10x Genomics, to streamline the sample preparation and analysis process.
Availability and access to local core facilities, such as StemCore laboratories and the OHRI
bioinformatics core, allow researchers to rapidly adopt and apply these methods to their
studies. Additionally, spatial transcriptomic technologies represent another tool that can
provide important anatomical information about the spatial localization of various cell
populations identified by single cell transcriptomics analyses to gain even deeper insights into

disease.

1.3.1 Pulmonary hypertension and single cell transcriptomics

Single cell transcriptomics has aided in our understanding of both lung biology and pulmonary
disease etiology. Whole lung cell atlases have been developed,!!® as well as, atlases of specific
cell types, including endothelial cells.1°%!19 Furthermore, combining single cell transcriptomic

data with high resolution spatial biological interrogation, has given us new insights into the
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unique capillary populations within the lung: notably the alveolar capillary (aCap) ECs, or
aerocytes, which represent the structural vascular component of the air-blood barrier involved
in gas exchange, and the general capillary or gCap ECs, which are less specialized but play an
important role in repair following microvascular injury.102120 Single cell transcriptomics has also
been applied to the study of PAH to gain new insights into the disease; however, most of these
studies have focused on end stage disease. One study comparing the MCT and SU/CH models
with healthy controls used computational approaches to identify new potential druggable
targets.19% Another study has suggested a role for proinflammatory ECs in PH associated
remodeling.??! This approach has also been applied to human disease, but is often limited by
the availability of donor tissue, for example in isolated pulmonary arteries from control and
PAH lung donors, a skewed cellular communication within PAH arteries was demonstrated,
which is implicated in arterial muscularization.?2 While these studies all provide valuable
insights into PAH, they have yet to take advantage of consecutive sampling during disease
progression to better understand pathogenesis, an approach we have successfully employed in

a mouse model of endothelial ablation and regeneration.12°

1.4 Regenerative medicine, stem cells and extracellular vesicles

Over the last several decades, regenerative medicine has been pushing the boundaries of what
may be possible for the treatment of chronic diseases and severe organ or tissue damage.
Advances in the fields of stem cell biology, tissue engineering, extracellular vesicles (EVs) and
biomaterials have expanded the opportunities to directly repair and regenerate damaged

organs, in particular for cardiovascular disease. In part this work will focus on the application of
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stem cells and stem cell derived EVs with the use of biomaterials to enhance their potential as a
therapy for PAH since stem and progenitor cells and their derived EVs have potential

regenerative properties through stimulating angiogenic responses, or immunomodulation.

1.4.1 Endothelial Progenitor Cells

The term endothelial progenitor cells (EPCs) refers to a highly heterogeneous collection of
highly pro-angiogenic cells, only some of which have the potential to differentiate into
endothelial cells and form new blood vessels.!?3 EPCs can be isolated from the circulating blood
through culture of mononuclear cells on a suitable matrix (i.e., fibronectin or collagen) in the
presence of endothelial growth factors and have been typically classified as ‘early’ or ‘late-’
EPCs based on the timing of their appearance during in vitro culture. Early-EPCs appear with the
first week of culture and retain many characteristics of mononuclear cells with variable
endothelial gene expression. However, they are highly pro-angiogenic mononuclear cells whose
therapeutic potential is primarily through paracrine mechanisms.1?* Late EPCs appear only after
2 weeks of culture and are highly proliferative cells with a strong endothelial phenotype,
sometimes referred to as endothelial colony forming cells (ECFCs).12>126 Both EPC sub-types
have been used to treat a variety of disease models including PAH. Previous work from our lab
has demonstrated the regenerative efficacy of early EPCs to both prevent and reverse severe
PAH, which can be enhanced by eNOS-transfection.'?’ Late EPCs or ECFCs have been used to
treat ischemic hind limbs models, demonstrating their angiogenic potential;*?® however,

attempts to treat PAH with ECFCs have not been successful %812
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1.4.2 Mesenchymal Stromal Cells

The therapeutic potential of mesenchymal stromal cells (MSCs) has been studied for a wide
array of diseases. MSCs are multipotent adult progenitor cells, which have tri-lineage potential
to form cartilage, bone, and adipose tissue.’*® These cells have been identified, isolated, and
cultured from multiple sources including bone marrow, adipose tissue, and umbilical cords with
source dependent differences in their therapeutic potential.13%132 |n addition to their
differentiation potential, MSCs are known to contribute to angiogenic remodeling and vascular
repair. Their major role in regeneration is hypothesized to be through paracrine mechanisms,
such as immune modulation.!33 Due to their highly angiogenic, immune-modulatory nature,
MSCs have been judiciously studied in pre-clinical models, and have begun clinical translational
for cardiovascular disease. Through systematic review and meta-analysis of these trials, there is
evidence of modest therapeutic improvements for cardiovascular diseases such as myocardial
infarction.'34 Furthermore, MSCs have been assessed for treatment of PAH with some evidence
of reduced inflammation and improved right ventricular systolic pressure.!3> We are interested
in the application of MSC-EVs as a cell free therapeutic by harnessing the paracrine mediated

effects of the EVs. MSC derived EVs have been used to treat many cardiovascular diseases in

136 137

pre-clinic models of myocardial infarction,!3® stroke,'3” and ischemic hind limb injury.3®
Additionally, MSC derived EVs were also demonstrated to have potential therapeutic
implications as observed in a mouse model of chronic hypoxic-induced PH,**° and in rat models

of PAH.140

1.4.3 Extracellular vesicles
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In recent years there has been growing interest in the role of EVs in disease progression and
regeneration. EVs are small membrane-bound particles which are released by cells and play an
important role in cell-cell communication. EVs include apoptotic bodies, microvesicles and
exosomes which are stratified based on size from largest to smallest, respectively, but each has
unique biogenesis.'*! Apoptotic bodies are produced by membrane blebbing from cells
undergoing apoptosis and represent a broad range in EV sizes. Microvesicles are also produced
through outward membrane blebbing (ectocytosis) and can range greatly in size from 20-
1000nm. In contrast, exosomes are produced through the endosomal system and released by
exocytosis, representing the smallest fraction of EVs.'#! These EVs can contain microRNA,
MRNA, and proteins derived from their cell of origin, and reflective of the current cell state. Yet,
the overlap in size ranges makes physical separation based on unique biogenesis currently not
feasible. The International Society of EV’s recent position paper suggested new terminology can
be based on size (composition, or cell of origin) rather than biogenesis to avoid confusion, e.g.,
small EVs (sEV), less than 150nm in size to replace the previous designation of exosomes.}*2 EVs
can be isolated from cell conditioned media and are shown to play a role in mediating the
paracrine activities of therapeutic cells. Endothelial colony forming cell (ECFC) derived EVs were

143

protective in kidney ischemia reperfusion injury,** and MSC derived-EVs have been used as a

therapy for bronchopulmonary dysplasia'* and PAH.1#° Clearly, stem cell derived EVs can play

an important role in tissue regeneration.

1.4.4 Extracellular vesicles biodistribution
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A challenge when delivering nano-sized particles, such as sEVs, is their rapid distribution
throughout the systemic circulation; the primary outcome is rapid clearance in the liver, kidney,
spleen, or less so the lungs.?*>14® Pharmcokinetic studies have demonstrated that EVs are
cleared from the circulation within minutes of delivery.'*’ Interestingly, there appears to be
differences in EV accumulation based on the cell source, isolation conditions, and disease state.
While many cell sources result in EV accumulation within the liver and spleen,*® breast cancer
derived EVs were found to rapidly redistribute to the liver and lungs, with certain cell lines
yielding increased EV accumulation in the lungs.}*® Pretreatment to modify the surface
glycosylation of mouse liver derived EVs was used to promote EV targeting to organs other than
the liver.r® Vinas et al. demonstrated the difference in EV biodistribution during disease state,
showing increased EV accumulation in the kidney following ischemia reperfusion injury
compared to a sham surgery.?>! Clearly, there are a number of factors to consider when
attempting to deliver EVs to injured lungs, including biomaterials which our lab has previously

studied for delivery of cell therapy products.>?

1.5 Biomaterials and cell therapy

Biomaterials integrate well with the field of stem cell biology offering a wide range of
possibilities to develop synergistic interactions between cells and materials, thereby
recapitulating aspects of the native extra-cellular matrix (ECM) of these cells. Both naturally
derived hydrogels and synthetic polymers can be used as biomaterials for 2D or 3D cell
culture.!>3 Additionally, biomaterials can be used as a vehicle for transplantation of cells, this

could include bulk or micro encapsulation strategies.'> Previously, our lab has utilized an
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agarose hydrogel to singly encapsulate MSCs as a method of improving their survival and
retention post transplantation in a mouse hind limb.1>? Agarose is a naturally derived thermally
gelling polymer. Using ultra low gelling agarose, a liquid suspension can be maintained above
30°C, which rapidly gels when cooled to form a hydrogel.'>* The thermal gelation makes
agarose useful for encapsulation of cells and subsequent transplantation experiments.'> Yet,
other biomaterials or combinations may offer improved microgel properties for controlled cell
or EV release in vivo. Collagen is one of the most abundant natural ECM proteins and provides
many sites for cellular adhesion.!> Alternatively, gelatin is hydrolyzed collagen and can be
exposed to a wider array of temperatures than collagen, while still being suitable for cell
adhesion and maintains the ability to form a hydrogel. To a limited extent agarose-gelatin
combinations have been shown as a cell friendly, degradable matrix in vitro for human umbilical

vein endothelial cells (HUVECs), and fibroblasts.1>®

1.5.1 Microencapsulation

The original microencapsulation method in our lab uses a vortex to create an emulsion of
hydrogel + cell droplets while suspended in 0il.1>2 This simple ‘vortex-emulsion’ method
produces a heterogeneous population of microgels but is rapid and yields sufficient quantities
of cell or EV-loaded microgels for in vivo experiments. Technologies have been developed that
provide more control over the encapsulation process producing a more homogenous microgel

156 and microfluidics encapsulation.'>” Of particular

product, including air-jet encapsulation,
interest, microfluidics encapsulation uses pressure driven flow through microfluidic channels to

cause droplet formation of an aqueous phase within an oil phase producing uniform microgel
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droplets.t>81%° Both, vortex-emulsion and microfluidic encapsulation strategies are viable

options to produce encapsulated cell or EV products.

1.5.2 Microencapsulation and cell therapy

Microencapsulation has been demonstrated to enhance the efficacy of some cell therapies, by
increasing cell retention. Agarose encapsulated explant derived cardiac cells (EDCs) have been
used to increase the retention of the EDCs within the heart and provide enhanced therapeutic
effects over EDCs in suspension.16%161 Alternatively, a conformal alginate coating to
microencapsulate MSCs has demonstrated increased retention, and paracrine secretions of
microencapsulated MSCs compared to non-encapsulated or bulk encapsulated MSCs.?>” We
plan to apply principles learned from such studies for EV microencapsulation. Recently, bulk
alginate encapsulated EVs were used as a treatment for myocardial infarction in a rat model,
demonstrating the biomaterial potential to enhance local EV retention.®? In this work, we will
further assess the value of microencapsulation to provide an efficient delivery vehicle for stem

cells or EVs to the lung.

1.6 Objectives and Hypotheses

While we have gained significant insights into the pathogenesis of PAH, aiding in the refinement
of treatment approaches; the exact steps in progression remain poorly defined. Furthermore,
while regenerative stem cell and EVs treatments have shown some evidence of therapeutic
potential in pre-clinical models of PAH, improvements in the delivery of therapeutics may

enhance these benefits. Thus, the overall objective of this work is to both characterize the

29



progression and pathogenesis of PAH using animal models and refine therapeutic strategies to

treat and regenerate this disease.

Manuscript 1: Emergence of disease specific endothelial and stromal cell populations involved in
arterial remodeling during development of pulmonary arterial hypertension

Despite advances in our understanding, the pathogenesis and progression of PAH remains
incompletely understood. Recent advances in scRNA-seq have provided opportunities to
understand disease heterogeneity at a single cell level. While several studies have employed
this technology in PAH,0412! their focus has largely been on the end stage of disease.
Objective: We sought to use scRNA-seq to study serial timepoints during the development of
the SU/CH model of PAH, to gain deeper insights into mechanisms responsible for the onset
(early timepoints) and progression (later timepoints) of disease.

Hypothesis: We hypothesize that early transcriptomic changes in vascular and inflammatory
cells during SU/CH progression will provide new insights into the mechanisms of initiation of
PAH whereas later changes, particularly in arteriolar EC and stromal cell populations, would
reveal mechanisms underlying to arterial remodeling and progression of disease, as well as

providing novel therapeutic targets.

Manuscript 2: Single-cell microencapsulation improves lung retention of endothelial colony

forming cells after intravascular delivery and unmasks therapeutic benefit in severe pulmonary

arterial hypertension
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Objective: To evaluate the ability of encapsulation of ECFCs into microgels to increase their
retention and engraftment within the lungs, improve regeneration of damaged vasculature and
reduce the PH severity.

Hypothesis: We hypothesize that ECFC-loaded microgels will have significantly increased
retention within the lung, as measured by bioluminescent imaging and histology, and lead to
increased therapeutic efficacy in disease models of PAH, as assessed by improvements in right
ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH), and regeneration

of lung arterial vasculature.

Manuscript 3: Targeting extracellular vesicles to the lungs by microencapsulation

sEVs derived from MSCs and EPCs have been demonstrated to have therapeutic potential as a
“cell free” therapeutic. However, large numbers of these EVs may be necessary when
administering them systemically since the vast majority of EVs are cleared by the liver and
spleen with limited local uptake by other organs.1#¢ By incorporating EVs into microgels, the EVs
can be retained within the lungs, and with proper microgel design, they will be released into
the local environment to facilitate tissue repair, specifically in the context of PAH.

Objective: To investigate the therapeutic potential of MSC derived small EVs, and explore
microencapsulation as a novel delivery method for enhancing local retention in the lung.
Hypothesis: We hypothesize that EV-loaded microgels will increase EV retention locally within
the lungs, and improve their efficacy for the treatment of PAH, specifically by inducing

regeneration of damaged lung arterial vasculature.
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2.1 Abstract

Pulmonary arterial hypertension (PAH) is a severe and lethal pulmonary vascular disease
characterized by arteriolar pruning and occlusive vascular remodeling leading to increased
pulmonary vascular resistance and eventually right heart failure. While endothelial cell (EC)
injury and apoptosis are known triggers for this disease, the mechanisms by which they lead to
complex arterial remodeling remain obscure. We employed multiplexed single-cell RNA
sequencing (scRNA-seq) at multiple timepoints during the onset and progression of disease in a
model of severe PAH to identify mechanisms involved in the development of occlusive arterial
lesions. There was significant loss of arterial volume as early as 1-week by microCT, preceding
any evidence of occlusive arteriopathy, consistent with early arteriolar dropout. Maximal
arterial pruning was seen by 5 to 8 weeks, with signs of progressive occlusive remodeling.
Analysis of the scRNA-seq data resolved 44 lung cell populations, with widespread early
transcriptomic changes at 1 week affecting endothelial, stromal and immune cell populations.
Notably, this included emergence of a relatively dedifferentiated (dD) EC population that was
enriched for Cd74 expression compared to general capillary (gCap) ECs which were primed to
undergo endothelial-mesenchymal transition, as evidenced by RNA velocity analysis. However,
at late timepoints (5 and 8 weeks), activated arterial ECs (aAECs) were the only cell population
exhibiting persistent differential gene expression. This was characterized by a growth regulated
state, including high expression of Tm4sf1, a gene implicated in cancer cell growth, which was
also expressed by a smooth muscle (SM)-like pericyte cluster. Both these populations were
localized to regions of arterial remodeling in the rat model and PAH patients, with aAECs

contributing to intimal occlusive lesions and SM-like pericytes forming bands of medial
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muscularization. Together these findings implicate disease-specific vascular cells in PAH

progression and suggest that TM4SF1 may be a novel therapeutic target for arterial remodeling.

Keywords: Pulmonary arterial hypertension; Endothelial cells; Pericytes; Vascular remodeling
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2.2 Introduction

Pulmonary arterial hypertension (PAH) is a severe and lethal disease defined hemodynamically
by a mean pulmonary artery pressure > 20mmHg, pulmonary wedge pressure < 15mmHg and
pulmonary vascular resistance > 3 woods units.! While the pathobiology of PAH is incompletely
understood, endothelial cell (EC) dysfunction has long been recognized to contribute to
increased vascular tone and remodeling.'®® More recently, EC injury and apoptosis has been

164 and underlying mutations in BMPR2,

recognized as a central trigger for initiation of disease,
which represent the most common cause of hereditary PAH,® have been shown to increase
susceptibility of ECs to injury and apoptosis.®®> However, it is still uncertain how EC apoptosis
leads to loss of vasculature and the development of complex arterial remodeling, i.e. plexiform
lesions,*®* which is a hallmark feature of advanced PAH. It has been reported that perturbed
pulmonary hemodynamics are necessary for the development of occlusive arterial

remodeling,* possibly as a result of increased intimal shear stress within the lung arteriolar bed

which could contribute to ongoing endothelial injury.

We have suggested that there are distinct phases during the development of PAH;% the first
representing the initial response to the triggering injury, which is followed by the progressive
damage and loss of precapillary arterioles progressing to complex arterial remodeling at later
stages of disease, largely driven by hemodynamic consequences of arteriolar pruning. Single-
cell transcriptomics is a powerful tool that can elucidate the transcriptional changes underlying
the onset and progression of disease at the resolution of individual cells, thereby providing new

insights into the mechanisms driving the functional and structural vascular abnormalities of
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PAH. Single-cell RNA sequencing (scRNA-seq) has been widely employed to better characterize
lung cell populations under homeostatic conditions,'°%1%3 and in various disease states.!8166
Several studies have recently employed scRNA-seq to characterize the advanced stage in
several PAH experimental models. 104121122167 However, all of these studies have been limited
by primarily focusing on established disease, whereas the mechanisms leading to the
development of PAH may be quite different in the early stages. Multiplexed scRNA-seq analysis
can increase the number of samples analyzed at one time, making it feasible to study multiple

timepoints with increased biological replicates by reducing costs.1%8

Therefore, we sought to employ multiplexed scRNA-seq to map out the temporal changes in
transcriptomic profiles and cell populations during the full course of PAH onset and progression
in the SU5416-Chronic Hypoxia (SU/CH) rat model, focusing mainly on the vascular cell
populations. We were able to identify two main phases of disease progression characterized in
the early stages (i.e., 1 week post SU) by widespread changes in endothelial, stromal, and
immune cell populations, and the emergence of a dedifferentiated capillary (dCap) cluster,
which may be undergoing endothelial to mesenchymal transition (EndoMT) based on RNA
velocity analysis. At later stages of disease (i.e., 5 and 8 weeks), there was a remarkable
normalization of global transcriptional activity in most lung cell populations, with the notable
exception of the activated arterial ECs (aAECs), which would be most affected by perturbed
lung hemodynamics, and these continued to exhibit persistent and robust changes in gene

expression. Interestingly, these cells were highly localized to regions of complex arteriolar
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remodeling, along with the smooth muscle (SM)-like pericytes, both expressing Tm4sf1, a

marker previously implicated in cancer biology.

2.3 Methods

2.3.1 Sugen — chronic hypoxia model of PAH

All animal experiments were approved by the University of Ottawa Animal Care Committee and
conducted according to the guidelines from the Canadian Council for Animal Care. Male
Sprague Dawley (SD) rats (6-10 weeks old) were administered with a single dose of Sugen 5416
(SU) (20mg/kg, Tocris) delivered in CMC vehicle (as previously described)3® or DMSO and placed
in hypoxia chambers (10% O,, Biospherix) for three weeks, followed by 5 weeks of normoxia.
Animals at baseline, 1, 3, 5, and 8-weeks (Figure 2.1A) were anaesthetized by an i.p. injection of
ketamine (100 mg/kg) and xyalzine (10 mg/kg) and right ventricular systolic pressure (RVSP)
was measured as previously described.'®® Lungs were either isolated for tissue digestion
(described below) or formalin fixed and paraffin embedded for subsequent histological analysis.
The heart was excised and right ventricular hypertrophy (RVH) was assessed by the ratio of

right ventricle (RV) to the left ventricle plus septum (LV+S), as previously described.!®

2.3.2 Sample preparation for micro-computed tomography (microCT)

Lungs were prepared for microCT, as previously described.*? In brief, animals were thoroughly
perfused with heparinized saline (LEO Pharma Inc.) through the jugular vein with a closed chest
and mechanical ventilation, using pressure matching the measured RVSP. Subsequently, chests

were opened, and an additional perfusion of heparinized saline cleared residual blood from the
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lungs. Barium — gelatin mix (E-Z-EM Canada Inc; Sigma-Aldrich) was perfused until consistent
pressure matching RVSP was obtained. Lungs were cooled to 4°C and inflated with formalin
through the trachea. Lung samples were stored at 4°C in formalin for 2 days, washed with PBS,
and stored in ethanol until images were acquired with desktop microCT (SkyScan 1272, Bruker
microCT). Image analysis was performed with CTAn software (Bruker microCT), and CTVox

software (Bruker microCT).

2.3.3 H&E staining and vascular occlusion scoring

Hematoxylin and eosin (H&E) staining was performed on paraffin sections. Sections (5um thick)
were deparaffinized and rehydrated as previously described using a series of xylene, ethanol,
and water washes. Sections were stained with hematoxylin for up to 8 min and washed with
water. Then incubated in Scott’s solution for 2 min, washed and soaked in eosin stain for 3 min.
Slides were washed in water, and then dehydrated in a reverse series of ethanol and xylene
rinses. Slides were mounted with Cytoseal XYL media (Thomas Scientific) and left to dry
overnight. Slides were scanned with Panoramic Desk (3D Histech, Budapest, Hungary) and

analyzed with CaseViewer (3D Histech).

2.3.4 Lung digestion and single cell preparation

Lung digestion was performed in a similar manner as previously described.'?° In brief, animals
were perfused with 20ml of 0.9% saline containing 25U/ml heparin (LEO Pharm Inc.) through
the right ventricle, to drain the blood from the lungs. Lung tissue was isolated, minced with

scissors and placed in Hank’s Balanced Salt Solution (HBSS, Gibco) on ice. Enzymatic digestion
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was performed with 2500U Collagenase (Worthington), 30U Neutral Protease (Worthington),
and 165U DNase | (Sigma Aldrich) in HBSS, samples were loaded into gentleMACS C tubes
(Milltenyi Biotec), and placed on the OctoMACS dissociators (Milltenyi Biotec) using program
37C_LDK_m_1 for ~30min. Samples were immediately placed on ice, filtered through 70um cell
strainers (Falcon), and washed with phosphate buffered saline (PBS, Gibco) with 2mM EDTA
(ThermoFischer Scientific) and 0.5% bovine serum albumin (BSA, Wisent) (PEB). Dissociated cell
samples were spun at 400g for 5min at 4°C and washed again. Samples were incubated in 1x
red blood cell lysis (eBioscience) for 3min, diluted with PEB, and filtered again through 70um
cell strainers (Milltenyi Biotec). Cells were washed, as above and counted with Trypan Blue

(ThermoFisher Scientific) on a Cell Drop BF (DeNovix).

2.3.5 Multiplex single cell sample processing

Individual biological samples were barcoded using the MULTI-seq protocol described by
McGinnis et al.'®® In brief, single cells were incubated with 1:1 molar ratio of anchor: unique
barcode oligonucleotide sequence for 10 min at room temperature with gentle mixing.
Followed by addition of the co-anchor to stabilize barcodes within membranes which was
incubated for 5min on ice. Barcoded cells were washed in PBS, counted as above, and pooled at
an equal ratio of cells per biological replicates. Samples with viability > 80% were sent for
further processing. Pooled samples were processed using 10x Genomics Chromium (10x

Genomics).

2.3.6 Processing of single cell RNA sequencing libraries
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RNA library construction was performed using 10x Genomics Single Cell 3" RNA sequencing kit
as previously described.?° This experiment was performed with unique biological replicates on
different dates, and data was later merged. Libraries were created and sequenced with
NextSeq500 (lllumina) for an estimated 37554 cells with 21879 mean reads per cell, 2372
median UMI per cell, and 1118 median genes per cell (first experiment) and 35546 cells with
22322 mean reads per cell, 3152 median UMI per cell, and 1370 median genes per cell
(experiment repeat). CellRanger (10x Genomics, version 6.1.2) was used to process raw
sequencing reads using the Ensembl104 rat transcriptome annotations with additional inclusion

of Pecam.

2.3.7 Quality control and single cell data analysis
Filtered feature barcode matrices were imported into R package Seurat

ps://gIthupb.com/satijalab/seura or su sequen ana ySIS. uall ycon rol was per orme
(https://github /satijalab/ t) f b t lysis.1’% Qualit trol f d

within Seurat to remove cells with >30% mitochondrial transcripts and cells with low complexity
(<200 detected genes). Barcodes were demultiplexed using a manual threshold method

outlined within the deMULTIplex R package (https://github.com/chris-mcginnis-ucsf/MULTI-

seq).1%® Cells with multiple barcodes (doublets) or with no identifiable barcodes were removed
from analysis. An additional round of doublet removal was performed with scDblFinder

(https://github.com/plger/scDblFinder).}’! A total of 23,122 cells from experiment 1 and 26,611

cells from experiment 2 were retained. Data was merged into a single Seurat object for
downstream analysis. To ensure that clustering would not be impacted by batch effects or

biological variability we used the integration method implemented by Seurat v3. We integrated
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based on biological replicates using the SCT method to regress out cell cycle and mitochondrial
associated genes prior to calculation of principal component analysis (PCA) and uniform
manifold approximation projection (UMAP). Cell clusters were characterized by assessment of
cell-specific genes and comparison with cell classification tool Single Cell Net.'’2 Cell
prioritization was performed with the R package Augur

(https://github.com/neurorestore/Augur) to identify populations that were most affected by

PAH.173

Clusters corresponding to endothelial, stromal, immune, and epithelial cells were identified by
Cldn5, Collal, Ptprc, and Epcam. These populations were re-clustered using the same
normalization and integration approach to refine cluster identification and for subsequent
analysis. Contaminating clusters were removed representing small populations with mixed
canonical markers (eg. Ptprc+ cluster within the endothelial subset) likely representative of

residual doublets not identified during previous steps.

2.3.8 Differential gene expression and gene set enrichment analysis
Differential gene expression analysis was performed using the R package muscat

(https://github.com/HelenalLC/muscat) to account for the available biological replicates,'’*

using standard workflow. Significant genes were identified with an adjusted p value <0.05 and a
detection rate of at least 5% within the tested conditions. Gene set enrichment analysis was
performed using R package fgsea (version 1.20.0) on the fold change ranked list of genes for a
given condition tested. Gene sets were queried and annotated which comprised all GO terms,

KEGG pathways, Reactome pathways, and the MSigDB Hallmark gene sets, which were acquired
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from the Molecular Signatures Database (v6).17>17® Significantly affected gene sets were filtered
on an adjusted p-value of <0.05. The normalized enrichment score (NES) indicated the degree
of up or down regulation of a given gene set. Volcano plots of DEGs were generated with r

package EnhancedVolcano (version 1.12.0).

2.3.9 Ingenuity pathway analysis

Pathway enrichment analysis was performed assessing only DEGs using Ingenuity Pathway
Analysis (IPA) web-based software application (Qiagen). Standard workflows were followed
within the core analysis function to identify gene sets of disease or biofunctions from the IPA

library that were significantly enriched based on the input DEGs.”’

2.3.10 Transcription factor analysis
Transcription factor (TF) activity was predicted from available transcriptomic data using
deCoupleR (version 2.0.1).178 We employed the weighted mean method using our gene

expression data to infer TF activity and their targets from the DoRothEA curated network.1”®

2.3.11 RNA velocity and trajectory inference analysis

180 35 an input for CellRank!8! to evaluate RNA velocity profiles of the combined

We used scVelo
vascular cells (ECs and stromal cells). We employed scVelo’s dynamical model to infer

macrostates as an input for CellRank, which then performed RNA velocity and trajectory

inferences.
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2.3.12 Immunofluorescent staining

OCT prepared lung sections were removed from -80°C freezer and thawed to room
temperature and fixed in 4% paraformaldehyde solution for 20 minutes. Sections were washed
three times in 1x PBS (15 minutes per wash) and then blocked with 5% goat serum in 0.5%
Triton X-100/PBS (PBS-Tx) for one hour at room temperature. After blocking, samples were
incubated in primary antibodies overnight at 4°C. The next morning samples were washed in
PBS-Tx (3x, 15 minutes per wash) and incubated with secondary antibodies overnight at 4°C.
The following morning samples were washed in PBS-Tx and prepared for confocal microscopy
with mounting media containing DAPI. All images were captured using a laser scanning Zeiss
880 confocal microscope with Fast Airyscan (Zeiss) and processed with Aivia software. Primary
antibodies with their respective concentrations were as follows Griffonia Simplicifolia Lectin |
(GSL 1) Isolectin B4 (1:25, Vector Laboratories, #FL-1201), mouse monoclonal anti-3G5 IgM
(2:10, from Ke Yuan lab), FITC anti- aSmooth Muscle Actin mouse monoclonal antibody (1:300,

Sigma Aldrich, #F3777), and rabbit anti-TM4SF1 antibody (1:25, Invitrogen, #PA5-21119).

2.3.13 Human sample preparation

PAH patient and control lung samples (n = 7 for both) were available from the

Quebec Respiratory Health Network tissue bank (www.rsr-gc.ca). Paraffin sections (5um thick)

were deparaffinized and rehydrated as previously described using a series of xylene, ethanol,
and water washes. Heat mediated antigen retrieval was performed by pressure cooking in citric
acid-based antigen unmasking solution. Sections were washed in PBS with 0.1% Tween-20 (PBS-

T) and blocked in 5% goat serum (Cedarlane #CL1200-500) in PBS-T for 1h at room
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temperature. Primary antibodies were incubated overnight at 4°C using TM4SF1 (ThermoFisher
Scientific #PA5-21119, 1:200) and CD31 (Dako #M0823, 1:100) antibodies. The following day
samples were washed 4x in PBS-T and incubated with secondary antibodies anti-Rabbit alexa
fluor 488 (ThermoFisher Scientific #A11008, 1:500) and anti-mouse alexa fluor 594
(ThermoFisher Scientific #A11005, 1:500) for 1h at room temperature. Samples were washed in
PBS-T, mounted using DAPI (4',6-diamidino-2-phenylindol) Fluoromount G mounting medium

(Electron Microscopy Science) and imaged with an Axio Observer microscope (Zeiss).

2.3.14 Statistical analysis

Data are presented as means +/- SEM. Non single cell statistical analyses were performed with
GraphPad Prism v9 (GraphPad Software). Analysis of variance (ANOVA) was performed with
multiple comparisons using Tukey correction used to identify statistically significant differences.
P-values <0.05 were considered significant. For scRNA-seq experiments we used four animals
per time point and statistical analysis was performed in line with recommendations for each

analytical package used.
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2.4 Results

2.4.1 Characterization of functional and structural vascular changes in the SU/CH PAH model
The SU/CH model exhibits many of the hemodynamic and pathological changes characteristic of
human PAH, including complex arterial remodeling leading to the development of occlusive
arterial lesions.'%” To better define the stages in the development of PH, we evaluated animals
at serial timepoints after the administration of SU and initiation of CH (Figure 2.1A). Significant
elevation of RVSP was observed as early as 1-week (47mmHg; p = 0.056), plateauing at
>100mmHg by 5-weeks (Figure 2.1B). Right ventricular hypertrophy (RVH) was increased by 3-
weeks, persisting to 8 weeks (Fulton index >60%; Figure 2.1C). In small arterioles (<50um),
there was evidence of severe arteriolar remodeling (>50% lumen loss) by 5 and 8 weeks,
compared to healthy lungs (Figure 2.1D). MicroCT analysis revealed a progressive loss of
pulmonary arterial vasculature during PH progression, (Figure 2.1E — H; Sup Figure 2.1). The
loss of the functional arterial bed primarily affected vessels <150um in diameter, with evidence
of significant arterial pruning as early as 1-week (Figure 2.1F), corresponding to the initial
increase in arterial pressures, reaching a maximal loss of 65% at 5-weeks in vessels <200um in
diameter (Figure 2.1G). RVSP and lung arterial volume were negatively correlated (Figure 2.1H).
Therefore, the rat SU/CH model is well suited to explore the cellular and molecular mechanisms

during the development of PAH.
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Figure 2.1: Characterization of Sugen-Chronic Hypoxia (SU/CH) model of PAH.

A) Timeline of the SU/CH model and relevant end of study sampling. B) Right ventricular systolic
pressure (RVSP). C) Right ventricular hypertrophy (RV/LV+S). D) Representative H&E histological
images showing progression of arterial remodeling associated during development of
pulmonary hypertension (PH). E) Representative image of micro computed tomography
(MicroCT) of lung arterial angiograms during the development of PH. F) Summary of
guantitative analysis of arterial volumes by MicroCT showing the greatest reduction in
arterioles under 150um in diameter. G) Percent volume loss relative to healthy control in
arteries under 200um in diameter. H) Relationship between arterial volume (<500um diameter)
and RVSP during PH development. Data represented as mean = SEM, n =6 —12. * p < 0.05 for
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3-, 5-, 8- weeks SU/CH vs control, T p < 0.05 for 3-, 5-, 8- weeks vs 1-week, { p < 0.05 for 5-, 8-
weeks vs 3-weeks, # p < 0.05 for 0.01 for all timepoints vs control. Scale bar represents 100um.

2.4.2 Transcriptomic changes in global lung cell populations in PAH

Multiplexed single cell analysis was performed on lung samples from healthy controls, and 1-,
3-, 5-, 8-weeks post SU/CH initiation, incorporating four biological replicates per timepoint.
Poor quality cells and those lacking a sample barcode or containing multiple barcodes were

171 and

removed (Sup Figure 2.2). Additional doublet removal was performed with scDblFinder,
independent experiments (23122 cells Exptl and 26611 cells Expt2) were merged, integrated,
and aligned (Sup Figure 2.3A, B). Broad cell type annotations (endothelial, stromal, myeloid,
lymphoid, and epithelial) were assigned to resulting clusters based on the expression of
canonical markers and each were then subclustered for high resolution analysis (Sup Figure
2.3C). This resulted in the designation of 44 unique lung clusters (Figure 2.2A). Global UMAPs of
all lung cell populations at each time point are presented in Sup Figure 2.4. At 1-week,
transcriptomic changes were clearly evident in many cell populations, involving all lineages, but
most evident in endothelial and myeloid cells (Figure 2.2B, left). Surprisingly, at 5 weeks there
was a remarkable and somewhat paradoxical ‘normalization’ of global transcriptional profiles,
at a timepoint when the hemodynamic and vascular changes of PAH were reaching their peak
(Figure 2.2B, right). Augur’® was used to identify cell populations most affected by SU/CH at 1-
and 5-weeks relative to control cells. At 1 week, many cell clusters showed marked
transcriptional changes, with the activated arterial (aA) ECs and a smooth muscle (SM)-like,

Acta2 positive pericyte populations demonstrating the most substantial changes from control

conditions (Figure 2.2C). In contrast, at 5 weeks, there was an overall resolution of
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transcriptional changes with the notable exception of the aAECs (Figure 2.2D). Similarly, at early
timepoints high numbers of differentially expressed genes (DEG) were observed across many
different cell populations (Figure 2.2E), with the greatest increases seen in immune cells,
particularly transitional monocytes (>400 DEGs), and various endothelial populations at 1 week.
However, again there was a progressive decrease in the number of DEGs over time, with the
exception of aAECs, which continued exhibit ~150 DEGs for up to 8 weeks. Expansion in relative
cell numbers was seen in several populations including the arterial and aAEC clusters, and
lymphatic ECs clusters, as well as some monocyte (alveolar, interstitial, and transitional
macrophages), neutrophil and NKT cell clusters (Sup Figures 2.5-2.8). However, SM-like Acta2*
pericytes exhibited the most robust relative increase in cell number beginning at 3 weeks post
SU/CH coinciding with the advent of arterial remodeling (Sup Figure 2.5). For the remainder of
this study, we focus mainly on the endothelial and stromal populations, which showed the most
marked overall changes in the global analyses. However, relevant details of cell annotation and
transcriptomic changes for myeloid, lymphoid, and epithelial cells are provided in Sup Figures

2.9-2.11.
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Figure 2.2: Multiplexed single cell transcriptomic atlas of lung cells during PAH progression.

A) 44 unique lung clusters were identified and integrated into the global uniform manifold
approximation and projection (UMAP). B) Global UMAPs colored by timepoint with control
(green) compared with 1-week (orange) and 5-weeks (purple). Cell prioritization was performed
using a machine learning algorithm to identify clusters that were most affected between 1-
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week and control (C) and 5-weeks and control (D). At 1-week major transcriptomic changes
indicated by an increase in area under the curve (AUC) were seen in many populations with the
greatest increases in activated arterial ECs (aAECs) and Acta2+ pericytes. However, at 5-weeks
there was a general reduction in transcriptomic changes, with the exception of the aAEC
population E) Number of all non-zero differentially expressed genes (DEGs) in lung cell
populations at 1-, 3-, 5-, and 8- weeks post SU compared with control (healthy). High numbers
of DEGs were seen in transitional macrophages and many EC clusters at 1-week, but only aAECs
displayed a persistently high numbers of DEGs at later timepoints. Single cell data was obtained
from n = 4 animals per timepoint, multiplexed using unique barcodes, pooled and subjected to
library construction using 10x-Genomics.

2.4.3 Emergence of disease specific endothelial populations during PAH progression
Sub-clustering of endothelial cells produced 8 distinct cell clusters encompassing all expected
populations including arterial, venous, lymphatic, general capillary (gCap) and aerocytes (aCap)
ECs (Figure 2.3A), as identified based on expression profile of commonly used markers 102119182
such as, DIl4, Slc6a2, Mmrn1, Apinr, Apln, among many others (Figure 2.3B and C).
Interestingly, arterial ECs consisted of two distinct populations, a ‘classical’ arterial cluster and
the ‘activated’ aAEC cluster, which is further characterized below. Similarly, the gCap EC
population was made up of two clusters; a typical gCap EC population and another cluster
characterized by expression of early response genes (ERG), such as Fos and Egr, as was
previously described.'?° Of interest, the gCap-EGR cluster shared expression of some of these
early response genes with the venous ECs (Figure 2.3C), suggesting possible zonation changes
across the capillary-venous axis.!*® Finally, a novel EC population (cluster 1) was identified,
termed ‘de-differentiated’ ECs (dDECs) that exhibited an atypical endothelial gene expression

profile with some of their top distinguishing genes related to nonendothelial lineages. Again,

this cluster is further characterized below.
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Using proliferative markers, including Mki67, Cdca8, and Birc5, evidence of proliferation was
seen in cells mainly located in a distinct ‘proliferative’ node (Figure 2.3D), representing cells
from several clusters, in particular dDECs and aAECs (Figure 2.3A). Endothelial UMAPs for each
timepoint show the major transcriptomic changes between healthy (control) and early stages (1
and 3 weeks), or the later stages (5 and 8 weeks) of PAH progression (Figure 2.3E). Phenotypic
changes were most evident in the gCap at weeks 1 and 3 but returned to the baseline
distribution at weeks 5 and 8. This was accompanied by the marked expansion in clusters 1 and
4 (dDECs and aAECs, respectfully) at 1 week which persisted to week 8. The fold-change relative
to control in each EC cluster, proportional to the total EC population, is shown in Figure 2.3F.
There was an early and sustained increase in the dDECs and aAEC populations, with later
expansion in arterial and lymphatic ECs. Again, this supports an important role for the aAECs

and dDECs as disease-specific endothelial populations during the onset and progression of PAH.
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Figure 2.3: Changes in endothelial cell populations during PAH progression.
A) Uniform manifold approximation and projection (UMAP) representation of all endothelial
populations at all sampled timepoints showing 8 distinct cell types and a proliferative cell node
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enlarged in the box. B) Feature plots highlighting genes typically associated with distinct
endothelial cell (EC) populations including: Apinr (gCap), Apln (aCap), DIl4 (arterial), Cxcl12
(‘activated’ arterial [aAECs] and arterial), Slc6a2 (venous) and Mmrn1 (lymphatic). C) Heatmap
showing the top 5 differentially expressed genes distinguishing each EC population. D) Feature
plots showing the distribution of proliferation-related genes, MKi67, Cdca8 and Birc5, largely
within the proliferative node, highlighted and enlarged in the box. E) UMAP of cells present at
each timepoint demonstrating transcriptomic shifts compared to control at 1-, 3-, 5- and 8-
weeks. F) Fold change of each EC populations relative to their control levels. Early and
persistent increases were seen in the relative size aAECs and ‘dedifferentiated’ (dD) ECs,
whereas as arterial and lymphatic ECs showed a later expansion.

2.4.4 Differential gene expression analysis in activated arterial and dedifferentiated EC
populations

To better understand the distinct transcriptomic profiles within these populations, we
compared changes in gene expression (including all timepoints) between arterial ECs and aAECs
and between gCap and dDECs since these populations were closely related on the UMAP
(Figure 2.4A and B, respectively). aAECs were characterized by reduced expression of typical
arterial genes,°? including the notch ligands (D/l4 and Notch1), gap junction proteins (i.e.,
Gja5), signaling molecules (Efnb2 and Efnal), and chemokine receptors (i.e., Cxcr4) (Figure
2.4A). Moreover, they showed increased expression of the transitional extracellular matrix
(ECM) proteins, such as fibronectin (Fn1), Matrix gla protein (Mgp) and elastin (E/n), and
signaling molecule stromal derived factor 1 (Cxcl12), all consistent with an activated endothelial
phenotype. Of particular interest, transmembrane 4L6 family 1 (Tm4sf1), has been strongly
implicated in cancer cell growth,'83 The differences in gene expression between gCap and
dDECs were consistent with a de-differentiated state of dDECs with decreases in endothelial
tight junction genes, VE-cadherin (Cdh5) and claudin 5 (Cldn5), as well as typical gCap markers
such as plasmalemma vesicle associated protein (Plvap) and apelin receptor (Apinr) (Figure

2.4B). Interestingly, numerous genes associated with ribosomal proteins (Rp/) were upregulated
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in dDECs, which is a feature of a hyper-transcriptomic state characteristic of progenitor cells,8

together with genes associated with antigen presentation and inflammation (Cd74, RT1-Da),
and tumor protein, translationally-controlled 1 (Tpt1) (Figure 2.4B), an oncogene and
proinflammatory factor previously implicated in PAH.1318 The relative expression in selected
genes between all EC populations are depicted in Figure 2.4C, showing the relative
overexpression of genes associated with an activated endothelial state in aAECs, in particular
Tm4sf1, whereas dDECs exhibited a predominance of genes associated with antigen
presentation, while displaying lower expression of typical EC tight junction genes. By ingenuity
pathway analysis (IPA), aAECs were enriched for biofunctions associated with cell proliferation,
protein synthesis, invasion and inflammation consistent relative to classic arterial, consistent
with a ‘cancer-like’ phenotype, together with reduced expression of gene sets associated with
angiogenesis and vascular development (Figure 2.4D). In contrast, dDECs showed enrichment of
gene sets for inflammation, protein synthesis, cardiovascular disease and cell death/apoptosis

compared to gCap ECs (Figure 2.4D and E), consistent with a role vascular disease.
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dDECs and gCap ECs including all timepoints. C) Dot plot showing relative expression of genes of
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interest between all EC clusters. dDECs exhibited the lowest expression of Cldn5 and Cdh5, and
the highest expression of Cd74, RT1Da and Tpt1, whereas aAECs showed the highest expression
of Tm4sf1, among other genes associated with an activated phenotype and low expression of
typical arterial genes (DIl4 and Cxcl4). D) Ingenunity pathway analysis (IPA) comparing aAECs
and arterial ECs showing the top 15 significantly up and down regulated gene sets. aAECs
exhibited upregulation of gene sets associated with cancer cell proliferation, migration and
invasion, with downregulation of gene sets for angiogenesis, vascular development and
apoptosis. E) IPA comparing dD and gCap ECs showing the top 15 significantly up and down
regulated gene sets, demonstrating upregulation of gene sets in dDECs associated with
inflammation and apoptosis and downregulation of gene sets associated with vascular
development and angiogenesis.

2.4.5 Changes in stromal cells in response to PAH

Next, we re-clustered all stromal cell populations (fibroblasts, pericytes, smooth muscle cells)
into 6 unique populations, including matrix fibroblasts, Col13a1+ fibroblasts, Col14a1+
fibroblasts, Acta2+ pericytes, Pdzd2+ pericytes, and smooth muscle cells (SMCs)/myofibroblasts
(Figure 2.5A). Fibroblasts were identified based on Pdgfra and Tcf21 expression, and
differential expression of Col13a1 and Col14al; while pericytes were identified by expression of
Pdgrb, Csgp4, and Mcam (Figure 2.5B and C).1%%186 pericytes were further distinguished into
‘classical’ pericytes uniquely expressing Pdzd2, Postn, Gucylbl and ‘SM-like’ pericytes based on
expression of contractile markers (Acta2, Des) (Figure 52.B and C), as previously described by
Hurskainen et al.1%® SMCs and myofibroblasts were observed in a mixed population expressing
Acta2 and Dcn. Interestingly, both pericyte populations showed marked expansion during PAH
progression, consistent with a possible contribution to arteriolar remodeling, in PAH whereas
there was little change in the global proportion of other stromal cell populations (Figure 2.5D

and E).
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We then compared transcriptomic profiles of ‘classical’ and SM-like pericytes (at all timepoints).
The SM-like pericytes exhibited high expression of genes associated contractile function
including, Acta2, Des, Myh11, and Mustn1, as well as reduced expression of some typical
pericyte genes, including Postn, Gucylal, Pdzd2 and Vtn compared to classical pericytes (Figure
2.5F and G). Like aAECs, SM-like pericytes were somewhat enriched in Tm4sf1 (Figure 2.5G),
consistent with a proliferative and invasive phenotype. Gene set enrichment analysis (GSEA)
comparing SM-like pericytes to classical pericytes showed that SM-like pericytes exhibited
robust enrichment of gene sets associated with contraction, muscle differentiation and
translation, while gene sets associated with GTPase activity, lipid processing and organ
development were decreased (Figure 2.5H). Therefore, these data are consistent with the SM-

like pericytes possibly contributing to arteriolar remodeling and distal muscularization in PAH.
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Figure 2.5: Stromal cell populations during PAH progression.
A) Uniform manifold approximation and projection (UMAP) representation of all stromal
populations at all sampled timepoints showing 6 distinct cell types. B) Feature plots highlighting
genes typical of distinct stromal populations including: pericytes (Cspg4, Mcam, Pdgfrb);
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fibroblasts (Pdgfra, Col13al, Col14al); smooth muscle cells (Acta2); and myofibroblasts (Dcn).
C) Heatmap of top 5 differentially expressed genes distinguishing each stromal population. D)
UMAP portraying the presence of cells from each stromal population at each timepoint,
showing a marked expansion of the pericyte populations by 3-weeks. E) Fold change of each
stromal population relative to their respective controls demonstrating a marked relative
increase in the ‘smooth muscle’ (SM)-like Acta2+ pericytes and less so the ‘classical’ pericyte
population during PAH progression. F) Volcano plot of all differentially expressed genes (DEGs)
between SM-like pericytes and classical pericytes. G) Dot plot showing relative expression of
genes of interest between different pericyte populations. H) Gene set enrichment analysis with
the top 15 up and down regulated gene sets between SM-like pericytes and classical pericytes.

2.4.6 Temporal profile of endothelial transcriptomic changes in aAECs during PAH
progression

By performing scRNA-seq at multiple timepoints in the SU/CH model, we were able to discern
changes in gene expression profiles during the development of the PAH phenotype. Volcano
plots prtray DEGs within the aAEC cluster between control animals and SU/CH rats at weeks 1
or 5 (Figure 2.6A and B, respectively). A heatmap showing the top 20 up or down regulated
genes for the aAEC cluster at each timepoint revealed three distinct profiles (Figure 2.6C). The
first was represented by an early increase in gene expression peaking at 1 week, with a partial
normalization by 5 to 8 weeks. These were largely cell-cycle associated genes, including Birc5,
Cdc20, Cdkn2c, Cdkn3, and Cdk1 (Figure 2.6C). Interestingly, a similar pattern of gene
expression was observed in the dDECs at 1 week, consistent with the increase in EC
proliferation observed in both populations (Figure 2.3D, E). A second pattern was unique to
aAECs and was represented by genes that showed a sustained increase in expression compared
to control at all timepoints and this included a number of genes which have previously been
implicated in PAH such as, Ramp1,*®” Trpv4,88 Jag1,'®® and Pdgfa'®°. Finally, a third pattern was

made up of genes strongly expressed at baseline by both classical arterial ECs and aAECs,
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largely involved in angiogenesis and vascular development, such as DIl4, Notch1, Efnal, and
Erg1, which were selectively downregulated in aAECs during PH development (Figure 2.6C). Not

191 were upregulated in all

unexpectedly, Cyplal and Cyplb1, which mediate drug metabolism,
EC populations after treatment with SU, with the exception of lymphatic ECs (Figure 2.6C).
Ingenuity pathway analysis (IPA) of changes in gene expression in aAECs between control and
PAH timepoints confirmed the upregulation of gene sets associated with increased cell
proliferation and cancer-like cell growth in aAECs, with downregulation of gene sets associated
with angiogenesis, vasculogenesis and cell death (Figure 2.6D). Together, these results point to
aAECs as a unique lung EC population exhibiting a transcriptional signature consistent with a

growth dysregulated state, associated with decreased reparative and angiogenic capacity, and

likely playing an important role in arterial remodeling in PAH.
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2.4.7 Spatial localization of Tm4sfl-expressing activated arterial ECs

Both the aAECs and SM-like (Acta2*) pericytes exhibited expression of Tm4sf1, raising the
possibility that this surface protein may be used as a marker of these populations. Therefore,
we examined Tm4sf1 expression across all 44 lung cell populations, and found that Tm4sf1 was
largely restricted to arterial and venous ECs, as well as pericytes and mesothelial cells, with by
far the greatest expression in aAECs (Figure 2.7A). We then used immunofluorescent staining
for TM4SF1, and co-staining using isolectin B4 (ECs), 3G5 (pericytes) or smooth muscle actin
(SMA; smooth muscle cells), to identify the anatomic location of these cell populations in the
healthy and diseased lungs. In control lung samples, TM4SF1 expression was localized mainly to
3G5* pericytes surrounding alveolar capillaries, with sparse staining of ECs (Figure 2.7B).
However, at 5 weeks post SU/CH, there was abundant TM4SF1 staining largely associated with
ECs, identified by isolectin B4, localized mainly to severely remodeled arterioles with
accumulation of TM4SF1* ECs seen within the vascular lumen, consistent with a direct role for
the aAECs in occlusive arteriopathy (Figure 2.7C). Interestingly, in the diseased lung, 3G5
staining was tightly associated with SMA* bands of neomuscularization, suggesting a role for
the SM-like pericytes in distal arteriolar medial remodeling. Notably, TM4SF1 staining was
reduced in these SMA positive regions, possible indicating that as SM-like pericytes
differentiate further towards a mature smooth muscle phenotype, they may lose the
expression of this ‘progenitor’ cell marker. We also assessed the spatial distribution of TM4SF1
expression in human lung samples from control and PAH patients (Figure 2.7D). In the control
samples, TM4SF1 staining could be seen surrounding small arterioles, but was not associated

with ECs (CD31 staining). In contrast, in PAH samples there was abundant TM4SF1 staining,
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localized to the perivascular region but also adjacent to the intima, and clearly associated with
ECs, with a relative paucity of staining in the intervening SMC layer (Figure 2.7D). Together
these results confirm that TM4SF1 positive ECs are associated with complex arterial remodeling
in PAH, together with SMA* pericytes, consistent with a pathological role of aAECs and SM-like

pericytes in this disease.
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Figure 2.7: Tm4sfl as a marker for aAEC and SM-like pericytes in arterial remodeling.

A) Violin plots showing Tm4sf1 the highest expression in aAECs, with lower levels in arterial and
venous ECs, SM-like pericytes and mesothelial cells. Immunofluorescent staining for TM4SF1
(white), isolectin B4 (ECs, green), 3G5 (pericytes, red) or SMA (smooth muscle cells, red) in
healthy lungs (B) or at 5-weeks in the SU/CH severe PAH model (C). D) Immunofluorescent
staining of lung sections from control subjects and PAH patients for TM4SF1 (green), co-stained
for ECs (CD31, red). Scale bar represents 20um (B and C) and 50um (D). n = 3 biological
replicates for the SU/CH immunofluorescent samples, n = 7 for the human PAH patient, and
control immunofluorescent samples.
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2.4.8 RNA velocity of endothelial and stromal cells during SU/CH progression
Endothelial to mesenchymal transition (EndMT) has been previously implicated in PAH.1%? To
explore a potential role of cell fate transitions in the development of PAH we employed RNA

180 specifically addressing population

velocity analysis, using scVelo dynamical modelling,
dynamics within the EC and stromal clusters based on their importance in arterial remodeling.
Notably, RNA velocity analysis demonstrated vectors originating in the arterial and aAEC
populations passing through the dDECs cluster and directed to fibroblast populations (Figure
2.8A), consistent with the possibility of EndMT contributing to vascular stromal cells in this PAH
model. Velocity vectors were also observed from the classical (Pdzd2*) pericytes towards the
SM-like (Acta2*) pericytes, consistent with pericyte differentiation towards a smooth-muscle
cell fate as a mechanism of distal muscularization. There were also vectors from the gCap-EGR
cluster leading to the venous ECs, again supporting the possibility of zonation of this cluster
towards the venous side of the alveolar capillary. The possibility of EndMT was further
supported by a latent time analysis which provides an estimate of a cell’s internal clock, from
progenitor fates (approaching 0) to terminally differentiated cells (approaching 1). This model
identified aCap and gCap ECs, Col13a1* fibroblasts, and classical (Pdzd2*) pericytes as being
close to ‘terminal’ states, while aAECs, dDECs, and SM-like pericytes were closer to a progenitor
state (Figure 2.8A’). We then inferred transcription factor (TF) activities from gene expression
data for the EC clusters using deCoupleR.1’® The location of dDECs (EC cluster 1) in the

endothelial UMAP is shown in Figure 2.8B. TFs classically associated with EMT% including Zeb1,

Zeb2, Snai2 had predicted activity in dDEC cluster, as well as some other EC populations,
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whereas Twist1 was seen mainly in gCap-EGR ECs (Figure 2.8C). The top 40 most variable TFs
are presented in Figure 2.8D. Importantly, dDECs exhibited very low expression of the
endothelial-restricted transcription factor, ETS-related gene (Erg), a principal determinant of EC

identity,%4

as well as the Friend Leukemia Integration 1 Transcription Factor (Fli1), another
member of the ETs family, which are both downregulated in EndMT.1% As well, dDECs
exhibited elevated activity associated with Nr2f21% and Zeb2,'°3 both which have been
implicated in EndMT, further supporting a potential role for this relatively de-differentiated EC
population in EndMT during PAH progression (Figure 2.8D, insert). Interestingly, gCap-EGR and

venous ECs shared a number of TFs (Figure 2.8D), further supporting zonation between these

populations based on similarities in gene expression as shown in Figure 2.3C.
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Figure 2.8: RNA velocity analysis indicates endothelial to mesenchymal transition.

A) RNA velocity analysis of endothelial and stromal cell populations using scVelo’s dynamical
model and CellRank demonstrate velocity vectors from aAEC and arterial EC populations, going
through the dDEC cluster to fibroblast populations. RNA velocity vectors are also seen between
classical pericytes SM-like (Acta2+) pericytes. Inset (A’) highlights the latent time analysis which
estimates cellular differentiation and shows that gCap, aCap, fibroblasts, and classical pericytes
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approximate a more terminal differentiated state, while aAECs, dDECs and SM-like pericytes
exhibit a more progenitor-like state. B) EC subset UMAP showing the distribution of dDECs in
red. C) UMAP showing the distribution of typical epithelial to mesenchymal transition (EMT)
related transcription factor (TF) activities in the EC populations. E) Heatmap of the top 40 most
variable TFs in the different EC populations. The insert highlights reduced activity of Erg and
Fli1, ETS family TFs that control endothelial identity, within cluster 1 (dDECs) and increased
activity of Nr2f2 and Zeb2, which have been implicated in EndMT.

2.5 Discussion

PAH is characterized by marked pruning of the pulmonary arteriolar bed which, together with
complex arterial remodeling, leads to progressive increases in pulmonary vascular resistance;
yet the mechanisms underlying these dramatic vascular changes remains unclear. The rat
SU/CH model of PAH provides an ideal opportunity to study functional, structural, and
molecular changes during the onset and development of PAH, rather than only at late stages of

disease when typically, clinical lung tissue is available.

Using multiplexed scRNA-seq we analyzed four timepoints, spanning early to late disease,
comparing SU/CH to healthy control animals. Major transcriptomic changes were observed in
nearly all lung cell populations at 1-week post SU/CH, including immune, stromal, and vascular
cells. Notably, ‘transitional’ monocytes, exhibiting characteristics between those of classical and
interstitial monocytes, were among the top five most transcriptionally affected in the PAH
model based on the Augur machine learning algorithm and exhibited the greatest number of
DEGs at week 1. This is consistent with an important early inflammatory response to injury
induced by VEGFR2 inhibition coupled with hypoxia. However, at later timepoints, there was
substantial normalization in gene expression profiles in nearly all lung cell populations, with the

notable exception of the ‘activated’ arterial EC (aAECs) cluster. This finding was surprising
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considering that the major pathological and hemodynamic changes in this model manifest at
later time points. In particular, the lack of persistence of a transcriptional signature for
inflammation is remarkable given the abundant evidence that implicates immune mechanisms
in the pathogenesis of PAH.”® However, this may in part reflect overrepresentation of cells from
the distal parenchyma and microcirculation in the lung isolate, which account for by far the
greatest number of cells after dispersion, whereas larger vessels, which exhibit more marked
pathologically inflammatory changes, make up only a small proportion of total cells.
Nonetheless, we did observe some intriguing immune signals including a persistent, albeit
modest, increase in DEGs in interstitial macrophages and a robust expansion of the NKT
population in later stages of disease. This is consistent with a previous single cell transcriptomic
analysis of large pulmonary arteries from patients with severe PAH, which showed a significant

increase in NKT cells, along with T cells and neutrophils, compared to control.1??

In contrast, persistent and robust changes in transcriptional activity were seen selectively in
one endothelial cluster, aAECs, suggesting that this population may be playing a central role in
the progression of vascular disease in this model. Since the effects of SU and hypoxia would no
longer be operative at later timepoints beyond 3 weeks, this raises the question of what drives
the persistent transcriptomic response in the aAEC cluster. It has been reported that complex
arterial remodeling in this model is dependent on perturbed pulmonary hemodynamics,** likely
due to pathological levels of shear stress, which would have the greatest impact on the distal
arteriolar bed.'®” Using micro-CT, we demonstrated a progressive loss of arteriolar volume in

the SU/CH model, which was significant as early as 1 week, preceding any evidence of occlusive
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arterial remodeling. This suggests that early arteriolar loss, probably as a direct consequence of
widespread EC apoptosis, may be the primary mechanism for the initial hemodynamic
abnormalities in this model. As well, since in a dispersed lung cell preparation, distal arteriolar
ECs will greatly outnumber those from larger arteries, the ‘arterial’ EC populations that we
identified by scRNA-seq would be predominately arteriolar in origin. Thus, by virtue of being
largely derived from the distal arteriolar bed, aAECs would have been among the cells the most
affected by the abnormal shear forces associated with developing PH,*®” which provides a likely
stimulus for the persistent transcriptomic activity seen in this population. Indeed, this EC
population may be the link between perturbed pulmonary hemodynamics and complex arterial

remodeling that was previously described.**1%

At the 1 week timepoint, aAECs and dDECs exhibited a similar transcriptional signature
characterized by the transient expression of genes related to cell proliferation and repair.
However, at later time points (5 and 8 weeks), only aAECs exhibited a persistent dysfunctional
gene expression profile that was consistent with dysregulated cell growth and reduced capacity
for vascular repair and angiogenesis. Thus, using single cell transcriptomic analysis we have
been able to map the origin of hyperproliferative and apoptosis-resistant ECs which have long
been implicated in occlusive arterial remodeling in PAH.1% We have also demonstrated that
aAECs can be distinguished from other EC populations by high expression of Tm4sf1, a trans-
membrane protein which is also found in many cancer cells.!®3 Using immunofluorescence
staining, we were able to show that TM4SF1* ECs were abundant in complex arterial lesions in

the SU/CH model and as well as in lung sections from patients with PAH, particularly in regions
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of occlusive arteriopathy, consistent with a dominant role for this EC population arterial
remodeling. Interestingly, this marker was also expressed by the SM-like pericytes and, in the
healthy lung, TM4SF1 staining was associated with pericytes surrounding alveolar capillaries.
However, in the diseased lung, 3G5* muscularized regions of remodeled arteries exhibited
lower TM4SF1 staining, consistent with their differentiation to a more mature SMC phenotype.
This finding also suggests that the SM-like pericyte cluster, which by RNA velocity analysis was
derived from the classical Pdzd2* ‘classical’ pericytes, may contribute importantly to distal

arterial muscularization in PAH, as has been previously suggested.200-202

Hong et al. identified a similar arterial EC cluster expressing Tm4sf1 in both the rat
monocrotaline (MCT) model and SU/CH model in late-stage PH.1%* However, the published
transcriptomic profile of this Tm4sf1* EC population included expression of genes characteristic
of capillary (Ednrb), and venous (S/c6a2, Icam1), in addition to arterial ECs (Gja5). Indeed, we
also found that Tm4sf1 was expressed by venous, but not capillary ECs, but at much lower
levels than in aAECs, which also uniquely demonstrated a persistent transcriptomic signature of
dysregulated cell growth. As well, we also showed that ECs within occlusive arterial lesions in
both the SU/CH model and human PAH patients strongly expressed TM4SF1, consistent with a
key role for this population in complex arterial remodeling. While TM4SF1 may be a useful
marker to identify aAECs, it is also possible that it may contribute to growth dysregulation.
TMA4SF1 is a trans-membrane protein belonging to the tetraspanin superfamily that regulates
183

numerous signaling pathways modulating cell development, activation, growth, and motility.

Increased Tm4sf1 expression has been observed in cancer cells, particularly in breast, lung and
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183 and is a promising target for novel cancer therapies.?93-20 Therefore, similar

ovarian cancers,
strategies to antagonize or silence Tm4sf1 may have benefits in reducing EC growth and arterial

remodeling in PAH.

We also identified a novel, relatively de-dedifferentiated EC population in the PAH model,
dDECs, that emerged early in disease and exhibited reduced expression of tight junction related
genes such as Cdhn5 and Cldn5, indicative of a loss of endothelial integrity, along with
upregulation of antigen presentation related genes such as Cd74 and RT1-Da. Interestingly,
upregulation of CD74 expression was previously reported in the endothelium of pulmonary
arteries and cultured ECs from PAH lungs.?% As a receptor for macrophage migratory inhibitory
factor (MIF), CD74 may contribute to inflammatory cell recruitment which is well known to be
associated with arterial remodeling in PAH.3® Enriched expression of Cd74 was also described in
a single cell transcriptomic analysis of lung ECs isolated from a SU/CH mouse model of PH;!??
however, this was seen across multiple EC populations including capillary, arterial, and venous.
As well, the mouse model, unlike the rat, does not exhibit occlusive arterial remodeling and the
authors found no evidence of EC proliferation in their single cell transcriptomic analysis.'?! In
our study, we were able to determine that Cd74 enriched ECs represented a discrete subset of
ECs that were characterized by a relatively dedifferentiated state. As well, we demonstrated a
clear transcriptomic signature for cell proliferation, which was represented in the UMAP as a
‘proliferative node’ consisting of cells from several clusters, including the aAECs and dDECs,

both of which expanded markedly during PAH progression.
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In addition to any role in promoting vascular inflammation, our study provides novel evidence
that dDECs that are primed to undergo endothelial to mesenchymal transition (EndMT) to give
rise to vascular stromal cells, a process that has been long thought to contribute to adventitial
remodeling and arterial stiffness in PAH.192297 EndMT shares many similarities with epithelial to
mesenchymal transition (EMT),%°3 and is a phenomenon characterized loss of expression of
canonical genes necessary for functional integrity, typically cell-cell junction proteins, with the
adoption of motile and invasive cell behaviors. Interestingly, our RNA velocity analysis showed
numerous strong vectors within the dDEC cluster directed towards various fibroblast
populations. Moreover, latent time analysis showed that dDECs approximated a progenitor cell
fate whereas the gCap EC populations were closer to a ‘terminal’ state of cell differentiation.
While we were able to infer increased activity of TFs implicated in EndMT in this population,
such as Zeb2 and Nr2f2, it has increasingly been recognized that EndMT is a complex process
and cannot be defined based on a small number of molecular markers.*®® Indeed, dDECs
showed a number of other features consistent with EndMT, including a marked reduction in the
activity of Erg, a ‘master’ endothelial TF that promotes endothelial homeostasis via regulation
of lineage-specific enhancers and super-enhancers.’®* Indeed, a previous study showed that
knockdown of Erg together with another ETS family transcription factor, Fli1, was sufficient to
induce EndMT.2°®> Notably, the dDEC cluster was the only endothelial population that exhibited
a very low activity of both Erg and Fli1 (Figure 2.8D). Therefore, it is not surprising that
canonical endothelial tight junction genes were downregulated in dDECs, along with increased

activity of pathways associated with inflammation and apoptosis, which have been implicated
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in EndMT,2%8:29 35 well as selective upregulation of several other EndMT related genes,

including Tpt1, Crip1,%'° and $100a4.2%"

Therefore, we used serial single cell transcriptomics to identify disease-specific EC and stromal
cell populations that play a central role in arterial remodeling during the progression of PAH.
Notably, we show that Cd74-enriched dDECs represent a distinct EC population exhibiting
features of dedifferentiation and loss of functional integrity, that are primed to undergo
EndMT, thereby contributing to the generation of profibrotic arterial fibroblasts that play an
important in adventitial remodeling in PAH. As well, we have demonstrated that the aAEC
cluster exhibits a marked growth dysregulated transcriptional state, possibly in response to
ongoing hemodynamic perturbation, that disproportionally impacts the distal lung arteriolar
bed. As well, for the first time, we provide evidence that the aAEC and SM-like pericyte
populations are spatially localized to regions of complex arterial remodeling and contribute to
intimal obliteration and distal muscularization, respectively, in both the SU/CH model and PAH
patients. Moreover, since they are characterized by high Tm4sf1 expression, this may be a

promising target for therapeutic strategies to prevent or reverse arterial remodeling in PAH.
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3.1 Abstract

Background: Pulmonary arterial hypertension (PAH) is triggered by pulmonary vascular
endothelial cell apoptosis and microvascular loss; therefore, therapies that can regenerate lost
vasculature may offer therapeutic benefit. Endothelial colony forming cells (ECFCs) can directly
repair damaged blood vessels and may have therapeutic potential for the treatment of PAH.
However, poor retention of ECFCs in the lungs following intravenous delivery greatly limits their
therapeutic application. Therefore, we studied whether cellular microencapsulation could
enhance ECFCs viability and retention in the lung after systemic delivery and improve therapeutic
efficacy of ECFCs in a rat monocrotaline (MCT) PAH model.

Methods: ECFCs were encapsulated by vortex-emulsion using various concentrations of agarose,
and capsule size and initial cell viability were assessed. Encapsulated and free ECFCs were
transduced with luciferase and administered to Sprague-Dawley rats three days after injection of
MCT. ECFCs were tracked in vivo by bioluminescence imaging (BLI) to assess cell persistence and
bio-distribution. At end-study, right ventricular systolic pressure (RVSP) and right ventricular
hypertrophy were assessed for therapeutic efficacy.

Results: Microgel encapsulation using 3.5% agarose improved cells survival and supported cell
migration from capsules. At 15 minutes after delivery, BLI radiance were similar for free and
microencapsulated ECFCs; however, only encapsulated cells could be detected by BLI at 4 and 24
hours. Transplantation of microencapsulated ECFCs led to significant improvement in RVSP three

weeks after delivery compared to non-encapsulated ECFCs.
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Conclusion: Together, microencapsulation increased retention of ECFCs within the lungs.
Furthermore, even a modest increase in ECFCs persistence over 24 hours can provide an

important therapeutic benefit in the rat MCT model of PAH.
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3.2 Introduction

Cell-therapy has emerged as a promising option for treatment of various diseases and its
potential is clearly evident by the ever-incising number of clinical trials using a wide variety cell
types. Despite the tremendous promise that cell therapies offer for repairing and regenerating
damaged tissues or organs, there has been only limited success in their translation into clinical
therapies.?'! A major factor in these mixed results is poor cell retention and survival of the
transplanted cells.®129212.213 Endothelial progenitor cells (EPCs) have been used to promote the
regrowth and repair of damaged vasculature in many pre-clinical models of vascular diseases.
127,135,214 These cells are classified as early-EPCs (E-EPCs or circulating angiogenic cells) or late-
outgrowth EPCs (or endothelial colony forming cells; ECFCs) based on the time of appearance in
culture.?’> ECFCs are highly proliferative cells with an endothelial cell-like cobblestone
morphology and are capable of forming functional blood vessels.?'® While E-EPCs act mainly by
paracrine mechanisms, ECFCs are thought to participate directly in the repair and regeneration

of blood vessels.1?*

Pulmonary arterial hypertension (PAH) is a devastating lung vascular disease with 79% 3-year
mortality.2!” PAH is caused by damage and loss of the effective lung microvasculature, either by
a degenerative mechanism or by occlusive arterial remodeling, leading to increased vascular
resistance, as evidenced by increased pulmonary vascular resistance and pulmonary arterial
pressures with eventual right ventricular failure.1®*28 Current treatment options are limited,
and available pharmacotherapies focus on targeting an imbalance between vaso-constrictor

and -dilator factors within the pulmonary microcirculation.?1220 While current vasodilator

80



therapies can improve symptoms and functional status, with the exception of parenteral
prostacyclin their effects on survival are less certain and they are not curative. Since progressive
lung arterial pruning is the fundamental pathological feature in PAH, a curative therapy would
necessarily regenerate lost lung vasculature. In preclinical models of PAH, E-EPCs have been
used to repair the lung microcirculation, with some improvements in pulmonary
hemodynamics.%®1%7.221 While E-EPCs were effective in preventing PAH in a monocrotaline
(MCT) induced rat model,'?” ECFCs failed to improve pulmonary hemodynamics.?®'2° We
hypothesize that since ECFCs act directly by engraftment and incorporation into newly formed
blood vessels, this lack of efficacy is most likely due to poor survival and retention after

intravenous delivery.

Encapsulation of cells creates a protective microenvironment, which can improve transplanted
cell survival and increase retention at the site of injury. Single cell microencapsulation provides
a temporary micro-niche for the cells during transplantation and allows the delivery of cells into
the circulation as a suspension. Microencapsulation of mesenchymal stromal cells within an
agarose hydrogel increased survival of suspended cells, and improved cellular retention within
a rat hind limb model.?*? Microencapsulation of explant derived cardiac cells (EDCs) within
nanoporous hydrogels promoted cell retention within the heart, reducing scar size and

improving left ventricular ejection fraction post myocardial infarction.160:161

Therefore, we studied whether microencapsulation of ECFCs would result in enhanced

retention of ECFCs within the lungs, leading to increased therapeutic efficacy in an
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experimental model of PAH. We now demonstrate increased lung retention of
microencapsulated ECFCs after intravascular delivery leading to the significant reduction on
pulmonary arterial pressures and remodeling in the rat MCT model, which has not been

previously demonstrated with ECFCs.

3.3 Methods

3.3.1 Endothelial cell isolation and culture

Rat bone marrow ECFCs and human L-EPCs were cultured and characterized.’® In brief, the
mononuclear cell fraction of rat bone marrow or human peripheral blood was obtained by
layering the cell suspension over Histopaque®-1083 (density: 1.083 g/mL, Sigma, ON, Canada) or
Ficoll (density: 1.2 g/mL, Fisher Scientific, ON, Canada), respectively, followed by centrifugation
at 400 g for 40 min. Mononuclear cells were collected from white layer at the interface of
media (top) and Histopaque/Ficoll (bottom). Bone marrow mononuclear cells were plated in
endothelial growth medium 2 + 10% fetal bovine serum (FBS) (EGM-2MV, Lonza, Switzerland)
on fibronectin coated plates and cultured at 372C in 5% CO; incubators. Colonies with cells
showing cobble stone-like endothelial cell morphology appeared in culture between 9 and 14
days after plating mononuclear cells. Endothelial-like colonies were isolated and further sub-
cultured at 372C in 5% CO; incubators, passaging as necessary. In a separate procedure, all the
cells cultured were passaged further without colony selection using the same cell culture
procedure, and these cells were termed: culture modified bone-marrow cells (CM-BMCs).
Otherwise, both ECFCs and CM-BMCs were processed similarly. Human umbilical vein

endothelial cells (HUVEC, Lonza, Switzerland) were used in preliminary encapsulation
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experiments. HUVEC were cultured in endothelial growth medium 2 (EGM-2, Lonza,

Switzerland) at 372C in 5% CO; incubator, passaging as necessary. Cells were used in

experiments between P6 and P9.

3.3.2 Flow cytometry

Rat ECFC or human L-EPCs were harvested and passed through 40 um cell strainer to obtain

single cell suspension (500,000/100 pL). Cells were incubated with primary antibodies (Table

3.1) for 30 min at 4 2C in dark. Following primary antibody, cells were washed 3 times in flow

buffer followed by secondary antibody incubation for 30 min at 4 2C in dark. Cells were washed

again for 3 times with flow buffer and then analyzed using Attune® Acoustic Focusing Flow

Cytometer (ThermoFisher Scientific, ON, Canada), with analysis performed using FlowJo v 8.3

(FlowlJo LLC, Ashlan

Table 3.1: Antibody

d, OR, USA).

y source and concentration used for flow cytometry.

Target Species Source Cat# Dilution
vWF Rat, human Dako A008202-5 1:400
CD31 Human BD Pharmingen | 555446 1:100
Rat Novus Biologics | NB100-2284 1:50
VEGFR2 Human, Rat Cell Signaling 2479S 1:100
Technology
CD45 Human BD bioscience 555482 1.5
Rat Biolegend 202207 1:50
CD34 Human BD-Pharmingen | 555822 1.5
Rat Santa Cruz sc-7324 1:20
VE-Cadherin Rat Santa Cruz sc-6458 1:20
CD146 Rat R&D MAB3250 1:50
CDh14 Human BD-Pharmingen | 555398 1.5
CD73 Rat BD-Pharmingen | 551123 1:50

3.3.3 Acetylated low density lipoprotein (Ac-LDL) uptake and lectin binding

83



Rat ECFC or human L-EPCs (500,000/well) were plated on a 6 well plate and 24 hr later media
was removed, cells were washed with PBS and incubated with Dil-Ac-LDL (10 pg/mL) for 3 hr at
372C in 5% CO; incubator. Following Ac-LDL incubation, cells were washed with PBS, harvested,
and incubated with Fluorescein labeled Griffonia (Bandeiraea) Simplicifolia Lectin 1 (1:100) for 1
hr at room temperature. Following lectin binding cells were washed with PBS and fixed in 4%

paraformaldehyde and analyzed by flow cytometry.

3.3.4 Matrigel network formation assay

To confirm network forming ability of rat ECFC, cells were harvested and plated on growth
factor-reduced Matrigel (Corning™ Matrigel™, Fisher Scientific, ON, Canada) in 96-well flat-
bottom plate in EGM-2MV media and incubated for 16 hr at 372C in 5% CO; incubator. Images

were captured using TS100 microscope (Nikon, ON, Canada).

3.3.5 Lentiviral transduction

Rat ECFCs were transfected with a lentivirus construct under the murine stem cell virus (MSCV)
promoter to overexpress red fluorescent protein (RFP) and luciferase. Fluorescently activated
cell sorting was performed to isolate the RFP+ stably transfected cells, at the flow cytometry

facility at the Ottawa Hospital Research Institute.

3.3.6 Cellular encapsulation
ECFCs or HUVEC were re-suspended in PBS (Gibco, ON, Canada) with fibrinogen (0.05 mg/ml,

Sigma Aldrich, ON, Canada), fibronectin (0.005 mg/ml, Roche, Switzerland) and Pluronic F-68
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(0.33%, Sigma Aldrich, ON, Canada), prior to mixing with heated ultra-low gelling agarose type
Xl (Sigma Aldrich, ON, Canada). The well mixed cell-hydrogel suspension was added dropwise to
warm dimethylpolysiloxane (PDMS, Sigma Aldrich, ON, Canada), vortexed for 1 minute, and
placed in an ice bath for 10 minutes. As previously described °2, encapsulated cells were
washed with Hank’s balanced salt solution (HBSS, Gibco, ON, Canada) to remove PDMS phase,

and filtered to establish the encapsulated cell population.

3.3.7 Assessment of cell viability of encapsulated cells

Encapsulated cells were assessed in vitro for viability by WST-1 assay and Calcein AM staining.
Encapsulated or adherent cells were plated in a 96 well plate for 24 or 48h when WST-1 reagent
(Roche, Switzerland) was added, or Calcein AM (Invitrogen, ON, Canada) and Nuclear Blue live
ready reagent (Invitrogen, ON, Canada) were added. WST-1 assay was assessed by absorbance
after 2 hours with an Omega PolarStar (BMG Labtech, Germany). Live imaging was performed
using a Zeiss Observer Z1 inverted microscope (Zeiss, Germany) and images were quantified

using FlJI for ratio of calcein positive cells to total counted nuclei.

3.3.8 Assessment of cell migration from agarose microcapsules

Migration of encapsulated cells was performed with a Boyden chamber assay in a 24 well plate
as per manufacturer’s recommendations. Briefly, encapsulated cells were plated in basal media
on the top and complete media containing 20% FBS was added to the bottom well. Cells were

incubated for 24h. Cells were stained with Nuclear Blue live ready reagent (Invitrogen, ON,
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Canada) and images were acquired with the Zeiss Observer Z1 inverted microscope (Zeiss,

Germany). Images were quantified as before using FlJI.

3.3.9 Monocrotaline model of PAH and cell injections and hemodynamic measurements

All animal experiments were approved by the University of Ottawa Animal Care Committee and
conducted according to the guidelines from the Canadian Council for Animal Care. Female
Sprague Dawley (SD) rats (150 — 175g; Charles River) were injected with monocrotaline (MCT)
(50mg/kg, Sigma Aldrich, ON, Canada) by intra peritoneal (i.p.) injection three days before cell
injections. For cell injections, rats were anaesthetized using isoflurane inhalation (induction: 5%
isoflurane 1 L/min; maintenance: 2% isoflurane 1 L/min), right jugular vein was isolated, and
the angiocath was inserted into the jugular vein. Each animal received 1,000,000 cells or vehicle
(0.5 mL PBS). Following injection, topical bupivacaine was applied immediately after wound
closure and twice daily for one day post-surgery. Buprenorphine (s.c., 0.03mg/kg) was
administered 1 hour prior to surgery and once daily for two days post-surgery for pain
management. At 24 days post MCT animals were anaesthetized by an i.p. injection of ketamine
(35 mg/kg) and xyalzine (7 mg/kg) and the right ventricular systolic pressure (RVSP) was
measured, as previously described. ®*1?” The lungs and heart were harvested for histology and
protein, and the ratio of right ventricle (RV) to left ventricle plus septum (LV+S) was measured,

as previously described 64127

3.3.10 Cell retention analysis by gPCR
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To study cell retention, we injected male cells into female rats and assessed cell retention using
gPCR for sex-determining region of Y chromosome (Sry) gene. Briefly, female rats were
subjected to MCT model and on day-3 male ECFCs were injected. Samples were collected at 15
min and 21 days after ECFCs injection. DNA was extracted from lung samples and 5,000,000
male ECFCs using DNeasy Blood & Tissue Kit (Qiagen, ON, Canada) and quantified using Quant-
iT™ PicoGreen™ dsDNA Assay Kits (ThermoFisher Scientific, ON, Canada). Standard curve of
different ratios of male ECFC DNA to female rat lung DNA was prepared (1, 0.1, 0.001, 0.0001
ng/1000 ng total DNA) and final sample DNA concentration was adjusted to 125ng DNA/pL.
gPCR analysis of standards and samples was performed using QuantiTect SYBR Green PCR Kit
(Qiagen, ON, Canada) as per manufacturer’s recommendation using primers for amplifying Sry
gene (Sry Forward- AAGTCAAGCGCCCCATGA, Sry reverse-TGAGCCAACTTGTGCCTCTCT). Amount
of male DNA in total DNA of lung samples was calculated from standard curve and used to

guantify cell retention.

3.3.11 Assessment of the effect of encapsulated ECFCs in MCT model

SD rats were treated with MCT and, ECFCs (300,000 cells in 0.5 mL PBS), encapsulated-ECFCs
(300,000 cells in 0.5 mL PBS) or empty capsules (equivalent to 300,000 encapsulated cells in 0.5
mL PBS) were injected through jugular vein as described above. The dose of capsulated cells

was lowered as higher dose of capsules were not tolerated by MCT treated rats.

3.3.12 In vivo bioluminescent imaging
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At 0, 4 and 24 hr post cell injection (Supplemental Figure 3.1), animals were injected with D-
luciferin (150 mg/kg, ip; Biovision, CA, USA). These animals were subsequently anaesthetized by
isoflurane and imaged using the IVIS spectrum (PerkinElmer, MA, USA) at the University of
Ottawa Preclinical Imaging Core (RRID:SCR_021832). Animals were euthanized before
subsequent open chest and ex vivo lung images were taken to account for the thickness of the
rat’s tissue. Bioluminescent imaging (BLI) was quantified using Living Image 2.0 software

(PerkinElmer, MA, USA).

3.3.13 Immunohistochemistry

As previously described,®* lungs were inflated with 1:1 ratio of OCT:Saline and fixed in 4%
paraformaldehyde solution (Electron Microscopy Science, PA, USA) before dehydration and
paraffin embedding. Sections of fixed lung tissue (5um thickness) were cut and stained with
hematoxylin (Vector Laboratories, CA, USA) and eosin (ThermoFisher Scientific, ON, Canada)
using standard protocol. Alternatively, sections were blocked with 2% goat serum (Rockland
Immunochemicals, PA, USA) and stained with primary rabbit anti-firefly luciferase antibody
(Abcam, Cambridge, UK) 1:100 overnight at 42C followed by Alexa Fluor 594 goat-anti rabbit
secondary antibodies (Invitrogen, ON, Canada) at 1:400 for 1 hr at room temperature.
Immunofluorescent images were analyzed with a Zeiss M2 (Zeiss, Germany) and prepared with
FlJI. Analysis of vascularization was done by grading blood vessels that were non-muscularized
(0), partially muscularized (1), or fully muscularized (2), representative images shown in
Supplemental Figure 3.2, as previously performed.®® All vessels were counted and assessed in

one lung section per animal by a blinded reviewer.
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3.3.14 Statistical Analysis

All data are presented as means + SEM. Differences between groups were analyzed by one-way
analysis of variance (ANOVA), with appropriate post-hoc comparisons. A p-value of p<0.05 was
considered significant. All statistical analysis was performed with Graph Pad Prism 7.0 (Graph

Pad, CA, USA).
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3.4 Results

3.4.1 Microgel encapsulation supports endothelial cell survival

The vortex emulsion method was optimized using HUVECs and we compared cells encapsulated
in 2 to 5% agarose capsules supplemented with or without fibronectin and fibrinogen (Figure
3.1A). The resulting microcapsules were heterogeneous in size, ranging from 10 — 70 um in
diameter. Higher concentrations of agarose (5%) produced larger capsules compared to lower
concentrations of agarose (2%) (Figure 3.1B). Next, we evaluated the effect of agarose
concentration on cell survival and egress from the capsule as these are important
characteristics for the effectiveness of cell therapy. We observed decreased cell egress over 24
hours from capsules with increasing agarose concentration (Figure 3.1C). These data suggest
that the stiffer hydrogels delayed the egress of cells. The concentration of agarose had no
significant impact on cell survival under normal condition, as assessed by WST-1 assay and
CalceinAM staining (Figure 3.1D,E; respectively). However, in response to serum starvation,
conditions that better reflect those that cells are exposed to during cell transport and delivery,
cells encapsulated in 3.5 and 5% agarose exhibited superior survival compared to adherent cells
(28% vs 71% reduction, respectively) (Figure 3.1F). Based on these results and previous work,6?

3.5% agarose capsules were used for the in vivo studies.
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Figure 3.1: Varied agarose concentration has minimal effect on cell viability.

(A) Representative phase contrast images of encapsulated cells in 2-5% agarose microgels, scale
bars represent 100 um. (B) Capsules containing cells appear to increase in diameter with
increasing concentration of agarose in the hydrogel mixture. (C) Higher concentrations of
agarose capsules appears to slow migration of cells from the capsules. Viability was unaffected
by agarose capsule concentration as assessed by (D) WST-1 assay and (E) CalceinAM staining.
Capsules provided a protective niche during 24h culture in serum free condition, shown by (F)
raw WST-1 absorbance and (G) reduction in absorbance. Scale bar represents 100um, *
represents p < 0.05 vs adherent, # represents p < 0.05 vs 2% agarose. Data represents means *
SEM, n = 2-4.
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3.4.2 ECFCs were ineffective in severe pulmonary arterial hypertension

Rat ECFCs were isolated from the SD rat bone marrow and displayed typical endothelial growth
characteristics. Cell morphology and surface markers of ECFCs were compared to human L-EPCs
and CM-BMCs (Figure 3.2). ECFCs displayed a cobblestone morphology when cultured on plastic
similar to that of L-EPCs and HUVECs (Figure 3.2A) whereas CM-BMC exhibited more
mesenchymal cell morphology. ECFCs demonstrated significant proliferative potential in vitro
(Supplemental Figure 3.3). Furthermore, human L-EPCs and rat ECFCs shared common
endothelial characteristics including uptake of ac-LDL, lectin binding, and expression of vVWF and
CD31. Rat ECFCs additionally expressed vascular endothelial cadherin, and low levels of vascular
endothelial growth receptor 2 (VEGFR2), CD146, and CD34 (Figure 3.2B). Moreover, human L-
EPCs and rat ECFCs completely lacked markers of leukocyte or monocyte cell lineage such as
CD45 and CD14 (Figure 3.2B). Importantly, while CM-BMCs did exhibit some endothelial
features (acLDL uptake, lectin binding and low VWF expression), they expressed the
mesenchymal marker, CD73. These data confirm the endothelial identity of ECFCs and suggest
that selection of cells is required to avoid contamination of mesenchymal-like cells from bone

marrow.
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Figure 3.2: Rat ECFCs share morphology and surface markers with human L-EPCs.

(A) Representative images of human L-EPC, rat CM-BMC, and rat ECFCs demonstrating the
cobblestone morphology commonly observed in cultured endothelial cells. (B) Surface marker
characterization by flow cytometry demonstrating the similarities between human and rat
derived L-EPCs positive for ac-LDL, lectin, von Willebrand Factor, and CD31, while negative for
CDA45. The red line depicts isotype control and blue line represents staining with specific
marker.
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Next, we assessed the therapeutic efficacy of ECFCs in the MCT model of PAH. ECFC were
delivered by intrajugular vein injection (1,000,000 cells) 3 days after MCT. Compared with
vehicle control (PBS), treatment with ECFCs resulted in no detectable improvements in RVSP or
RV remodeling at day 24, 3 weeks after cell delivery (Supplemental Figure 3.4). We assessed
retention of the cells in the lungs by gPCR. At 15 minutes, we observed 80% retention of cells in
the lungs; however, at the end study, cells were not detectable suggesting poor retention of

syngeneic ECFCs following injection (Supplemental Figure 3.4).

3.4.3 Encapsulation of ECFCs increased their retention within the lungs of MCT treated rats
To enhance the survival and retention of ECFCs, we performed microencapsulation in 3.5%
agarose. A dose of 300,000 ECFC loaded microgels were injected by intrajugular vein injection.
Bioluminescent imaging allowed tracking of live cells containing luciferase luminescent
reporter. The baseline signal within 30 minutes of cell injection was comparable between
encapsulated and non-encapsulated ECFC treated animals; however, the signal for non-
encapsulated cells was rapidly lost within 4 hours of cell injection and there was no detectable
signal with either live or ex vivo imaging (Figure 3.3A,B). In contrast, encapsulated ECFCs could
be detected up to 24 h post cell injection (Figure 3.3A,B), but not after 72 h even with ex vivo
imaging. The retention of encapsulated cells was further verified by H&E and
immunohistochemical staining with anti-luciferase antibody at 4h and up to 72h (Figure
3.3C,D). Additionally, empty capsules were found to persist in vivo for up to 21 days
(Supplemental Figure 3.5). Therefore, encapsulation of ECFCs lead to a significant prolongation

of lung retention in monocrotaline-treated rats.
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Figure 3.3: Encapsulated ECFCs are retained significantly longer than non-encapsulated cells.
(A) Representative images of the bioluminescent signal emitted by luciferase transfected ECFCs
15 minutes after luciferin injection, including ex vivo images of lungs containing encapsulated
cells. The encapsulated cells were detectable in the lungs up to 24h whereas non-encapsulated
cells were cleared after 4h and not detectable even with ex vivo imaging. (B) The proportion of
the baseline signal demonstrates at 24h ~10% of the encapsulated cells were detectable by
bioluminescent imaging. Representative images of encapsulated cells with H&E (C) (scale bar —
50um) or stained with anti-luciferase antibody (red), DAPI (blue), and auto fluorescence overlap
(green) (D) at 4 and 24h post injection (scale bar — 100um, or 50um for zoomed image,
demonstrating persistence of encapsulated cells in vivo. Data represented as mean £ SD, n =3-4.

Proportion of Baseline

3.4.4 Encapsulated ECFCs prevented the onset of severe PAH and improved lung vascular
morphology
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Animals were followed for 24 days post MCT injection to assess the effect of cell delivery of
pulmonary hemodynamics and vascular remodelling. No significant survival difference between
ECFC treated rats and PBS treated rats was observed. Survival was also similar for rats treated
with empty capsules or encapsulated ECFCs. Importantly, a trend towards lower survival in the
groups treated with capsule was evident compared to the groups receiving capsules (empty
capsules compared to PBS and encapsulated ECFCs compared to ECFCs). The only significant
difference in survival was observed between ECFCs treated rats and empty capsules (Figure
3.4A). Again, animals treated with non-encapsulated ECFCs showed no improvement in RVSP or
RVH compared to control-vehicle treated animals (Figure 3.4B,C). However, animals receiving
encapsulated ECFCs demonstrated a significant improvement in RVSP (p < 0.05) compared to
rats treated with vehicle control or empty capsules (Figure 3.4B). MCT-induced pulmonary
hypertension was associated with arterial muscularization with an increase in the ratio of
partially (33.8%) and fully (60.3%) muscularized vessels (Figure 3.4D,E). Non-encapsulated
ECFCs or empty capsules had no effect on the severity of arterial muscularization. In contrast,
treatment with encapsulated ECFCs significantly reduced muscularization (Figure 3.4D), yet no
changes in overall lung vasculature were observed by MicroCT (Supplemental Figure 3.6).
Taken together, these data suggest that the modest increase in retention of ECFCs resulting

from microencapsulation was sufficient to uncover a therapeutic benefit in a model of PAH.
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Figure 3.4: Capsules may be detrimental in animal survival, yet encapsulated ECFCs provided
a therapeutic benefit to preventing development of severe PAH.

(A) Survival curve demonstrating a slight detrimental effect of capsules on animal survival. (B)
RVSP and (C) RVH for all surviving animals demonstrate the beneficial effect offered by
encapsulated ECFCas in preventing the onset of severe PAH. (D) Severity of muscularization was
graded and assessed to be (0) non-muscularized, (1) partially muscularized, or (2) fully
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muscularized, where animals treated with encapsulated ECFCs had fewer fully muscularized
blood vessels, # represents p < 0.01 vs PBS ctrl. (E) Representative images of H&E stained
histological sections demonstrating severe muscularization of blood vessels (red arrows) 24
days post MCT in animals treated with PBS vehicle, ECFCs, and empty capsules, whereas
animals treated with encapsulated ECFCs had improved vascular remodelling (black arrows).
Scale bar represents 100um. Data represented as means + SEM, n = 3 — 20 for panels A, B, and
C, n =3 (Control) — 5 (Treatments) for Panels D and E.

3.5 Discussion

ECFCs have tremendous promise for the treatment of vascular diseases due to their exceptional
proliferative and angiogenic potential. ECFCs have been successfully used to repair and
regenerate vasculature in many cardiovascular diseases??? Therefore, it is surprising that ECFCs
have failed to be effective in preclinical models of PAH,%®12% despite the critical role of arterial
pruning in its pathogenesis.'®* However, unlike E-EPCs which act nearly exclusively by paracrine
mechanisms, ECFCs (or L-EPCs) are thought to act directly to regenerate blood vessels by
engraftment and differentiation.?'* Thus, the lack of cell persistence in the lung after intra
venous delivery may be a major limitation to their potential repair of the lung arterial bed
through direct integration. Therefore, we investigated whether a strategy to enhance the
retention of ECFCs within the lungs would enhance their therapeutic potential using single cell

microencapsulation.

Microencapsulation of cells within agarose hydrogels supplemented with fibrinogen and
fibronectin offers a protective niche for the cells during transplantation. Similar strategies have

152 and EDCs for myocardial infarction.1%161 By incorporating

been employed with MSCs,
integrin binding proteins it creates a protective niche within the hydrogel preventing anoikis

and enhancing cell survival.!®? In this report, we investigated the impact of hydrogel
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concentration for ECs encapsulation, to maintain cell viability under serum starved conditions,
while allowing cell migration from capsules. Unlike macro-encapsulation that aims to
permanently isolate cells from the host immune cells,??3 single-cell microencapsulation
provides a temporary shield to protect the cells during the traumatic effects of transplantation,
yet allows cell egress within the first few days. The size of the cell-loaded microgels allows for
ease of delivery by intravenous injection. There is also evidence that microencapsulation can
promote increased paracrine secretions compared in 2D cell culture or bulk encapsulation

systems?24

providing additional benefits to this delivery system.

Moreover, microencapsulation of ECFCs improved local retention of cells within the lungs, since
even the smallest capsules were too large to traverse through the lung capillary bed and most
would be retained within pre-capillary arterioles. In contrast, free ECFCs were rapidly cleared
from the lungs within 4h of injection. We observed that the increase in retention of
microencapsulated ECFCs within the damaged lung unmasked a therapeutic effect in the MCT
model of PAH that was not evident with cells alone. Considering that the dose of
microencapsulated ECFCs was only 300,000, compared to previous studies delivering up to 1.5
million free cells,® this strongly supports the critical importance of ECFC retention for
enhancing therapeutic effects. Although, the capsules provided short term improvement in
ECFC retention, there was no evidence of cell persistence beyond 72 hours, whereas empty
capsules could be found in the lung for at least three weeks post injection. This suggests that
cells did not remain in capsules indefinitely, and either egressed from the capsules or

underwent apoptosis after several days. However, even if a substantial proportion of cells
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exited the capsules, they did not persistent in the lung in sufficient numbers to be detectable by
bioluminescent imaging, implying that the observed benefit may have involved paracrine
mechanisms. Indeed, microencapsulation has previously been shown to enhance the paracrine

effects of both MSCs and EDCs. 61224

There are some limitations of our study. Despite the ease of encapsulation using the vortex-
emulsion method, the capsules produced are heterogenous in size and many do not contain
cells. Additionally, the current capsule formulation persists within the lungs for prolonged
periods. The persistence of these capsules in vivo, and the variability in size, likely contributes
to a weak trend toward worsening survival. It is possible that this could be due to a detrimental
effect of the agarose hydrogel. For example, capsules with diameters above 50um could block
larger arterioles, thereby aggravating the underlying pruning of the arteriolar bed seen in this
model, possibly explaining why there was no improvement in lung arterial architecture by
micro-CT. This might be avoided by using a microfluidic technique to generate more
homogeneous capsules and reduce the number of empty capsules.??#22> Reduction in capsule
size heterogeneity, ratio of encapsulated cells to empty capsules, and degradability may allow
larger doses of capsules to further enhance the therapeutic efficacy of this technology.
Furthermore, optimization of the biomaterial composition could reduce the inflammatory
response and allow enhanced degradability of the matrix for use in pulmonary vascular

regeneration.??®
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This study represents a proof-of-principle for the potential of microencapsulation technology to
enhance the efficacy of ECFCs for treatment of PAH. Our microencapsulation strategy increased
lung retention of ECFCs compared to the non-encapsulated controls. Furthermore, short term
increases in retention resulted in hemodynamic improvement in the MCT model of PAH,
although there is room to improve this approach by further optimizing the consistency and

biocompatibility of the hydrogel capsules.
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4.1 Abstract

Extracellular vesicles (EVs) secreted by stem and progenitor cells have significant potential as
cell-free ‘cellular’ therapeutics. Yet, small EVs (<200 nm) are rapidly cleared after systemic
administration, mainly by the liver, presenting challenges targeting EVs to a specific organ or
tissue. Microencapsulation using natural nano-porous hydrogels (microgels) has been shown to
enhance engraftment and increase the survival of transplanted cells. We sought to encapsulate
EVs within microgels to target their delivery to the lung by virtue of their size-based retention
within the pulmonary microcirculation. Mesenchymal stromal cell (MSC) derived EVs were
labelled with the lipophilic dye (DiR) and encapsulated within agarose-gelatin microgels.
Endothelial cells and bone marrow derived macrophages were able to take up EVs
encapsulated in microgels in vitro, but less efficiently than the uptake of free EVs. Following
intrajugular administration, microgel encapsulated EVs were selectively retained within the
lungs for 72 hours, while free EVs were rapidly cleared by the liver. Furthermore, microgel
loaded EVs demonstrated greater uptake by lung cells, in particular CD45+ immune cells, as
assessed by flow cytometry compared to free EVs. Microencapsulation of EVs may be a novel

tool for enhancing targeted delivery of EVs for future therapeutic applications.

Subject Keywords: Extracellular vesicles; biodistribution; biomaterials; microencapsulation;

pulmonary circulation

104



4.2 Introduction

There is increasing evidence that extracellular vesicles (EVs) play an essential role in cell-to-cell
communication.??” EVs are nano-sized membrane bound particles loaded with proteins,
mRNAs, and miRNAs from their host cell which provide important signaling cues to their
recipient cell.??” EVs can be categorized based on their size; small EVs are <150nm in size likely
contain the exosome fraction of endosomal origin, whereas EVs between 150-1000nm contain
primarily microvesicles.}*2 Mesenchymal stromal cells (MSCs) represent a multi-faceted
therapeutic cell with important angiogenic and immunomodulatory potential and have been
reported to have therapeutic effects in a number of models of cardiovascular disease.??® The
actions of MSCs are thought to be mediated largely by paracrine mechanisms, in particular
related to the release of therapeutic EVs.??° Therefore, there is considerable interest in
developing MSC derived EVs, particularly small EVs, as a cell-free ‘cellular’ therapeutic
product.??® In fact, MSC-EVs have been studied as a therapy for a variety of cardiovascular
diseases including pulmonary arterial hypertension (PAH)3>136140 3cute myocardial

231 and broncho-pulmonary dysplasia?2.

infarction!36230 gcute lung injury
EVs have a number of potential advantages over intact cells. EVs have the potential to mirror
the benefits of cell-based therapies without some of the risks associated with delivery of intact
cells, including tumorigenicity, immunoreactivity, product shelf life, and viability.?3* As MSC-EVs
are cell by-products they are unable to replicate and cannot directly form tumors. Furthermore,
the transplantation of allogenic cells presents a risk of immunoreactivity from foreign antigens,

whereas EVs derived from MSCs generally lack components of the major histocompatibility
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complex.?3* Finally, unlike intact cells where efficacy is dependent on cell viability that can be
lost during storage,?3> EVs possess good long term stability at -80°C%3® and do not have post

thaw viability requirements that may hinder their use.

However, unlike intact cells which can be used to target the lung through size-based filtration in
the distal lung arteriolar bed, small EVs, in the nanometer range, would not be expected to
lodge in the precapillary arteriolar bed and are rapidly cleared from the circulation by the liver
and spleen!®®148 |imiting their therapeutic potential. Indeed, Gupta et al. have shown in a
pharmacokinetic study that EVs have a very short half-life in vivo and are cleared from the
blood within minutes of delivery.'#” Furthermore biodistribution may be impacted by cell origin;
while EVs from many cell types largely accumulate in the liver and spleen,'*® EVs derived from

149

breast cancer cells may preferentially target the lung,** as well as by modifications, such as

150 237

glycosylation,® or genetic modification.

Biomaterials are commonly used to create cell compatible microenvironments, promoting cell

viability and facilitating transplantation,>3

and can be engineered to target distribution to a
particular organ. Microencapsulation can enhance local organ retention of intact cells*2 and
has been shown to promote therapeutic outcomes in experimental models of acute myocardial
infarction.'®! More recently, bulk EV encapsulation has been used to create large regenerative
tissue patches for cardiac repair'®2. Despite relatively poor lung uptake after intravascular

delivery#®, EVs have been shown to be effective in the treatment of preclinical models of

pulmonary arterial hypertension (PAH).238 Therefore, the objective of this study was to
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determine whether microencapsulation of EVs within nanoporous hydrogels (microgels) would
increase lung targeting in the monocrotaline (MCT) preclinical model of (PAH). We
hypothesized that microencapsulation of EVs would enhance local EV retention within the
diseased lung, facilitating increased cellular uptake. We now report markedly enhanced
retention of EV-loaded microgels within the lungs as compared to free EVs, with enhanced local
cellular uptake, supporting the use of microencapsulation as a novel strategy to efficiently

target EVs to the lung.

4.3 Methods

4.3.1 Mesenchymal stromal cell culture and extracellular vesicle isolation

Sprague Dawley rat bone marrow mesenchymal stromal cells (MSCs) were isolated from rat
bone marrow as previously described?3° or acquired from Cyagen (Cyagen Bioscience, Santa
Clara, CA, USA). Isolated rat bone marrow MSCs were cultured in alpha MEM (ThermoFisher
Scientific, Burlington ON, Canada) with 10% fetal bovine serum (ThermoFisher Scientific,
Burlington ON, Canada) and 1% pencilin/streptomycin (Life Technologies, Carlsbad, CA, USA),
Cyagen sourced MSCs were cultured in StemXVivo mesenchymal stem cell expansion media
(R&D systems, Toronto, ON, Canada) inside tissue culture incubators at 37°C with 5% CO.,

passaging as necessary.

4.3.2 Extracellular vesicle isolation and labelling
MSCs between passage 3 and 5 were used for EV isolations. For EV isolation, MSCs were

cultured to 80-90% confluency, washed 2x with PBS and changed to serum free alpha-MEM
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(Invitrogen, Waltham, MA, USA) with 1% pencilin-streptomycin for 24h collection period. After
24h, MSC-conditioned media was collected and purified using sequential ultracentrifugation
and tangential flow filtration (TFF) (KrosFlow KR2i, Repligen, Waltham, MA, USA). Since TFF
coupled with ultra-centrifugation may lead to co-precipitation of protein aggregates, we were
careful to apply consistent production processes in these experiments to minimize any
confounding effects from uptake of protein aggregates. In brief, conditioned media (CM) was
spun at 2500g for 10min at 4°C, the supernatant was then spun at 20,000g for 20min at 4°C.
The resulting conditioned media was processed by TFF to remove small protein and particles
with a 500,000 MWCO MidGee hoop ultrafiltration cartridge (GE Lifesciences, Vancouver, BC,
Canada). Diafiltration was performed with sterile filtered PBS and concentrated sample was
collected. To further purify small EVs, conditioned media was spun at 100,000g for 30min at 4°C
and pellets were resuspended in sterile PBS. For DiR (ThermoFisher Scientific, Burlington, ON,
Canada) and DiD (ThermoFisher Scientific, Burlington, ON, Canada) labelling, concentrated EVs
from the TFF were stained with DiR or DiD at 0.5 pg/ml for 15min then spun at 100,000g for
30min at 4°C to wash unbound dye and pellets were resuspended in PBS. For pkh26 (Sigma
Aldrich, Oakville, ON, Canada) labelling, concentrated EV fraction following TFF was spun at
100,000g for 30min at 4°C, and pellets were resuspended in dilutant C. pkh26 (0.002mM; Sigma
Aldrich, Oakville, ON, Canada) was added for 15 min following which sample was spun at
100,000g for 30min at 4°C to concentrate and wash the EV fraction. Labelled EVs were

resuspended in PBS, aliquoted and stored at -80°C until use.
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4.3.3 Extracellular vesicle characterization

MSC derived small EVs were characterized for protein concentration using the bicinchoninic
acid (BCA) assay (Sigma Aldrich, Oakville, ON, Canada). Nanoparticle tracking analysis was
performed using ZetaView (Particle Metrix, Mebane, NC, USA) to determine particle number
and size distribution. Western blot was performed to confirm presence of canonical EV protein
markers CD63, CD9, TSG101, or negative selection marker GM-130. Samples were lysed in 1x
RIPA buffer (Millipore, CA, USA) + Halt protease inhibitors (ThermoFisher Scientific, Burlington,
ON, Canada) with sonication and vortexing for protein quantification, as above. Loading buffer
was added and samples were heated at 70°C for 10min. Samples (10-15ug protein/lane) were
run by electrophoresis on pre-cast SDS-Page Stain Free Gels (Bio-Rad, Hercules, CA, USA).
Separated proteins were transferred to low fluorescence PVDF membranes using the TransBlot
Turbo (Bio-Rad, Hercules, CA, USA), and blocked in TBS-T (TBS with 0.1% Tween 20) with 5 %
non-fat dry milk for 1h at room temperature. Membranes were washed 5x times with TBS-T
and stained overnight at 4°C with gentle agitation with primary antibodies: mouse anti-rat CD63
(1:200 dilution, BD Biosciences, Mississauga, ON, Canada), rabbit anti-rat CD9 (1:500 dilution,
ThermoFisher Scientific, Burlington, ON, Canada), rabbit anti-rat TSG101 (1:500 dilution,
ThermoFisher Scientific, Burlington, ON, Canada), or rabbit anti-mouse GM-130 (1:500 dilution,
ThermoFisher Scientific, Burlington, ON, Canada). After washing membranes 5x in TBS-T
membranes were incubated with appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:5000, Jackson ImmunoResearch West Grove, PA, USA) for 1h at room

temperature. Clarity Western ECL (Bio-Rad, Hercules, CA, USA) was used to detect HRP signal
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imaging with ChemiDoc MP imaging system (Bio-Rad Hercules, CA, USA). Images were analyzed

with Image Lab v6 (Bio-Rad, Hercules, CA, USA). Data shown in Supplemental Figure 4.1.

4.3.4 HUVEC uptake experiments

Human umbilical vein endothelial cells (HUVEC) were cultured in endothelial cell (EC) growth
media with 5% FBS, 1% pen/strep and supplements (ScienCell, Carlsbad, CA, USA), in a tissue
culture incubator at 37°C with 5% CO», passaging as needed. HUVEC between passages 4 and 6
were used for experiments. HUVEC were seeded at 100,000 cells/ well in a 6 well plate
(Corning, Corning, NY, USA), after 24h DiR or DiD labelled free EVs were added at 1ug or 3ug of
EV protein. After 24h of uptake, cells were washed with PBS, lifted with trypLE (Life
Technologies, Carlsbad, CA, USA), and resuspended in PEB: PBS + 2mM EDTA (ThermoFisher
Scientific, Burlington, ON, Canada) + 0.5% bovine serum albumin (BSA, Wisent Bioproducts,
Saint-Jean-Baptiste, QC, Canada). Cells were counted, washed, and resuspended in staining
buffer containing: 1:100 dilution V450 mouse anti-human CD31 (BD Biosciences, Mississauga,
ON, Canada), 1:10 dilution PE mouse anti-human CD34 (BD Biosciences, Mississauga, ON,
Canada), for 30min at 4°C in the dark. Appropriate unstained, fluorescent minus one (FMOs),
and compensation controls were prepared. Following staining cells were washed with PEB and
loaded into 5ml flow tube (Corning, Corning, NY, USA) for flow analysis on the Attune NXT
(ThermoFisher Scientific, Burlington, ON, Canada), or the AMNIS ImageStream X (Luminex,
Austin, TX, USA) for intracellular visualization. Subsequent analysis was performed in FlowJo

version 10 (FlowlJo LLC, Ashland, OR, USA).
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4.3.5 Bone marrow derived macrophage isolation, characterization, and uptake

Rat bone marrow derived macrophages were derived, as adapted from Souza-Moreira et al.24°
Rat bone marrow was isolated, mononuclear cells were counted, and frozen in 90% heat
inactivated (HI) FBS (ThermoFisher Scientific, Burlington, ON, Canada) + 10% DMSO (Sigma
Aldrich, Oakville, ON, Canada). Rat bone marrow mononuclear cells were thawed and cultured
at 4-6 million in a 10 cm dish (Falcon) using differentiation media containing: DMEM
(ThermoFisher Scientific, Burlington, ON, Canada), 20% HI FBS, 1% Pen/strep, 1% Glutamax
(ThermoFisher Scientific, Burlington, ON, Canada), and 20 ng/ml macrophage colony
stimulating factor (MCSF, Sigma Aldrich, Oakville, ON, Canada) in a tissue culture incubator at
37°C, 5% CO,. Additional media was added after 3-4 days. After 6-7 days macrophages were
lifted using cold PBS and scraping then counted. Bone marrow derived macrophages were
plated at 1 million per well, in a 6 well plate in DMEM + 10% HI FBS, 1% Pen-strep, 1% glutamax
with or without LPS (50 ng/ml, Sigma Aldrich, Oakville, ON, Canada) + interferon gamma (IFNy,
5 ng/ml PeproTech Inc., Cranberry, NJ, USA) or interleukin 4 (IL4, 10 ng/ml, PeproTech Inc.,
Cranberry, NJ, USA) stimulation. Macrophages were characterized for presence and absence of
canonical markers using flow cytometry PE-Cy5 mouse anti-rat CD45 (BD Biosciences,
Mississauga, ON, Canada), BV786 mouse anti-rat CD11b/c (BD Biosciences, Mississauga, ON,
Canada), and PE mouse anti-rat CD34 (Novus Biologicals, Littleton, CO, USA) (Supplemental
Figure 4.2). For uptake experiments macrophages were cultured, lifted, and plated for 24h of
stimulation with or without LPS+IFNy. Subsequently, macrophages were washed with PBS, and
fresh media was added with or without IL4, and DiR labelled EVs at 1ug of EV protein. After 24h

macrophages were lifted, washed, counted, and stained. Staining was performed with 1:200
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dilution eFluor 450 mouse anti-rat CD45 (eBioscience, San Diego, CA, USA), and FITC mouse
anti-rat CD86 (eBioscience, San Diego, CA, USA), for 30min at 4°C in the dark. Following which

cells were washed and analyzed by flow cytometry as previously described.

4.3.6 Microfluidic EV encapsulation

Extracellular vesicles were encapsulated using a novel microfluidic device designed for cell and
small particle encapsulation, in a similar manner as described for cell encapsulation??>241, A
known quantity of EV protein (10-20ug) was mixed with 1% ultra-low gelling temperature
agarose (Sigma Aldrich, Oakville, ON, Canada), 1% gelatin (Sigma Aldrich, Oakville, ON, Canada)
and kept at 37°C during encapsulation. Following microfluidic encapsulation, microgels were
kept at 4°C to ensure complete gelation, and 3x PBS washes with 1000g for 5min centrifugation
spins to remove the residual oil. Microgels were counted using the hemocytometer and used
for experiments based on initial EV protein incorporated into total batch of microgels.
Microgels were stored at 4°C for up to 24h prior to in vivo injection. For fluorescent
visualization gelatin labelled with Oregon green 488 (ThermoFisher Scientific, Burlington, ON,
Canada) was added to capsules at a diluted concentration (0.5%). Fluorescently labeled EV
loaded and empty microgels were visualized with both a Zeiss M2 imager epi-fluorescent and a

Zeiss LSM900 confocal microscope.

4.3.7 MCT Model of PAH and biodistribution
All animal experiments were approved by the University of Ottawa Animal Care Committee. As

previously described,?” male Sprague Dawley (SD) rats (200-250g) were injected with
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monocrotaline (MCT) (60 mg/kg, Sigma Aldrich, Oakville, ON, Canada) by intra peritoneal (i.p.)
injection seven days before EV injections. For EV injections, animals were anaesthetized by
isoflurane inhalation for jugular vein cut down and cannulation. After wound closure, topical
bupivacaine was applied, and administered twice daily for one day following surgery.
Buprenorphine (s.c. 0.03 mg/kg, Ceva Santé Animale, Libourne, France) was also administered 1
hour prior to surgery for pain management. Treatments were delivered by intra jugular vein
(i.j.) injection using PBS (ThermoFisher Scientific, Burlington, ON, Canada) vehicle. For
biodistribution experiments of DiR labeled free or encapsulated EVs (20ug protein content)
were tracked at 4h, 24h, and 72h post injection by ex vivo imaging with the IVIS spectrum
(Perkin Elmer, Waltham, MA, USA) at the University of Ottawa Preclinical Imaging Core
(RRID:SCR_021832). Animals were euthanized, organs (lungs, liver, spleen, kidney, and heart)
were isolated and fluorescent images were acquired. Region of interest selection for average
radiant efficiency were selected using Living Image Software v 3.2 (Perkin Elmer, Waltham, MA,

USA) intensity and fluorescent background was subtracted using vehicle controls.

4.3.8 Lung digestion and flow analysis

As described, EVs or microgel-EVs were injected 7 days following MCT injection. Lung digestion
was performed as previously described.1%%242 24h post injection animals were euthanized, and
lungs were flushed with PBS perfusion through the right heart. Lungs were extracted, manually
diced and placed in OCTO-Macs dissociation tubes (Miltenyi Biotec, Bergisch Gladbach,
Germany) with digestion buffer [collagenase type 1 (Worthington Biochem., Lakewood, NJ,

USA) neutral protease (Worthington Biochem., Lakewood, NJ, USA), and DNAase | (Sigma
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Aldrich, Oakville, ON, Canada) in Hank’s Balanced Salt Solution (HBSS, ThermoFisher Scientific,
Burlington, ON, Canada)]. Dissociation was performed using OCTOmacs dissociator (Miltenyi
Biotec, Bergisch Gladbach, Germany). Following which, digested lungs were filtered through
70um filters (Corning, Corning, NY, USA) and washed with PEB. Red blood cell lysis was
performed with 1x RBC lysis buffer (eBioscience, San Diego, CA, USA) for 3min at room
temperature, followed by washing with PEB. Cells were counted in PEB and ~1 million cells
were taken for staining and appropriate controls. Cells were stained with first Live/Dead Fixable
yellow (ThermoFisher Scientific, Burlington, ON, Canada), and then 1:200 dilution of Alexa Fluor
488 mouse anti-rat CD45 (BioLegend, San Diego, CA, USA), PE mouse anti-rat CD31 (BD
biosciences, Mississauga, ON, Canada) for 30 min at 4°C in the dark. Cells were washed with
PEB, mixed with CountBright Plus absolute counting beads (ThermoFisher Scientific, Burlington,
ON, Canada), and analyzed by flow cytometry on the Attune Nxt (ThermoFisher Scientific,
Burlington, ON, Canada), with subsequent analysis performed in FlowJo v10 (FlowJo LLC,

Ashland, OR, USA). Gating strategy shown in Supplemental Figure 4.3.

4.3.9 Statistical Analysis

All data are presented as means * SEM. Differences between groups were analyzed by one-way
with Tukey’s post-hoc test for multiple comparisons or two-way analysis of variance (ANOVA)
with Sidak’s post-hoc test for multiple comparisons. An adjusted p-value of p<0.05 was
considered significant. All statistical analysis was performed with Graph Pad Prism 8.0 (Graph

Pad, San Diego, CA, USA).
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4.4 Results

4.4.1 Differential uptake of extracellular vesicles by cell type

Small EVs are known to play a role in cellular communication in part mediated by uptake by
other cells. Small MSC-derived EVs labelled with the near infrared lipophilic dye DiR were
incubated with HUVEC or bone marrow-derived macrophages in vitro. Less than a third of
HUVECs (29 + 2%) were observed to take up DiR labelled EVs over 24h at 1ug of protein (Figure
4.1A-C), although this increased with higher protein concentration (62 + 3% at 3ug).
Visualization with the AMNIS image stream (Figure 4.1B) and subsequently confocal imaging
(Supplemental Figure 4.4) demonstrated the labelled EVs were internalized, not only bound to
the cell surface. Compared to HUVECs, a greater proportion of untreated macrophages (M®@)
were readily able to take up EVs (75 + 4% at 1ug) (Figure 4.1D-E) which had no discernable
effect on M@ morphology (Supplemental Figure 4.5). Pretreatment with I1L4 to induce a M2
alternative activation state, but not LPS+IFNy which promotes an M1 phenotype, significantly
reduced the uptake of MSC EVs (p=0.03) (Figure 4.1D-E). Since lipophilic dyes, including DiR,
may form micelles during labelling, a control experiment was performed in which DiR was
added the vehicle (PBS) and prepared and processed in the same manner as DiR labelled EVs.
Post ultracentrifugation DiR-Pellets (which would contain any micelles) or DiR-supernatant
(Sup) were incubated with HUVECs. While there was very minimal labelling of HUVECs with DiR-

Pellet, DiR-Sup containing soluble dye produced a strong DiR signal (Supplemental Figure 4.6).
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Figure 4.1: Endothelial cells and macrophages have differential MSC-EV uptake.

HUVEC and macrophages were exposed to DiR labelled MSC-EVs in vitro. EV uptake by HUVEC
was characterized after 24h by (A) flow cytometry and (B) AMNIS analysis revealing the
internalization of EVs by a limited population of HUVEC, as quantified (C). Unstimulated
macrophages (M@), IL4 stimulated and LPS/IFNg stimulated macrophages readily took up
macrophages as shown in representative flow plots (D) and quantified (E). Data represents
mean * SEM.

4.4.2 Encapsulation of EVs in microgels

Nanoporous hydrogels have been previously used to encapsulate single cells forming a
“microgel” niche to protect cells for in vivo delivery.1®! A microfluidic approach??>24! was

employed to encapsulate EVs labelled with pkh26 in 1% agarose-1% gelatin producing
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microgels of uniform size (47 + 0.4 um) (Figure 4.2A-C). Using confocal imaging z-stacks,
labelled EVs were observed to be distributed throughout the spherical microgel, and appeared
to be spatially co-localized with the labelled gelatin (Figure 4.2D). Furthermore, in vitro
encapsulated EVs were taken up by both endothelial cells (9.7 + 1%) and M@ (64 + 4%) over 24
hours (Figure 4.2E-F), and again, uptake of EVs was greater for M@. Integrated fluorescence
density per cell was calculated as a measure of relative EV uptake. Interestingly, there was no
difference in the proportion of M@ taking up free versus encapsulated EVs (p=0.27), however
individual M@ took up significantly more free EVs than encapsulated EVs evidenced by higher
fluorescent intensity (p=0.003). This demonstrates that microencapsulation delays the uptake
of EVs thereby potentially providing a system for controlled delivery of EVs to a target tissue.
Interestingly, while the proportion of HUVECs taking up encapsulated EVs was lower than for
free EVs, the amount of uptake per cell was if anything higher (Figure 4.2F), again illustrating

important differences in the uptake of EVs between cell types.
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Figure 4.2: Microencapsulation of MSC-EVs within nanoporous hydrogels.

(A) Microfluidic encapsulation was performed with 1%agarose-1%gelatin hydrogels using an oil
immersion process to form a homogenous population of EV-loaded microgels. Pkh26 labelled
encapsulated EVs were visualized by fluorescent microscopy (B) and microgel diameter
quantified (C). Confocal z-stacks demonstrate the loading of EVs throughout the hydrogels (D).
Uptake of encapsulated EVs was compared to free EVs after 24h by immunofluorescent imaging
(E) and quantification (F) demonstrated the reduced rate of EV uptake compared to free EVs.
Data represents mean + SEM.
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4.4.3 Microencapsulated EVs enhance local lung specific delivery

To evaluate the impact of encapsulation on EV retention, biodistribution experiments were
performed using DiR labeled EVs which has a near-infrared fluorescent signal (ex. 750nm; em.
780nm) where tissues have improved optical transparency for in vivo imaging and limited auto-
fluorescent. Free or encapsulated EVs and vehicle controls were injected through the jugular
vein of SD rats 7 days after administration of MCT (Figure 4.3A). At 24h there was a clear
difference in biodistribution between free EVs which were predominately taken up by the liver
with lung representing only 7.5 + 0.4% of the measured fluorescent signal, whereas EV-loaded
microgels were efficiently retained within the lung (Figure 4.3B-C) representing 81 + 12 % of the
signal (p=0.0001). In contrast, EV-loaded microgels show minimal accumulation within the liver
at 24h (10 £ 3%) compared to 74 + 2% for free EVs (p=0.0001). Accumulation of free and
encapsulated EVs was not statistically significant in any other organ examined, including spleen,
kidney, and heart (Supplemental Figure 4.7). The fluorescent signal measured in the lungs of
encapsulated EVs appeared to increase overtime (Figure 4.3D-E), which is surprising since the
microgels are too large to pass through the pulmonary circulation, and one would anticipate
retention at the pre-capillary arteriolar level on first passage. Therefore, the maximal number
of encapsulated EVs would be expected immediately after injection. However, the
phenomenon of aggregation caused quenching (ACQ) has been well described?*? resulting in
loss of fluorescence signal when fluorescent molecules are densely packed into a restricted
space, as with encapsulation. Therefore, it is likely that at early time points the low fluorescent
signal was caused by quenching of the fluorescent signal of EVs tightly packed inside

244

microgels** and that the quenching is reduced as EVs are released over time and become
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distributed over a greater area. An alternative explanation would be that EVs are taken up over
time from the circulation; however, this is unlikely since there was no similar increase in lung
signal after the injection of free EVs, which based on their small size would have a much greater
opportunity for recirculation. Moreover, vortex-emulsion produced empty 1% agarose-1%
gelatin microgels are largely cleared over the first 72h (Supplemental Figure 4.8). While vortex-
emulsion microgels were more heterogenous in size, the average diameter was similar (35+15
um). Finally, it should be noted that the lipophilic dye will persist in the membrane of cells after
uptake of EVs and this likely accounts for the relatively stable signal intensity from 4 to 72h
after delivery of free EVs in the liver, spleen, kidney, and heart (Supplemental Figure 4.7).
Therefore, in aggregate, these findings demonstrate that microencapsulation of small EVs can
lead to significant improvement in local lung delivery compared to systemic injection of free

EVs.
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Figure 4.3: EV loaded microgels were retained within the lungs.

(A) Free and encapsulated DiR labelled EVs were administered 7 days after monocrotaline
(MCT) which induces a model of pulmonary arterial hypertension. (B) Representative images
from IVIS analysis demonstrate the level of background fluorescence observed at 24h in PBS
controls compared to free and encapsulated EVs. (C) Quantification of average radiant
efficiency at 24h from the lungs, liver, spleen, kidney, and heart demonstrate the significant
increase in lung specific retention by encapsulated EVs while free EVs were rapidly cleared to
the liver. (D) Representative lung samples from 4h, 24h and 72h time points demonstrate the
low level of free EV retention within the lungs, which is further quantified (E). Data represents
mean * SEM.
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4.4.4 Encapsulated EVs were taken up by lung resident immune cells in vivo

While the distribution kinetics of free EVs have been studied following systemic administration,
little is known about the cellular uptake of these membrane-bound particles in the target
organs. We performed lung digestion combined with flow cytometric analysis following the in
vivo administration of DiR labelled encapsulated or free EVs to identify which cells were
interacting with the administered EVs in the lung. The digestion and isolation procedure was
biased towards immune cells, with a large proportion of cells being CD45+ across all treatment
groups (Figure 4.4A-B). Intravenous injection of microgels, with or without, EVs resulted in an
increase in CD45+ cell recruitment to the lungs compared to healthy controls (Figure 4.4B),
consistent with a proinflammatory effect of agarose-based hydrogel. Histological data
corroborated this finding demonstrating cellular influx surrounding microgels (Supplemental
Figure 4.8). No statistical difference was observed between the number of endothelial cells
(CD45-CD31+) in control lungs and those from animals receiving microgels; while there was a
modest increase in other CD45- cells (e.g., fibroblasts) between empty microgels and other
groups, consistent with a reactive response (Figure 4.4B). Interestingly, at 24h, only animals
treated with EV-loaded microgels showed statistically significant accumulation of DiR+ EVs
within both the CD45+CD31- and CD45+CD31lo immune cell populations compared to all other
treatment groups (Figure 4.4C-D). Despite the relative low yield of endothelial cells (CD45-
CD31+) from the digestion, EV uptake was seen only in animals receiving EV-loaded microgels.

No differences were observed in the CD45-CD31- cells uptake of DiR+ EVs between all the
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treatment groups (Supplemental Figure 4.9). Therefore, these findings demonstrate that EVs

are predominately taken up by immune cells in vivo, and encapsulation enhances EV uptake.
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Figure 4.4: Local immune cell EV uptake increased by microencapsulation.
Lungs were isolated, digested, and prepared for flow cytometry analysis 24h after DiR labelled
EV administration. (A) Representative flow plots demonstrate consistent proportions of lung
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endothelial (CD45-CD31+), immune (CD45+CD31- or CD31lo), and other (CD45-CD31-)
populations, which was quantified as cell counts, and proportions (B) demonstrating increased
numbers of immune cells with the presence of microgels. EV uptake was assessed by evaluation
of DiR labelling, representative flow plots are shown (C) and quantification (D) demonstrates
significant EV uptake by CD45+CD31- and CD45+CD31lo cells when exposed to encapsulated
EVs. Data represented as mean + SEM, * p<0.05 PBS, Free EVs, and Empty Capsules compared
to Encap. EVs, *** p<0.0005 all Tx compared to Encap EVs, # p = 0.07 healthy compared to
Encap EVs.

125



4.5 Discussion

Systemic delivery of free EVs is a promising treatment for a variety of lung diseases,?** including
PAH.0 However, after intravenous administration, EVs are rapidly cleared from the circulation,
primarily by the liver and spleen,47246-248 representing a significant challenge for therapies
requiring targeted delivery of EVs to other tissues and organs, such as the lungs. Therefore,
strategies to improve organ specific EV retention and prolong the opportunity for EVs to
interact with target host cells could greatly enhance efficacy of EV therapies. In this study, we
demonstrated that encapsulation of MSC-EVs in nano-porous microgels significantly improved

lung targeted EV retention and enhanced EV uptake by resident lung cells.

Microencapsulation has been previously employed for the delivery of therapeutic stem and
progenitor cells.1>2161.225 \We sought to apply this technology for the targeted delivery of EVs to
the lung. We demonstrated reduced uptake of EVs in vitro over 24 hours by macrophages
(decreased EV fluorescent signal) and ECs (decreased percentage of EV+ cells) from microgels
suggesting that encapsulation restricted access to EVs compared to free EVs which were readily
taken up by cells. The marked difference in the way ECs and macrophages interacted with
encapsulated EVs suggests cell type has an important impact on EV uptake. Phagocytic cells,
such as macrophages, show greater consistency of EV uptake than ECs; however, the
magnitude of EV uptake was greatly constrained by encapsulation. In contrast, a smaller
proportion of ECs were able to uptake EVs, especially after encapsulation, but the number of
EVs taken up remained fairly constant. We cannot rule out that other factors, including

differences in cell culture media and additives, might influence EV release from the microgels
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and cellular uptake. Despite the relatively restricted uptake of encapsulated EVs over 24 hours
in cell culture conditions, in vivo studies demonstrated much greater retention of EV containing
microgels within the lungs up to 72h following injection. This is in contrast to previous
pharmacokinetic studies which have shown that free EVs are rapidly cleared from the
bloodstream within hours of administration.'*” Therefore, loading EVs into microgels represents

an effective strategy to both enhance their delivery to the lung and increase their retention.

While previous studies have evaluated the overall biodistribution of systemically administered
EVs, they have generally not examined which cells are responsible for EV uptake. To better
understand the mechanisms by which EVs may exert their therapeutic actions, it is necessary to
define the specific cell types with which they interact. In this study, we used fluorescently
labelled EVs in combination with lung digestion and flow cytometry to gain insights into the
cellular uptake of MSC-EVs within the lung. Loading EVs into microgels resulted in a marked
increase in uptake by lung resident cells, primarily CD45+ immune cells. Uptake by lung resident
immune cells could enhance the therapeutic efficacy of EVs in inflammatory lung diseases, such
as acute respiratory distress syndrome. As well, in PAH it is hypothesized that MSC-derived EVs
modulate the local inflammatory environment by interacting with immune cells, specifically
macrophages.??® While free EVs were readily taken up by macrophages in vitro (Figure 4.1), due
to the short residence time in vivo, their ability to interact with lung host cells was limited
resulting in minimal uptake by CD45+ immune cells after systemic delivery (Figure 4.4). In
contrast, microencapsulation, which reduced in vitro uptake by M@ and ECs, greatly enhanced

cellular uptake in vivo by prolonging the retention of EV-loaded microgels in the lung. However,
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whether the more efficient lung resident cell uptake of encapsulated EVs translates into greater

therapeutic benefits remains to be seen.

The biomaterials used for microgel preparation will impact the tissue residence time and the
local microenvironment. An agarose hydrogel formulation was developed for previous studies
in our group designed to enhance cell persistence and engraftment following
transplantation.>? This agarose-gelatin formulation was also effective in enhancing local
retention of encapsulated EVs in the lung (Figure 4.3), yet there are opportunities to optimize
the biomaterial formulation going forward. Interestingly, fluorescently labelled gelatin and EVs
appeared to co-localize within microgels (Figure 4.2), which may be due to protein-protein
interactions between the gelatin and EVs during microgel formation and could contribute to the
EV protein corona. While modifications to the EV protein corona were not directly studied,
changes to the protein corona could influence downstream EV-cell interactions,?*° and the
impact of microgel encapsulation on this could be the source of future studies. Immune cells
were the primary cells involved in the uptake of EVs from microgels and even empty agarose-
gelatin microgels promoted inflammation, as observed by increased number of immune cells
within the lung, likely due to biomaterial-immune cell interactions inciting a local foreign body
response (FBR). The size and shape of implanted biomaterials has been shown to influence the

FBR, although in this study no materials below 100um were studied.?>°

Novel biomaterials have been developed to reduce the FBR, for example to reduce the

inflammatory response to encapsulated pancreatic islets after transplantation.?>! Further
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studies should seek to optimize the biomaterial formulation to reduce the FBR, particularly in
the context of a therapeutic product. Biomaterials can also be modified to optimize the release
kinetics of EVs. Recently, it has been reported that translocation of EVs through biomaterials
and extracellular matrices is linked to the matrix mechanical properties and the EV

252

deformability,”> and this represents an opportunity to modify the matrix properties to control

the diffusivity of the loaded EVs. Alternatively, introduction of matrix metalloproteinase

226

degradable sites through click-chemistries**° could further refine the release profile and

determine the local retention time by enhancing degradation of the microgels.

This study demonstrates that EV-loaded microgels can be used to enhance EV delivery to the
lungs compared to administration of free EVs. Furthermore, EV-loaded microgels act as a
sustained release system to increase the time for interaction between host cells and EVs. Lastly,
we have demonstrated that increased local retention of EVs results in significantly higher host
cell uptake. All of this suggest EV-loaded microgels may offer significant benefits to enhancing

delivery of EV therapies.
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4.11 Chapter 4 Extension

As an extension to this manuscript, we sought to test the efficacy of MSC derived EVs and
microgel encapsulation as therapeutics for PAH. We employed the MCT rat model and EV/
microgel injections as described in Chapter 4, with EVs or vehicles injected 7 days post MCT in a
late prevention model (Extended Data Figure 4.5A). Free EVs and microgel loaded EVs were
compared with PBS vehicle and empty microgel vehicles, with healthy animals serving as an
additional control. Unfortunately, no statistically significant differences were observed between
any of the treatment groups for RVSP or RVH (Extended Data Figure 4.5B,C). Variability within
vehicle treated control animals was very high, which may have masked therapeutic effects of
MSC-derived EVs, and the microgel-loaded EVs, requiring additional power to properly assess
statistical significance. Yet, signs point to only a modest benefit with both free and microgel
loaded EVs. Therefore, future work should evaluate different cell sources for the most potent

EVs, which could include umbilical cord (UC) derived MSCs.
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Extended Data Figure 4.5: EVs and microgel loaded EVs to prevent MCT induced PH.

(A) Schematic of monocrotaline (MCT) induced PH and treatment with EVs or microgel loaded
EVs. MSC derived EVs were unable to prevent PH progression based on RVSP (B) and RVH (C)
parameters. Data presented as mean £ SD, n = 5-16.

132



Chapter 5: General Discussion and Perspectives
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5.1 Summary

PAH is a severe and lethal disease of the pulmonary vasculature, with complex pathogenesis
and limited treatment options available. Through these independent studies we have gained
new insights into disease progression and potentially regenerative therapeutic options.
Sequential scRNA-seq analysis in the SU/CH model identified key cell populations driving PAH
progression, notably the aAECs, dCap ECs, and SM-like pericytes. This study is the first to use
single cell transcriptomic analysis to unravel some of the complex factors at play at the earliest
stages of PH development. Additionally, we evaluated two regenerative treatment strategies to
restore the injured pulmonary circulation associated with PAH progression. While ECFCs offered
limited therapeutic benefit on their own, microencapsulation of ECFCs both increased cell
retention within the lungs and was able to reduce the severity of PAH in the MCT rat model.
Stem cell derived EVs have gained popularity as an alternative to regenerative cell therapies,
yet biodistribution after administration may limit their therapeutic potential. As an extension
from cell encapsulation, microgels were developed for EV delivery. EV loaded microgels were
found to significantly enhance lung retention compared to non-encapsulated EVs with a
resultant increase in local cell uptake. Thus, supporting the application of microencapsulation

technology for enhanced local retention of therapeutic EVs.

5.1.1 Beyond scRNA-seq

Through this work, we demonstrated the utility of sequential scRNA-seq analysis during the
onset of PAH to gain deeper insights into disease progression. In our study we took advantage

of sample multiplexing to test multiple biological replicates at each timepoint. Yet, costs
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associated with single cell sample preparation and sequencing meant a limited number of cells
per animal could be sampled and sequenced. In future studies the opportunity to increase
sequencing depth or the number of cells sampled per animal may improve our ability to resolve
more complex cell interactions. While we focussed mainly on the vascular cell compartment,
specifically endothelial and stromal cells, our whole lung digestion has provided a rich
opportunity to further evaluate changes in immune cell populations during SU/CH
development. Changes in transcriptomic profiles within the immune cell populations was
mainly limited to the early stages of disease development. In particular, the greatest number of
DEGs was seen in transitional monocytes at 1 week in SU/CH model; however, at later stages
only interstitial macrophages showed any persistent differential gene expression, and this was
at a very low level. This is surprizing given the abundance of evidence that immune mechanisms
play an important role in this disease but may reflect the bias towards the small vessels that
account for by far the greatest numbers of cells. In contrast, larger arteries, which
pathologically exhibit the most marked inflammatory changes, would make up only a trivial
proportion of cells in the lung dispersate. Thus, the immune cell populations characterized by

scRNA-seq mainly reflect cells with the distal microcirculation and alveolar structures.

However, we were able to resolve key vascular cell populations and elucidate their role in the
complex arterial remodeling. Both the aAECs and SM-like pericytes were observed to express
Tm4sf1 and immunofluorescent staining localized these populations within the areas of
arteriolar remodeling. Furthermore, TM4SF1 has been implicated in numerous cancers and

contributes to cellular migration, and proliferation. Thus, we suggest therapeutic strategies
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targeting TM4SF1+ cells could have major benefits by removing the dysfunctional aAECs and
SM-like pericytes contributing to disease associated vascular remodeling. In fact, TM4SF1 CAR-T
cells are in development for cancer treatment?>® and may offer an exciting therapeutic avenue
for PAH. Based on our findings, the SU/CH model represents an excellent opportunity to test a
TMA4SF1 CAR-T therapy in vivo. We observed the presence of Tm4sf1 expressing ECs throughout
the progression of PH, so there are opportunities to target both late and early stages of the
disease. A reversal model with CAR-T treatment at later timepoints (5-weeks) is the most
translationally relevant. Hopefully, by specifically targeting dysfunctional TM4SF1* cells we may

facilitate regeneration of the damaged vasculature.

Cellular senescence and its role in tissue homeostasis as well as disease has gained significant
interest in recent years.?>*2>> Increased vascular cell senescence has been suggested to
contribute to PAH and cellular dysfunction in a time dependent manner.*®2%¢ Although this was
not included in the manuscript, we found the aAECs exhibited increased levels of several genes
associated with senescence (Serpinel, Cdknla, Tp53) as early as 1-week into SU/CH (Figure
5.1). These findings are in line with broader literature around EC senescence during PAH,>® and
present an interesting direction for further study. Cellular senescence has many different
biological roles. In addition to its well-known association with aging and disease, senescence
also plays an important role in repair and stem/progenitor differentiation.?>®> Thus, the early
onset of a senescent gene expression profile within aAECs, the population most impacted in
this PAH model, could represent either a failed repair response or a mechanism for disease

related inflammation. A study to map the time course of senescence in distinct cell
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compartments during PAH would be invaluable to increasing our understanding of disease
progression. Additionally, targeting senescent cells with senolytics has become an active area of
research. Yet, a complete understanding of when proportions of senescent cells increase will
help identify the therapeutic window for targeting senescent cells during PAH progression,
opening up many possibilities for both drug based senolytic therapies, or immune modulatory

strategies to clear senescent cells.

Serpine1

pibsn 1T obbet aotes bl £8808 00001

0-géap 1-dCap 2-gCab ERG 3-Aﬁerial 4-aAECs 5-Ver'10us 6-Lymphatic 7-abap
Cdkn1a

0-gCap 1-dCap 2-gCap ERG 3-Arterial 4-aAECs 5-Venous 6-Lymphatic 7-aCap

s 11771

0-gCap 1-dCap 2-gCap ERG 3-Arterial 4-aAECs 5-Venous 6-Lymphatic 7-aCap

Serpine1+ Cdknia+ Tp53+

ocaNwhO

I

Expression Level >

Joint density
4e-05

3e-05
2e-05
1e-05

Expression Level

Tp53

Expression Level
o - N W
-

Figure 5.1: Endothelial senescence during PAH.

Gene expression of Serpinel (PAI-1), Cdknla (p21), and Tp53 (p53) within the endothelial cells
shown as (A) volcano plots and combined expression within a (B) nebulosa plot. aAECs
demonstrated increased expression of these senescent associated genes as early as 1-week and
throughout SU/CH progression.

Increased shear stress has been linked to vascular remodeling through elegantly performed
banding studies.** Through our lung cell atlas of PAH progression, we have clearly mapped
important transcriptomic changes and elucidated key populations driving vascular remodeling,

yet we did not evaluate the direct role of shear stress in producing these disease associated

populations (aAECs, dCap ECs, or SM-like pericytes). Left pulmonary artery banding (LPAB) prior
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to onset of the SU/CH model can produce a flow limiting stenosis such that the right lung
develops severe occlusive remodeling, while histologically the left lung remains largely
unchanged. Future work could implement LPAB coupled with scRNA-seq or more simply flow
cytometry or immunofluorescent staining to validate the presence or absence of aAECs, dCap
ECs, and SM-like pericytes between the banded and unbanded lungs. Such a study would
validate the role of shear stress in the expansion of these cell populations, and thereby its

important role in driving PAH.

As more single cell transcriptomic studies are performed in models of PAH or with human
patient samples, there is an opportunity to integrate these datasets to validate findings
between species (human, mouse, rat), interrogate drug targets based on genes differentially
expressed during PAH compared to controls, or evaluate the complexity of cell-cell interactions.
This study has provided new insights into key cell populations driving vascular remodeling
during PAH progression and has identified significant opportunities to both deepen our

understanding of disease pathogenesis and investigate new therapeutic avenues.

5.1.2 Regenerative therapeutics

Characterization of the significant and progressive vascular loss during SU/CH progression
suggests that strategies to regenerate the damaged pulmonary vasculature are of utmost
importance for restoring lung function to PAH patients. To this end, we evaluated both stem
cell and EV therapeutics coupled with biomaterials as potential regenerative strategies. While

nonencapsulated ECFCs were found to be ineffective, microencapsulation increased their lung
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retention and prevented onset of severe PH. This strategy is an exciting advance demonstrating
utility of ECFCs for PAH, and the benefit of microencapsulation for cell delivery, yet prevention
strategies are not feasible treatment options for patients with PAH. Future studies should seek
to identify cell therapy candidates that can reverse PAH. While autologous therapies from
patient derived EPCs or MSCs are attractive options from an immune rejection perspective,
autologous therapies present serious challenges for a production, logistics and regulatory
perspective, and they may not be practical as a commercial therapeutic product. Induced
pluripotent stem cells (iPSCs) have the potential to differentiate into almost any lineage, and at
the time of writing several companies (Bluerock Therapeutics, Notch Therapeutics) are
developing iPSC derived cell therapies for several indications. Perhaps, iPSC derived EPCs
coupled with genetic engineering would produce a more therapeutic cell that could be coupled
with encapsulation strategies for treatment of PAH. While there are still potential concerns
about the safety of iPSC-derived cell therapy products due to the chance for uncontrolled
growth and tumour formation, this would not be a concern for iPSC-derived EV products which
have no nucleus. Indeed, the use of iPSC-derived or transformed cells can overcome the
limitation of using different (and variable) cell sources for EV manufacturing, and thereby can
provide a more consistent source for EV products. Strategies to manufacture more consistent
EV products and tune their regenerative properties are essential for developing an effective
regenerative therapeutic product. iPSCs from a single donor derived master cell bank, rather
than the multiple donor isolations used to acquire EPCs or MSCs, could control cell source
variability. As these fields develop new technologies, it will be exciting to apply these

treatments to PAH in the hope of finding a truly regenerative solution.
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In addition, we demonstrated that microencapsulation strategies can be extended to
submicron sized EVs, facilitating a targeted delivery strategy and enhancing local retention.
These proof-of-concept studies suggest that microencapsulation can facilitate targeted cell or
EV delivery, however, refinement of the biomaterials is warranted. We found delivering empty
microgels to the lung led to increased immune cell activity in the MCT model of PAH. Ideally the
biomaterial chosen would work synergistically with the therapeutic EVs to improve the
treatment benefit. Future work can refine the biomaterial composition to tune the desired
retention and immunomodulatory properties for the desired application. For example, the size
and shape of the transplanted biomaterials has been shown to affect the host cell interactions;
large (1.5mm) hydrogel spheres had an abrogated foreign body response compared to sub
millimetre sized hydrogel spheres.?>° Additionally, sub-100um agarose capsules were found to
promote less fibrotic response then larger 300-1000um capsules.?>” The size range of the
microgels we used for cell or EV encapsulation was even smaller (<50um) and thus the microgel

size could be further optimized for an improved foreign body response.

The choice of biomaterial has a significant impact on the local microenvironment and the EV
release, with numerous options available from natural (agarose, collagen, alginate) to synthetic
(PEG) sources. With many advances in the field of biomaterials, there are opportunities to
create fully synthetic matrices or enhance naturally derived materials through cross-linking or
biochemical modification to control the matrix mechanics (stiffness, elasticity), and presence of

biochemical cues.?>32°8 One study developed a combinatorial hydrogel library to screen alginate
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modifications that would reduce a foreign body response in the context of islet transplantation
and found a triazole modified surface avoided fibrosis around the implanted material.?>! While
another group used biotin-streptavidin interactions to conjugate programmed cell death 1 (PD-
L1) on the surface of microgels to act as an immunomodulatory agent for their transplanted
cells, prolonging graft survival.?>® Ultimately, optimization of the biomaterial will need to
balance local immune responses with EV release kinetics to prevent adverse immune responses

and facilitate EV release.

Through this work it is clear that late stage PAH presents with both significant losses in
functional pulmonary vascular and dysfunctional cells driving occlusive remodeling. My
identification of the key cell populations driving occlusive remodelling presents a number of
new therapeutic possibilities, most prominently TM4SF1 targeted clearance of dysfunctional
ECs. While the most effective regenerative cell or EV therapeutic for treatment of PAH has yet
to be identified, the microencapsulation strategies presented here clearly demonstrate the
ability of microgels to improve cell and EV delivery, providing a valuable tool for delivery of
future therapeutics. While both targeting dysfunctional cells and lung regeneration strategies
hold promise on their own, perhaps, the most effective therapy will combine the two, to both
clear diseased cells and simultaneously regenerate the damaged pulmonary circulation to

ultimately reverse pulmonary hypertension.
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Chapter 2 Supplements

2.1 Supplemental Figures

Appendix: Manuscript Supplements
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Supplemental Figure 2.1: Loss of pulmonary vascular volume during SU/CH.
Total vascular volume demonstrating progressive loss throughout SU/CH development. Data
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Supplemental Figure 2.2: Quality control metrics during deMultiplex and preprocessing.
(A) Representative plots from one lane of 10x Genomics samples while preforming
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Supplemental Figure 2.3: Doublet removal and bulk population identification.

(A) Prior to merging and integrating the two experiment an additional round of doublet removal
was performed with scDblIFinder. (B) Total cells for each biological sample in the integrated
Seurat object. (C) Identification of major lung cell populations based on common bulk identify
genes Cldn5 (endothelial), Ptprc (immune), Epcam (epithelial), and Col1al (stromal).
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Supplemental Figure 2.4: Global UMAPs by timepoint.
Representative UMAPs showing each timepoint control — green (A), 1wk SU/CH — orange (B), 3
wk SU/CH — pink (C), 5 wk SU/CH — purple, 8 wk SU/CH — dark purple.
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Supplemental Figure 2.5: Global proportions of all endothelial and stromal cells within
integrated Seurat object.

Changes in global proportions of cell populations were quantified in the endothelial (A) and
stromal (B) subsets by timepoint, demonstrating relative increases in arterial ECs, activated
arterial ECs, Acta2+ pericytes, and classical pericytes during PAH progression compared to
controls. Representing n = 4 biological replicates per timepoint.
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Supplemental Figure 2.6: Global proportions of all myeloid cells within integrated Seurat

object.

Representing n = 4 biological replicates per timepoint.
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Supplemental Figure 2.7: Global proportions of all lymphoid cells within integrated Seurat

object.

Representing n = 4 biological replicates per timepoint.
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integrated Seurat object.

Representing n = 4 biological replicates per timepoint.
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Supplemental Figure 2.10: Lymphoid subcluster analysis.
(A) UMAP of lymphoid subset representing 10 resolved cell types. (B) Top genes used to identify
lymphoid populations. (C) Fold change of lymphoid populations at each timepoint relative to

healthy control samples. (D) Heatmap of the top 5 differentially expressed gene per lymphoid
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Supplemental Figure 2.11: Epithelial subcluster analysis.

(A) UMAP of epithelial subset representing 6 resolved cell types. (B) Top genes used to identify
epithelial populations. (C) Fold change of epithelial populations at each timepoint relative to
healthy control samples. (D) Heatmap of the top 5 differentially expressed gene per epithelial
cluster.
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Chapter 3 Supplements

3.1 Supplemental Figures
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Supplemental Figure 3.1: Study design and treatment groups.

(A) Animals were i.p. injected with MCT, and provided preventive cell therapy 3 days post MCT.
Bioluminescent imaging were done at baseline (0h), 4h, 1, 3 and 21 days post cell injection. End
study at 24 days post MCT was performed to assess RVSP, RVH, and collect samples for
histology. (B) Treatment groups given 3 days post MCT.
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Supplementary Figure 3.2: Examples of blood vessels used for grading vascular

Grade 2
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muscularization.

Grade 0 indicates no muscularization of blood vessel, Grade 1 indicates minor or partial
muscularization of the blood vessel has occurred, grade 2 indicates a severely muscularized

blood vessel where only a partial lumen is observed.
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Supplemental Figure 3.3: Characterization of L-EPCs proliferative potential.
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Supplemental Figure 3.4: Lack of retention within MCT treated lungs after 21 days.
Green rats were sacrificed before 21 days post cell injection due to reaching humane end-point.
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Supplemental Figure 3.5: Capsule degradation.

(A) Representative images of capsules within the lungs after 4, 24, 72 hours or 21 days post cell
injection, indicated with black arrows. (B) Average number of capsules counted per mm?2 of
lung indicating capsules are cleared from the lung over time. (C) Capsule diameter as assessed
over time, despite fewer capsules present by 21 days the capsules remaining are not
significantly changed in size. n = 3 per time point, data represented as mean % SD.
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Supplemental Figure 3.6: Right ventricular systolic pressure strongly correlates with vascular
volume within the lungs.

(A) Representative images of MicroCT analysis from the left lobes of SD rats given MCT and
treated with: empty capsules, L-EPCs, or encapsulated L-EPCs. (B) Vascular volume between
treatment groups compared by vessel diameter suggesting this experiment was underpowered
to identify differences between these groups. (C) RVSP and total vascular volume had a strong
inverse relationship suggesting that high pressures are more likely when total volume is
decreased. Data represented as means + SEM, n =3 — 4.
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Chapter 4 Supplements
4.1 Supplemental Methods

4.1.1 Lipophilic dye micelle controls

To control for formation of micelles during lipophilic dye labelling a series of controls were
included, shown in Supplemental Figure 6. In the same manner as EV labelling, PBS was mixed
with DiR at 0.5 pg/ml for 15min then spun at 100,000g for 30min at 4°C to wash unbound dye.
Supernatant was removed and saved as dye positive control (DiR-Sup), and pellets were
resuspended in PBS as control for micelle formation during staining (DiR-Pellet). Controls were
incubated with HUVEC in the manner described for HUVEC uptake experiments with 24h of
incubation prior to flow cytometry analysis.

4.1.2 HUVEC - EV uptake confocal imaging

Human umbilical vein endothelial cells (HUVEC) were cultured on fibronectin (1mg/ml for 1h at
room temperature, Sigma Aldrich, Oakville, ON, Canada) coated chamber slides (ThermoFisher
Scientific, Burlington, ON, Canada) at 50,000 cells per slide for 24h in standard culture
conditions. After 24h, 0, 1, or 3 ug of pkh26 labelled EVs were added to the chamber and
allowed to incubate for 24h. Slides were washed with PBS-T (PBS (Gibco, ON, Canada) with 0.1%
Tween-20, Sigma-Aldrich, Oakville, ON, Canada), blocked with PBS + 5% bovine serum albumin
(BSA, Wisent), and stained with 1:100 v450 mouse anti-human CD31 (BD Bioscience,
Mississauga, ON, Canada) for 1h in the dark. Stained samples were washed again with PBS-T,
stained with DRAQS5 at (1:1000 dilution, eBioscience, San Diego, CA, USA) for 10 min in the dark
at room temperature. Fully stained samples were washed with PBS-T and fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) and mounted with prolong
diamond antifade mounting media (ThermoFisher Scientific, Burlington, ON, Canada) prior to
imaging with a Zeiss LSM900 confocal microscope. Z-stacks were reconstructed in Imaris Viewer
(version 9.6.0, Imaris).

4.1.3 Vortex emulsion encapsulation

Prior to access to the microfluidic encapsulation, vortex-emulsion encapsulation was performed
to compare tissue retention and impact on animals’ respiratory health following monocrotaline
(MCT, Sigma Aldrich, Oakville, ON, Canada) injection. Methodology applies to data presented in
supplemental figure 8. As previously described,?®® microgel biomaterials (2% agarose or 1%
gelatin — 1% agarose, Sigma Aldrich, Oakville, ON, Canada) were prepared and kept warm at
37°C. Mixtures were added dropwise by a p200 pipette into warm dimethylpolysiloxane (PDMS,
Sigma Aldrich, Oakville, ON, Canada) and vortexed for 1 minute. Microgel emulsion was placed
on ice for 10 minutes to stabilize microgels. Samples were washed with PBS to remove oil phase
and microgels were counted with a hemocytometer. Microgel size was measured from images
taken with a Nikon Eclipse TS100 inverted microscope, and diameter quantified in FlJ1.26?
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4.1.4 Pulmonary hemodynamics and lung histology

To assess in vivo microgel retention, Sprague Dawley rats were given an intraperitoneal
injection of MCT (60 mg/kg), and 3 days later treated with empty microgels (2% agarose or 1%
agarose — 1% gelatin) or PBS. Each animal received a dose of 500,000 microgels in PBS delivered
through intrajugular vein injection. End points were performed at 1-, 3-, and 7- days post
microgel delivery to measure right ventricular systolic pressure (as a measure of lung vascular
health) and perform histological analysis for retention of microgels. As previously described,*?’
rats were anaesthetized with ketamine (35 mg/kg) and xylazine (7 mg/kg), and right ventricular
systolic pressure was measured. Animals were euthanized and lungs were dissected and filled
with 1:1 OCT:Saline through the trachea to inflate the lungs. Lungs were stored in 4%
paraformaldehyde for 24h, washed in PBS, then in 70% ethanol. Lungs were dehydrated and
prepared in paraffin blocks. 5um sections were cut and H&E staining was performed as
previously described.®* Whole slides were scanned with Pannoramic Desk slide scanner (3D
Histech Ltd., Budapest, Hungary), and one whole lung per animal was quantified for presence of
microgels using Pannoramic Viewer 1.15.4 (3D Histech Ltd., Budapest, Hungary).
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4.2 Supplemental Figures
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Supplemental Figure 4.1: Mesenchymal stromal cell derived extracellular vesicle
characterization.

(A) Size distribution measured by nanoparticle tracking analysis demonstrating EVs with a
median size less than 200nm. (B) Protein to particle ratio were consistent between cell sources
tested. (C) MSC derived EVs expressed canonical EV markers CD63, CD9, and TSG101 with
absence of Golgi membrane protein GM-130 by western blot. Data represents mean +SD, n=3
EV isolations.
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Supplemental Figure 4.2: Bone marrow derived macrophage characterization.

(A) Representative images showing morphology of untreated macrophages (M@), I1L4
stimulated M2-like, and LPS+IFNy stimulated M1-like macrophages. (B) Representative flow
plots showing M@ were positive for immune markers CD45 and CD11b while negative for CD34.
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7] Counting beads
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Supplemental Figure 4.3: Gating strategy employed for analysis of lung digestion samples.
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In brief, debris and counting beads were excluded by FSC-A and SSC-A. Doublets were

discriminated with SSC-A vs SSC-H. Dead cells were excluded. CD45 and CD31 were used to

separate immune cells (CD45+) from endothelial cells (CD31+) from other (stromal, and

epithelial CD45-CD31-). Finally, a DiR gate was applied on each subset to characterize the

uptake of DiR labelled EVs. All gates were set using both FMOs and unstained controls.

Supplemental Figure 4.4: Human umbilical vein endothelial cells (HUVEC) internalized EVs.

Representative confocal images of HUVEC exposed to pkh26 labelled EVs in vitro. Z-stack and

layered image demonstrate presence of EVs within cytosolic space of the HUVEC indicating

internalization.
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IL4

Supplemental Figure 4.5: Macrophage morphology was unchanged by EV exposure.
Representative images of all macrophage groups (M@, IL4, and LPS+IFNy) with or without
exposure to EVs in culture. Scale bar represents 100 um.
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Supplemental Figure 4.6: Minimal DiR-micelles formed in labelling suspension.
(A) Representative flow plots of gating for cells, singlets, and CD31+ cells. (B) Representative
flow plots of DiR labelling in HUVEC after PBS vehicle, DiR-Sup, and DiR-Pellet controls. (C)

Quantification of DiR+ ECs after 24h treatment with DiR controls, demonstrating minimal

accumulation of DiR-Pellet micelles following ultracentrifugation, with DiR-Sup signal
representing free dye binding with HUVEC. Data represents mean + SEM, n = 3.
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Supplemental Figure 4.7: Free and encapsulated EV uptake in liver, spleen, kidney, and heart.
(A) Representative images of IVIS data showing DiR labelled EV distribution within animals
treated with encapsulated and free EVs at 24h. PBS vehicle treated animals served as a control
for background fluorescence intensity. (B) Quantification of fluorescence EV signal using
average radiant efficiency demonstrating high uptake of free EVs in both liver and spleen.
Minimal accumulation of encapsulated or free EVs was observed in the kidney or heart. Data
represents mean £ SEM, n = 3.
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Supplemental Figure 4.8: In vivo microgel degradation.

(A) Schematic of study design. (B) Representative images of empty microgels made of 2%
agarose, and 1% agarose - 1% gelatin by vortex emulsion, with size distribution (C) showing no
difference in average size between these hydrogel formulations. (D) Empty microgel injection
had no impact on right ventricular systolic pressures (RVSP) within these animals. (E)
Representative H&E-stained images of lung histology of lungs receiving empty microgels at 1-,
3-, and 7- days post injection. Red arrows indicate presence of microgels with evidence of
surrounding immune infiltrate. (F) Quantification of capsules per lung section demonstrating
enhanced clearance of 1% agarose - 1% gelatin microgels. Data represents mean £ SEM, n = 3-4.
Scale bar represents 50 um.
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Supplemental Figure 4.9: DiR labelled EV uptake by CD45-CD31- cells.
(A) Representative flow plots showing minimal uptake of DiR+ EVs by CD45-CD31- cells, and (B)
qguantification showing no difference between any of the treatment groups. Data represents

mean = SEM, n = 3-4.
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