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CHAPTER 1: PROJECT MOTIVATION

A Brief Introduction to Pulmonary Arterial Hypertension

Each year in the United States alone, over 200,000 people are hospitalized with some
form of pulmonary hypertension as either a primary or secondary diagnosis. For these patients,
and estimated 15,000 will succumb to their illness.! The remainder will undergo medical
management with modest success in improving their symptoms and quality of life, but little to no
chance of reversing the disease’s course or improving their chances of survival.? There thus
exists an urgent need for new drugs and therapies designed specifically to treat this insidious
and mortal illness.

Pulmonary hypertension is defined clinically as a mean pulmonary arterial pressure
(mPAP) above 25 mm Hg, as measured by right ventricle catheterization.® The World Health
Organization further refines this definition by categorizing the various clinical presentations
based on underlying conditions in addition to their hemodynamic presentation (Table 1).# Group
1 pulmonary hypertension, or pulmonary arterial hypertension (PAH), is pulmonary hypertension
that presents without a primary underlying pulmonary condition and characterized
hemodynamically by a pulmonary capillary wedge pressure of less than 15 mm Hg. PAH is one
of the least common of the pulmonary hypertension subtypes and considered a rare disease,
with an incidence of 1.1 to 2.4 new cases per million per year and a prevalence of 6.6 to 15
cases per million per year.>® Despite advances in both categorization and treatment, the
mortality rate for PAH remains high: merely 67% of patients survive 3 years after diagnosis, only
a modest improvement compared to the 47% 3-year survival rate over a decade prior.6® Even
this estimate may be overly optimistic; as this data comes from clinical trial patients, the majority
tends to have less severe disease at the time they are enrolled.® These estimates are also
strongly influenced by survival bias, introduced by pulling data from a registry of existing
patients who may have survived due to intrinsic variations in disease lethality or treatment

1



Disease Subtype Disease Eitiology
Hereditary (Familial)
Idiopathic

Pulmonary Arterial Drug- and toxin- induced
1 Hyertension Associated with other diseases (HIV, Scleroderma, etc)

Persistent pulmonary hypertension of the newborn

Pulmonary veno-occlusive disease

Pulmonary Hypertension | gystolic
due to left ventricle | Diastolic
dysfunction | Valvular

Chronic obstructive pulmonary disease

; Interstitial lung disease
Pulmonary Hypertensmn Other pulmonary diseases
due to lung diseases or | geep disorders
hypoxia | Alveolar hypoventilation disorders
Chronic high altitude exposures
Developmental Abnormalities

Chronic Thromboembolic
Pulmonary Hypertension

Hematologic disorders
Systemic disorders
Metabolic disorders
Other

Miscellaneous

Table 1.1: The Dana Point classification of pulmonary hypertension.

Pulmonary hypertension is grouped into five functional classes and further stratified by etiology in order to
aid in clinical management. Pulmonary arterial hypertension (shown in red) is formally classified as group
1 pulmonary hypertension.

efficacy.'® In addition to a high mortality and morbidity, PAH exacts a tremendous economic
impact. The cost of treatment alone can exceed $200,000 annually per patient, and this cost is
further compounded by the extreme expense associated with end stage heart and lung
transplantation.!* The disproportionate number of reproductive-age women further compounds
both the economic and societal impact of PAH, with estimates ranging from a 1.7:1 to a 4.1
female to male ratio among those diagnosed.>1213

PAH is further subdivided into clinically relevant categories by etiology. These categories
include hereditary (or familial), idiopathic, drug induced, and PAH associated with other

conditions such as HIV and scleroderma.’* Among these categories idiopathic PAH, or PAH



with no known cause, occurs the most frequently (between 39.2% and 46.5% of PAH cases
depending on the registry queried>®). Hereditary or familial PAH is much less common,
accounting for 3-4% of all PAH cases.>!® Regardless of the subtype, small vessel remodeling
resulting in vessel obstruction, stiffening, and luminal narrowing is the characteristic feature of
PAH pathophysiology.*®> This proliferative remodeling results in an elevation of mPAP, total
pulmonary vascular resistance (PVR), and (importantly) decreased arterial compliance,
increasing the workload on the RV until it eventually dilates and fails.®6

Treatment options are limited for PAH. Current therapies include three classes of
medications: prostacyclin analogues, phosphodiesterase type 5 inhibitors, and endothelin
receptor antagonists.!” These mediations were originally developed for the treatment of other
illnesses and subsequently adopted for PAH. They provide only modest improvements in
symptoms through transitory vessel dilation, leaving the underlying pathology of vascular
remodeling and vessel stiffening unaddressed.? End-stage therapy for PAH is a heart/lung
transplant, an exceptionally expensive procedure that adds its own host of complications and
difficulties.'® Since the first successful clinical trial for PAH (intravenous epoprostenol, a
biosynthetic prostacyclin analogue) the number of publications on experimental PAH therapies
has increased five-fold, and there are currently nearly 600 ongoing registered clinical trials for
PAH.® Despite this explosion of interest, less than 10% of these trials test new therapies and

none of the compounds under investigation were developed specifically for PAH.*8

Project Aims

The currently poor understanding of PAH molecular pathogenesis is the most significant
barrier to the development of effective therapies. Until the mechanisms that drive disease
progression and small vessel remodeling are better understood, the rational selection of targets
for disease-modifying medications will remain an elusive goal. This Doctoral Thesis aims to
present novel findings on both the molecular and cellular mechanisms that drive proliferative

3
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Figure 1.1: A graphical summary of dissertation aims 1 and 2.

vascular remodeling during PAH pathogenesis, with an emphasis on mediators of
biomechanical changes in the vessel wall. The project is subdivided into two specific aims

shown graphically in Figure 1.1 and summarized below:

Aim 1: Test the hypothesis that antagonism of the serotonin 2B receptor inhibits small
vessel remodeling and the development of familial PAH through a Src-kinase dependent
mechanism.

Aim 2: Test the hypothesis that proangiogenic hematopoietic cells mediate pathologic

biomechanical remodeling in a manner dependent on serotonin 2B receptor signaling.

To begin, a concise background on vessel biomechanics in pulmonary hypertension, molecular
mediators of vessel stiffening in PAH, and hematopoietic cell contributions to vessel remodeling
is provided. The findings for each aim are then considered separately along with a focused
introduction and set of materials and experimental methods used to interrogate the hypothesis
at hand. The dissertation concludes with a discussion on the impact and limitations of the work
as well as a far-reaching consideration of potential future directions made possible by these
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findings. It is the author’s sincere hope that this body of work contributes in some small but
meaningful way to the advancement towards an effective therapy for PAH that is so desperately

needed by the patients and families suffering from this iliness.



CHAPTER 2: BACKGROUND

Text and figures adapted in part from:
Bloodworth N.C., West J.D., Merryman W.D. Microvessel Mechanobiology in Pulmonary

Arterial Hypertension: Cause and Effect. Hypertension. 2015; 65(3): 483-9.1°

Pulmonary Arterial Hypertension Biomechanics: A Disease of Vessel Compliance

Small vessel remodeling resulting in vessel obstruction and luminal narrowing is the
characteristic feature of PAH pathophysiology.'® This proliferative remodeling results in an
elevation of mean pulmonary arterial pressure (mPAP) and total pulmonary vascular resistance
(PVR), increasing the workload on the RV until it eventually fails.®>*® While these hemodynamic
parameters are useful for clinical diagnosis, alone they have limited prognostic value;
furthermore, vasodilator therapy aimed at reduction of PVR has achieved only modest success,
and increases in patient survival are attributed primarily to earlier diagnosis and
intervention.2”#1718 The increasingly clear limitations of using PVR to characterize and manage
PAH has motivated research focused on identifying measurable physiologic parameters that
could both predict mortality and serve as measures for therapeutic efficacy.

A growing body of recent work implicates decreased pulmonary arteriolar compliance (or
capacitance, PAC) as a major factor contributing to the increased RV workload and subsequent
RV failure in PAH. Arteriolar compliance measures a vessel's ability to deform under loading
and is inversely proportional to stiffness: as a blood vessel stiffens its compliance decreases,
and vise-versa. Total vessel compliance is typically estimated as stroke volume divided by pulse
pressure (PP). This estimation alone is a strong positive predictor of survival in idiopathic
PAH?2t as well as familial PAH.?? Further attention to proximal pulmonary artery stiffness
changes in other forms of pulmonary hypertension suggest a complex crosstalk occurs between
the distal and proximal vasculature, advancing disease progression and further vessel stiffening
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in a positive feedback cycle.-?” While proximal artery stiffness is undoubtedly important in
increasing RV workload, changes in vessel compliance affect the entire pulmonary vasculature
with the largest portion of that change occurring in vessels distal to the lung hilum.?®
Furthermore, the vascular remodeling that drives PAH disease progression is restricted to these
smaller and more distal muscular arteries.?°

RV overload and failure is the ultimate cause of death in PAH. Classically, RV failure is
attributed to the RV’s inability to adapt to an increased workload caused by elevated PVR.
However, PVR alone provides little predictive value in determining PAH survival.” Moreover,
vasodilators — intended to decrease PVR by widening the vessel lumen and restoring flow rates
— provide only transitory relief with minimal impact on mortality (with a majority of PAH patients
altogether unresponsive to vasodilatory therapy).2’ PVR is a measure for the intrinsic
resistance to steady state flow. However, because of the steady state flow assumption,
measurements of PVR fail to capture the oscillatory pumping action of the RV*. Oscillatory
work accounts for up to one-third of the RV workload fraction under normal conditions®®3L, This
fraction is significantly more than in systemic circulation, and remains constant in diseased
states such as PAH.323® A more complete representation of pulmonary hemodynamics takes
into account both PVR, primarily localized to the microvasculature and modulated by vessel
diameter, PAC, a mechanical property inversely related to the intrinsic stiffness of the vessel
wall and distributed throughout the entire vasculature*-3,

Vessel stiffness is increasingly recognized as an important determinant of RV workload
in PAH. The stiffness of the large conduit pulmonary arteries®®3" as well as the overall
compliance of the entire vascular bed??2 has been shown to predict mortality in PAH patients.
The stiffness of large pulmonary vessels also directly impacts oscillatory work by the RV. The
normally high compliance of conduit and large elastic vessels allows them to accommodate and
store pulse wave energy from the cyclic contractions of the heart. This property allows for
dissipation of pulse wave energy and decreased PP and RV afterload, a phenomenon captured
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by measures of pulmonary vascular impedance.*®**' Research using animal models of chronic
hypoxic pulmonary hypertension illustrates that increases in proximal pulmonary artery stiffness
and corresponding decreases in PAC contribute significantly to the RV workload by elevating
PP.42-44 Gtiffening of the large arteries also increases pulse reflections in the vasculature, further
augmenting total PP, 39404546

While this suggests that the increased stiffness (and decreased PAC) of the conduit
arteries contributes to disease progression in PAH, proximal large artery compliance comprises
only 15-25% of the total PAC; the remainder is distributed across the entirety of the arterial
bed.?® Compliance of the distal vasculature is important in normal physiology for regulating
pulmonary flow rates, especially during exercise.*’ Direct information of distal artery compliance
is difficult to obtain due to the small size and limited accessibility of the vessels. Efforts to
develop methods from a combination of pressure-diameter curves, echocardiography, and non-
linear regression analysis have yielded reasonable estimates of distal compliance.*®-%° Models
explaining the pressure-flow relationship in the pulmonary circulation as a function of PAC
(rather than PVR) also provide more accurate representations of pulmonary hemodynamics. For
a typical flow-pressure curve, pressure increases linearly with flow and gradually tapers to a
constant for higher flow rates. According to the PVR model (or ohm-Starling resistor model), as
the flow increases this gradual tapering of pressure is explained by the recruitment of new
vessels in parallel, decreasing resistance to flow. The vessel distensibility model by contrast
explains this tapering as pulmonary vessels distending to accommodate increased flow rates.
Both models fit well to experimental data in normal and PAH affected animals, but, while
mathematically simpler, the PVR model fails to account for how changes in blood viscosity (as
in cases of increased red blood cell content, or hematorcrit) alter the pressure-flow
relationship.5°5!

Distal PAC estimations in PAH patients employing models for estimating small vessel
compliance have found a strong correlation between elevated pulse pressure and distal artery
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stiffness®2. Furthermore, studies correlating PVR with PAC have shown that the product of the
two values remains constant — as one parameter increases the other decreases, and vise-
versa?®34, This relationship is maintained in idiopathic PAH patients as well.2® The inverse
hyperbolic association suggests that small initial changes in PVR result in large changes in
vessel compliance and comparably large changes in PP and RV oscillatory workload, and these
initial large changes in PAC are evident early in the disease343%°, Together, these results
suggest that PAC plays a vital role in modulating RV afterload in the distal as well as the
proximal vasculature, and compliance changes in distal arteries influence the progression of
abnormal hemodynamics that characterize PAH.

While the biomechanical changes that lead to PAH begin in the distal vasculature, the
distal and proximal arteries communicate with one another through PP transmission and wave
reflections likely contributing to a cycle of positive feedback that detrimentally influences disease
progression?+2743% (Figure 2.1). Initially, chronic vasoconstriction and vessel remodeling
causes decreased PAC in the distal vasculature.?® Proximal artery walls thicken in response to
elevated mPAP and also stiffen, increasing impedence and RV workload further.%5:°6:53
Decreased proximal PAC amplifies pulse wave transmission to the distal vasculature, resulting
in an inflammatory response that drives further distal vascular remodeling and loss of
PAC.242527 Understanding the molecular mechanisms that drive initial alterations in distal
arterial compliance will allow for new drug targets capable of preventing disease progression in

the early stages of development.
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Figure 2.1: Positive feedback of biomechanical remodeling in PAH.

Decreases in distal vessel PAC begin a positive feedback cycle advancing the progression of PAH
leading to RV failure and death secondary to increased oscillatory workload. PAC = pulmonary arterial
compliance, PP = pulse pressure, PAEC = pulmonary arterial endothelial cells, mPAP = mean
pulmonary arterial pressures, RV = right ventricle. Figure reproduced from Bloodworth et.al., ref. 19.
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Recent studies in both small animal models and with human tissue suggest that
alterations in distal arteriole compliance occur much earlier than previously believed, preceding
many of the other aspects of proliferative vascular remodeling including pulmonary arterial
endothelial and smooth muscle cell (PAEC and PASMC) proliferation and migration. In both
mice and rat models of PAH pulmonary arterioles stiffness was observed to dramatically
increase prior to the development of elevated pressures.®’” Evidence suggests that the
mechanosensing protein  YAP/TAZ mediates these early changes in compliance, and
pharmacologic targeting of proteins promoting extracellular matrix stiffening effectively prevents
vessel stiffening and PAH in vivo.%®% PAECs cultured on stiff substrates in vitro also exhibit
alterations in metabolism that promote proliferation by these same mechanisms.®® Taken
together, these data emphasize how early changes in PAC precede and catalyze the
progression of PAH.

Multiple aspects of vascular remodeling are responsible for inducing distal vascular
stiffening and accelerating RV failure. Stimulation of matrix metalloproteinase activity, elastase
activity, and transition of PASMCs from a mature contractile phenotype to a synthetic phenotype
results in a change in compaosition and amount of extracellular matrix (ECM) that alters vessel
wall mechanics®-%4, The molecular mechanisms for these changes rage from the consequences
of mutations in the transforming growth factor B (TGF-B) superfamily of receptors
(predominately the bone morphogenetic protein receptor 2, or Bmpr2), altered serotonin
signaling dynamics, and inflammation?*®5-%8 A more detailed understanding of these
mechanisms and how they contribute to altered pulmonary compliance is essential to
developing effective PAH therapy. Numerous interactions within these pathways may offer
many promising novel drug targets for PAH that address the fundamental mechanical changes

ultimately responsible for disease morbidity and mortality.
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Extracellular Matrix Remodeling and Cell Stiffening: Contributions to Vessel Compliance

Decreased PAC is caused by certain aspects of proliferative vascular remodeling and
represents a change in the mechanical properties of the vessel itself distinct from transitory
vasoconstriction. Traditionally, increased vascular stiffness have been attributed to alterations in
ECM content, especially collagen accumulation. However, recent evidence suggests that a
number of other mechanisms may be responsible as well and include altered ECM organization,
dysregulation of cell-ECM and cell-cell force transduction, and an intrinsic stiffening of PASMCs
themselves. The molecular pathways that drive changes during PAH development include the
downstream effects of mutations in the TGF- superfamily of receptors (most notably Bmpr2),
mutations in and abnormal responses to serotonin signaling, and the recruitment and activation
of inflammatory cells.

The ECM is an important regulator of the elastic and viscous properties of blood vessels.
ECM accumulation on its own does not necessitate a decrease in elasticity; rather, the
mechanical properties and arrangement of the ECM is critical to determining how it alters the
mechanics of the blood vessel wall. Collagen is widely regarded as the primary component of
the ECM responsible for increased vascular stiffness in PAH. Collagen engagement occurs
gradually as stress is applied to the vessel wall, progressively heightening the vessel’s
resistance to further deformation until a maximum strain is reached. Studies of systemic arteries
suggest that collagen in the media of the vessel is engaged throughout the duration of the
vessel expansion, while adventitial collagen begins to resist further strain after about 20%
deformation.®® Due to its inherent non-compliance, as collagen accumulates in the vessel wall
the elasticity of that wall decreases.” Vascular remodeling and stiffening in the proximal conduit
pulmonary arteries is primarily a phenomenon of collagen accumulation in hypoxic pulmonary
hypertension models.**"9-"2 Collagen accumulation may also be responsible for the loss of small
artery compliance in PAH: in the vascular endothelial growth factor receptor 2 (VEGFR2)
inhibitor model of PAH, collagen accumulates in both the media and adventitia of the small
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arteries and is actively synthesized in the small muscular arteries of patients with idiopathic
PAH.”?6 PASMCs with a synthetic phenotype and fibroblasts in the vessel adventitia are
generally identified as the cellular source for collagen accumulation’’. Recent studies also
implicate the trans-differentiation of PAECs into myofibroblasts and PASMC-like cells in the
progression of PAH vessel remodeling (endothelial to mesenchymal transition, or EndMT);
these trans-differentiated cells could also serve as a source for increased collagen production
(given their expression of collagen type-1 markers).”8-20

In addition to collagen accumulation, increased collagen turnover and altered
organization may also contribute to vessel stiffness changes. Matrix metalloproteinases (MMP)
are responsible for collagen breakdown and turnover. MMPs are negatively regulated by tissue
inhibitors of MMPs (TIMPs), which also control cell proliferation. There are many types of MMPs
that play various roles in PAH pathogenesis. Ample evidence from several animal models of
PAH suggest both MMPs and TIMP-1 are abnormally regulated during disease; however, the
roles that the various MMPs and TIMPs play differs depending on the type of animal model
used.%3#1-83 |n cultured PASMCs from human idiopathic PAH patients, MMP-2 expression and
activity is elevated while MMP-3 is decreased and MMP-1 is unchanged®. MMP-9 is elevated in
the plasma and urine of PAH patients, as are circulating biomarkers of collagen metabolism and
TIMP-1.858¢ Transgenic expression of MMP-9 also augments vascular remodeling in the
monocrotaline mouse model of PAH.8” Proper alignment of collagen is an important determinate
of its mechanical properties®8; in systemic arteries, proper collagen fiber alignment controls
vessel wall stiffness.®® Continual degradation and re-synthesis of collagen, a process stimulated
by MMPs, compromises collagen fiber organization. MMP-2 also promotes production of
tenascin-C, a glycoprotein that amplifies the response of PASMCs to various growth factors.%
MMP-induced PASMC proliferation and transition to a synthetic phenotype provides a possible

explanation for how simultaneously increased collagen breakdown and synthesis can result in
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net increased collagen deposition. This deposition, coupled with disordered alignment, likely
contributes to decreased PAC.

Both collagen and elastin contribute to the nonlinear deformation of vessel walls. Where
collagen imparts rigidity, engaging and resisting further stress after an initial distention, elastin
imparts compliance at lower PPs. Elastin is normally found in an organized alignment in the
internal and external elastic lamina of large pulmonary arteries and in the media of small
arteries. Loss or disruption of elastin organization has been hypothesized to contribute
decreased PAC.™°! In the carotid arteries, elastin degradation results in significantly increased
vessel stiffness.®% Mice with graded vascular elastin expression exhibit gradually increasing
mPAP that inversely correlates to the amount of elastin expressed.® However, other studies
have demonstrated concomitant increases in elastin and collagen content as well as arterial
stiffness for both large arteries and small muscular arteries.**%> Thus, elastin disorganization
and fragmentation, rather than amount, is likely the more important contributor to PAC.% Serine
elastase activity is elevated in the monocrotaline model of PAH, and inhibition of serine elastase
reverses disease progression.®” As organization of elastin is critical for proper mechanical
response to stress, it is possible that serine elastase-mediated disruption of this organization
contributes to elevated PAC.%®*° In porcine aortas, the gradual degradation of elastin induces
collagen fiber alignment with subsequent early collagen engagement and rapid stiffening of the
vessel wall.?®1% Additionally, serine elastase induces growth factor release (such as FGF) and
tenascin-c production, which in turn clusters and upregulates growth factor receptors in
PASMCs (such as EGFR); therefore, serine elastase inhibition is expected to exert anti-
proliferative and pro-apoptotic effects on PASMCs and thereby reverse remodeling of distal
arteries.%0101-104 |t is Jikely that elastin degradation decreases PAC through a combination of the

effects discussed here, though the magnitude of each effect to overall PAC remains unclear.
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Figure 2.2: The molecular mechanisms responsible for driving changes in PAC.

(Top) Changes in ECM organization and content change the mechanical properties of the vessel
walls. These changes are driven by a variety of molecular mediators (shown in orange) and involve
multiple cell types acting in tandem. (Bottom) Chronic vasoconstriction, integrin engagement, and
dysregulation of small GTPase regulators of the actin cytoskeleton cause polymerization of non-
contractile F-actin with a consequential increased transmission of force between the cell and ECM
and stiffening of PASMCs. MMP = matrix metalloproteinase, NO = nitric oxide, PAEC = pulmonary
artery endothelial cell, PASMC = pulmonary artery smooth muscle cell, PAC = pulmonary arterial
compliance, TG-2 = transglutaminase-2. Figure reproduced from Bloodworth et.al., ref 19.
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Alterations in how cells transmit force between one another and the surrounding ECM
may significantly alter vascular stiffness. Increased force transduction between cells and their
environment allows for prolonged resistance to deformation in addition to increased transitory
contraction, and the resulting increased stiffness in turn may further influence cell behavior.
Cells transmit forces to and from their environment through integrins, a class of matrix binding
proteins. The cytoplasmic domains of integrins are associated focal adhesions (FAs), which are
large protein complexes that directly transmit forces between the ECM and the cytoskeleton.
These forces are also translated by the cell into chemical signaling pathways in a process
known as mechanotransduction.'%1% |ntegrin binding and FA organization help to mediate the
stiffening of systemic arteries (as occurs in atherosclerosis and aging), and impaired regulation
of FA organization inhibits the integrins’ ability to serve as fluid flow shock absorbers.%” While
this method of cell-induced stiffening is partially regulated by vasoconstrictors it is distinct from
the stiffening caused by transitory contraction: vasoconstrictor stimulation of vascular smooth
muscle cells causes integrin clustering and engagement with the ECM, increasing cell stiffness
in a process involving non-contractile cytoskeletal elements.’®® Supporting this concept, when
stretched at sites of integrin attachment vascular smooth muscle cells exhibit an increase in cell
stiffness dependent on non-contractile and contractile elements, with stretch responses possibly
dependent on activation of stretch-sensitive calcium channels.

While the contributions of integrin force transmission and mechanotransduction to the
development of systemic hypertension are increasingly well studied, relatively little is known
about how integrins contribute to PAC in PAH. Integrin expression is significantly altered in
PASMCs localized to the small pulmonary arteries of monocrotaline and hypoxia treated rats.
While altered ECM deposition patterns might regulate some integrin subunits, non-specific
regulation of other subunits (specifically as, B1, and Bs) appears to directly contribute to disease
progression by advancing PASMC proliferation, vascular remodeling, and contractility.'°
Specific motifs in ECM proteins, including the argentine-glycine-aspartic acid sequence, induce
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PASMC contraction through integrin Bs subunits.!*! Integrin modulation of intercellular calcium
levels also induces contractile responses in PASMCs and other types of smooth muscle cells,
and advances small vascular remodeling in systemic hypertension via the as subunit.1?-114
Further work with hypoxic rats and idiopathic PAH patients has illustrated that integrin binding
may regulate PASMC cytoskeletal dynamics and proliferation in small arteries and arterioles by
controlling Fhi-1 signaling (a regulator of cell cycle progression through cyclin D1) through the
cytoskeletal adapter protein Talin-1.1*> Reduction of B: integrin in PAH also induces PAEC
apoptosis by reducing asB: complex formation and signaling through adenomatous poliposis
COIi.llO’lle

Prolonged integrin engagement may lead to permanent rearrangements in cytoskeletal
organization that contribute to a long term decrease in PAC. The transduction of force between
the cell and its surrounding ECM largely depends on integrin attachment to the non-contractile
cortical cytoskeleton underlying the cell membrane.'’ Chronic vasoconstrictor stimulation of
smooth muscle cells causes a reorganization of the non-contractile cytoskeleton favoring net
polymerization, a response that facilitates low-energy maintenance of decreased vessel
diameter and disengagement of the contractile apparatus.'*®!'® Furthermore, changes in
cytoskeletal organization — as seen in continuously contractile smooth muscle cells — have the
potential to significantly alter PAC by inducing an intrinsic stiffening of PASMCs independent of
transient cell contraction.*?® While these changes may initially begin as adaptive by enabling the
cell to withstand increased force transmission, dysregulation of the underlying molecular
mediators could pathologically alter cytoskeletal organization and consequently induce

maladaptive changes in cell stiffness.!?

Molecular Mediators of Vessel Compliance: Bmpr2, 5-HT.g, and Src
Research at Vanderbilt University beginning in 1980 eventually revealed Bmpr2 as the
causative mutation responsible for hereditary PAH.122-125 Subsequently, Bmpr2 mutations were
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discovered in a cohort of patients with idiopathic PAH, and decreased Bmpr2 expression found
in patients with PAH associated with other conditions.?*?® The consequences of a mutation in
the Bmpr2 receptor are thought to be a result of decreased Bmpr2 expression or function, either
as a result of functional happloinsufficiency or dominant-negative effects, respectively.'?’
Normally the BMP ligand binding to Bmpr2 causes a signaling cascade mediated by the SMAD
family of signaling proteins and transcription factors. BMP signaling in this manner serves to
inhibit the cellular response to injury and subsequent upregulation of genes associated with
tissue regeneration and repair, bringing a resolution to the process of wound healing. When
Bmpr2 signaling is decreased, either as a consequence of decreased receptor expression or
impaired function, the cellular and molecular processes activated in acute injury fail to terminate
normally. This results in the proliferative vascular remodeling processes responsible for
arteriolar occlusion and stiffening.?’

Abnormalities in Bmpr signaling axis components that are connected with PAH in
humans and animals include mutations and reductions in expression for Bmprla (which co-
localizes with Bmpr2) and Alk1 receptors as well as their downstream SMAD targets.2%:126:128-130
Mice with a deletion of Bmprla from a portion of their PASMCs develop elevated mPAP with
exposure to prolonged hypoxia and show evidence of increased adventitial collagen deposition
and elastin lamina disruption and deposition in areas of Bmprla deletion.®* Further
investigation with this model suggests that while ECM changes induced by Bmprla deletion
decrease proximal PAC, the deletion is ultimately protective against distal vascular
remodeling.®*? TGF-B1 signaling through Alk1 is an important mediator of fibrosis and collagen
deposition, and Bmpr2 mutations result in increased TGF-B1 production and an abnormal
proliferative response to TGF-B1.2%3 In addition to directly stimulating collagen production, TGF-
B1 can also activate, and is in turn activated by, MMP-2 and MMP-9, suggesting a feed-forward
signaling mechanism that advances vascular remodeling.'** This initial activation is mediated in
part by IL-1B, an inflammatory cytokine secreted by macrophages in response to an IL-6
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Bmpr2 signaling also controls cell stiffening and force transduction through cytoskeletal
protein regulation. Chronic vasoconstriction, caused in part by excessive production
vasoconstrictors such as endothelin-1 (ET-1), is a hallmark of PAH. This environment is
especially conducive to the development of cytoskeletal changes which lead to cell stiffening.4°
In this process, polymerized F-actin is primarily responsible for force transmission, and the actin
toxin cytochalasin D prevents the ability of smooth muscle cells to maintain a prolonged
contractile state (likely by preventing actin polymerization).#>42 Small molecule mediators of
actin organization and polymerization including the Rho GTPases RhoA, Racl, Cdc42, and the
protein kinase LIMK1 are also known to be abnormally regulated in PAH, and their
dysregulation is also a direct consequence of Bmpr2 mutation and dysfunction (Figure 2.3).143-
147 gSpecifically, upregulation of Racl causes a decrease in actin fiber stability and induces actin
reorganization and polymerization, though the mechanism of Racl activation by the Bmpr2
mutation is unclear. In addition, a large body of work demonstrates Rho kinase activity (the
downstream effector of RhoA) is increased in PAH, and inhibition of Rho Kinase alleviates PAH
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development in hypoxic, monocrotaline, and genetic mouse models, though the extent of this
improvement is limited.*®%1 |In addition to mediating PASMC contractility, RhoA and Rho
kinase signaling induces F-actin polymerization and inward vascular remodeling.’*® LIMK1
phosphorylates cofilin, preventing cofilin from inhibiting actin polymerization. Normally, the
cytoplasmic tail domain of Bmpr2 directly inhibits LIMK1 activity, and mutations in this domain
lead to increased LIMK1 activity and consequently increased potential for actin
polymerization.#® LIMK1 is also regulated by the same Rho GTPases that are dysregulated in
hereditary PAH, suggesting that Bmpr2 mutations contribute to cytoskeletal disruption via
multiple mechanisms,152-154

While Bmpr2 family mutations may be necessary for PAH, they are not always sufficient.
The penetrance of PAH is much lower among those heterozygous for Bmpr2 mutations than
homozygotes.? This variable penetrance, combined with the variable expressivity common to
PAH, has led to the hypothesis that the disease phenotype requires that either remaining
functional Bmpr2 levels drop below a certain threshold, or secondary processes tip the balance
into disarray.’?’” Examples of such secondary processes are altered estrogen signaling or
metabolism (helping to explain the nearly 2 to 1 female to male ratio among mutation carriers,*°
though this antagonistic relationship is not preserved in other forms of pulmonary
hypertension??), inhibited function or expression of voltage gated potassium channels®®,
exaggerated responses to inflammation,**” and serotonin signaling.®®

Among the secondary molecular processes associated with PAH, serotonin signaling is
especially important and ubiquitous. The “serotonin hypothesis” of PAH first emerged in
following the PAH outbreak among users of the serotonergic anorexigens aminorex and
fenfluramine in the 1960’s and 1990’s.%° Subsequent studies in patients with idiopathic PAH
found significant elevations of serotonin in patient serum, likely due to increased synthesis by
pulmonary vascular endothelial cells, and serotonin has since been implicated in abnormal
smooth muscle cell proliferation and chronic vasoconstriction, elastase degradation, fibrosis,
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and vessel stiffening, and mediating thrombosis and perivascular inflammatory cell
infiltration.®>1%8-162 The mechanisms for these phenomenon are diverse and include alterations
in intracellular serotonin transport via SERT or 5HTT, post-translational modification of proteins
in a process known as serotonylation, and signaling through the serotonin cell-surface
receptors.®1% |n systemic sclerosis, a disease often associated with PAH, serotonin induces
collagen synthesis and ECM production by interstitial fibroblasts by TGF-B1 dependent signaling
through the 5-HTs receptor.'®® In addition to regulating collagen production, serotonin can be
utilized to cross-link matrix proteins by the enzyme transglutaminase-2 (TG-2) through a
process known as serotonylation, increasing vascular stiffness.631¢4 TG-2 is regulated by nitric
oxide (NO), a vasodilator produced by PAECs and known to be significantly downregulated in
PAH.165'166

Serotonin signaling also regulates elastase activity in PAH through the calcium binding
protein S100A4. S100A4 is overexpressed in the PASMCs of the remodeled small muscular
arteries in pediatric PAH patients, and consistent with these findings in humans, mice
overexpressing S100A4 develop pulmonary hypertension and small vessel remodeling.*® In
addition to promoting PASMC proliferation, S100A4 induces production of serine elastase by
PASMCs.167.168 \While the mechanism whereby S100A4 induces PASMC elastase production is
poorly defined, S100A4 expression is induced partly by serotonin signaling through the 5-HT1g
receptor and activity of the serotonin transporter SERT.1%8

Bmpr2 happloinsufficient mice, which themselves are phenotypically normal,
spontaneously develop PAH after infusion with serotonin.®® Additionally, small pulmonary
resistance arteries in Bmpr2 happloinsufficient animals exhibit exaggerated contractile
responses to serotonin.'®® Exactly how serotonin contributes to disease progression in Bmpr2-
associated PAH is unclear, though some studies suggest RhoA and both serotonin type 1 and 2

receptor signaling may be important.®>7
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One receptor in particular, the 2B receptor (5-HT2g), has attracted attention from PAH
researchers since the discovery that the active metabolite of dexfenfluramine (responsible for
the PAH outbreak of the 1990’s) is a selective agonist for 5-HT.s.1"* Subsequent work has
demonstrated that 5-HT2s expression is elevated in different PAH animal models, and that
antagonism or ablation of the 5-HT.s receptor can prevent disease development in these
models.1’27176 5-HT,g expression is also significantly elevated in the small arteries of patients
with idiopathic PAH.1"® In systemic sclerosis, a disease often associated with PAH, serotonin
induces fibroblast collagen synthesis by TGF-B1 dependent signaling through 5-HTgg,
contributing to a loss of vessel compliance!®®. Despite this evidence of 5-HTs’s necessity in the
pathogenesis of PAH, there is little data describing the molecular mechanisms downstream of 5-
HT2g that mediate these deleterious changes.

The protein kinase Src is a ubiquitous, intracellular signaling molecule that regulates a
wide variety of cellular functions. Elevated Src activity is characteristic of PAH: markers of Src
activity are elevated in idiopathic PAH?, and increased Src activity is also correlated with PAH
penetrance and severity!’®-181 with reductions in cell proliferation and vascular remodeling
dependent on Src activity'®. Src also regulates force transduction from vascular smooth muscle
cells to the ECM by controlling levels FAK, and ultimately its associated integrin-cytoskeletal
attachments, at the cell surface.®3184 When Src signaling is elevated, FAK levels at the cell
surface increase and lead to greater transmission of force between the cell and ECM.8 Src
activity is also regulated itself by integrin engagement and FAK activation: inhibition of FAK has
recently been shown to prevent pulmonary hypertension in monocrotaline treated rats by
decreasing Src activity and reversing the migratory phenotype of diseased PASMCs!®!, While
the benefit of Src inhibition for PAH treatment has traditionally been associated with reductions
in cell proliferation, it is also possible that reducing Src activity could alter abnormal patterns of

integrin engagement and signaling and thereby contribute to increased vascular stiffness.82185
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Mutations in the cytoplasmic tail domain of the Bmpr2 receptor can cause a loss of Src
functional inhibition leading to elevated signaling®. In Bmpr2 receptor deficient mice elevated
Src signaling is observed in endothelial cells, with pharmacologic inhibition of Src restoring
endothelial barrier function.'®” Furthermore, mice with patient-derived mutations in the
cytoplasmic tail domain of Bmpr2 spontaneously develop PAH.14518 Src also interacts with the
serotonin signaling pathways through the 5-HT2g receptor. 5-HT2z mediates its mitogenic effects
through Src and acts in concert with the platelet-derived growth factor receptor (PDGFR, also
implicated in PAH pathogenesis) to initiate cell cycle progression.8® 173 5-HT,g antagonism also
arrests TGF-B1-stimulated Src activation and signaling, preventing the development of calcified
nodules in an in vitro model of calcific aortic valve disease.'® Thus, Src activation and signaling
is represents a likely mechanism in which both Bmpr2 and 5-HT2g signaling converge to

mediate PAH pathogenesis.

Intrinsic Myeloid Abnormalities: Hematopoietic Cells and Pulmonary Arterial Hypertension

While PAECs, PASMCs, and (more recently) fibroblasts of the adventitia are all known
to participate contribute to PAH pathogenesis, evidence from the last 10 years strongly
suggests that certain subtypes of hematopoietic cells play an indispensable role in vascular
remodeling. Myeloproliferative abnormalities have been observed in patients with familial,
idiopathic, and associated PAH, and increased deposition of reticulin in the bone marrow of
these patients suggests abnormal hematopoietic processes.’®* These changes in bone marrow
composition are also present in the unaffected family members of hereditary PAH patients,
suggesting that the changes in hematopoiesis precede disease onset. Transplantation of CD34*
progenitor cells isolated from the peripheral blood of patients with idiopathic PAH into
nonobese/diabetic severe combined immunodeficient mice results in the mice developing a
PAH-like iliness, complete with endothelial injury, thrombosis, right ventricular hypertrophy, and
vascular remodeling.'®? In mice, restriction of mutant Bmpr2 expression to the bone marrow
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alone is sufficient to induce PAH, and conversely restriction of mutant Bmpr2 expression to the
periphery (with normal Bmpr2 expressed in the bone marrow alone) significantly improves
hemodynamics and metrics of vascular remodeling.1®

The types of bone marrow derived cells that mediate small vessel remodeling are an
active area of ongoing research. Early accumulation and alternative activation of macrophages
is observed in mouse models of PAH and production of inflammatory mediators by
macrophages directly induces PAEC apoptosis.'®-1% Mice with mutant Bmpr2 receptors also
display constitutive activation of tissue macrophages that can directly promote a migratory and
proliferative phenotype in co-cultured PASMCs.'®” Lymphoid cell contributions to vascular
remodeling are less understood, though suppression of T regulatory cell function may pave the
way for sustained peri-vascular inflammation.%

Special attention to a subclass of myeloid-derived proangiogenic cells, known
alternatively as proangiogenic myeloerythroid progenitors or bone-marrow derived

proangiogenic cells (BM-PACSs) suggests that these cells may participate directly in small vessel
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remodeling. BM-PACs are a heterogenous group of myeloid-derived cells that express a variety
of endothelial and/or progenitor cell surface markers.®® Cells expressing both endothelial and
progenitor cell surface markers are also routinely observed to accumulate in the walls of
remodeled vessels.?%21 |n humans, these cells are also observed in the perivascular vasa
vasorum of pulmonary arteries and concentric and plexiform lesions of the actively remodeling
arterioles, suggesting a direct involvement in vascular remodeling.1%1209292 Pharmacologic
antagonism of either chemokine receptors or the progenitor-cell receptor cKit reduces the
number of these cells in the peripheral circulation and improves hemodynamic parameters in
mouse models of PAH.200203 This story is complicated by the fact that the absolute number of
BM-PACs can be either elevated, suppressed, or unchanged in the peripheral blood of
idiopathic PAH patients.?°2-204 Futhermore, ex vivo expansion or fresh isolation of BM-PACs
followed by re-infusion can actually alleviate PAH in several different small and large animal
models.?%5-2% |n idiopathic PAH, ongoing clinical trials using infusions of ex vivo expanded BM-
PACs or BM-PACs genetically engineered to express endothelial nitric oxide synthase show
small but significant improvements in clinical metrics of disease severity.?!° The inconsistency of
these findings can be explained by both lack of a uniform definition of BM-PAC as well as the
fact that the function of BM-PACs is likely context-specific. A better understanding of the role
BM-PACs and the mechanisms involved in their recruitment and activation in the lung would
greatly benefit the rational design of therapeutics for PAH. The varying effects of BM-PACs are

summarized in Figure 2.4.
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CHAPTER 3: SEROTONIN 2B RECEPTOR ANTAGONISM PREVENTS HERITABLE

PULMONARY ARTERIAL HYPERTENSION

Text and figures adapted in part from:
West JD*, Carrier EJ*, Bloodworth NC*, et al. Serotonin 2B Receptor Antagonism
Prevents Heritable Pulmonary Arterial Hypertension. PLoS One. 2016;11(2):e0148657.

*Denotes equal contribution

Introduction

PAH is a disease in which a gradual increase in pulmonary vascular resistance
eventually leads to right heart failure and death. There are no clinically available disease-
modifying therapies for PAH. The strongest epidemiologic risk factor is use of serotonergic
anorexigens.?!* There have been two epidemics of serotonergic anorexigen-induced PAH;
aminorex in the 1970s and dexfenfluramine in the 1990s.212:213

Several mouse models have been developed to examine the role of serotonin signaling
in the onset of PAH. Mice with knockout for serotonin transporter (5HTT),24215 serotonin
receptor 1B (5-HT1s),%% or 5-HT2s are protected against hypoxic pulmonary hypertension. While
excellent work has been done demonstrating that increased serotonin signaling is responsible
for the onset of PAH in patients taking anorexigenic drugs, essentially no work has been done
previously to mechanistically link signaling at the level of the receptor to physiologic outcomes.

Independent of serotonergic drugs the strongest heritable risk factor for development of
PAH is the presence of a mutation in Bmpr2, present in the large majority of familial cases. Mice
expressing human-derived Bmpr2 mutations develop PAH within a few weeks.5217 |n both
mice and humans with Bmpr2 mutation, penetrance is incomplete, with lifetime risk of overt
disease of about 20-25% in patient families?*®, and 30-50% in Bmpr2 mutant mice after 6 weeks
of transgene activation.*> Although serotonin has been shown to increase penetrance in
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Bmpr2-deficient mice,'®® the mechanism has never been explored. Anorexigen-associated PAH
is clinically indistinguishable from idiopathic or heritable PAH, suggesting that common
mechanisms downstream of the cell-surface receptors mediate all forms of the disease.

The mechanism underlying PAH of any kind is unknown; however, heritable and drug-
induced PAH share some common features. Both 5-HT.s and Bmpr2 receptors interact directly
with the tyrosine kinase, Src. Src binds to the cytoplasmic tail of Bmpr2%, and Bmpr2 mutation
leads to increased Src phosphorylation and downstream activity.*4>8 ikewise, agonism of 5-
HT2s, by either serotonin or metabolites from anorexigens, does the same.'®219 Therefore, 5-
HT.s and Bmpr2 likely have no effect on one another, but their functionality significantly and
independently alters Src activity, which appears to be a key component in the development of
PAH. Further, it has been previously published that antagonism of 5-HT2s in heart valve cells
inhibits Src translocation after its phosphorylation'®’; this is important since valvular disease
often accompanies drug-induced PAH.1"* We thus hypothesized that antagonism of 5-HT2s may
be able to prevent heritable PAH through the regulation of Src by preventing its downstream
activities, but not its phosphorylation. To test this hypothesis, we examined the ability of a
specific small molecule 5-HT2s antagonist, SB204741, to prevent PAH in mice with Bmpr2

mutation.

Methods

Bmpr2 Mutant Mice

R0sa26-Bmpr2R8%X mice express the patient-derived R899X mutation in Bmpr2 in all
tissues when induced with doxycycline. When Bmpr2R8®X transgene is induced in adult mice for
six weeks of activation, approximately 50% will develop PAH as defined by right ventricular
systolic pressures (RVSP) above the normal range.*® Adult (10-14 weeks of age at start)
Bmpr2 mutant mice on an FVB/N strain background were fed doxycycline at 0.2g/kg in western
diet (Bioserv) for 6 weeks. After two weeks, osmotic pumps (Alzet 1004) containing either
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SB204741 in 50% DMSO/50% water or vehicle with the same DMSO/water formulation were
implanted, and delivered SB204741 at 1 mg/kg/day or vehicle for the final four weeks. A similar
dose (i.e. 3 mg/kg/day) has been used previously to successfully attenuate liver fibrosis in
mice.??® Mice were then placed under surgical anesthesia (Avertin) and RVSP measured
through a catheter introduced into the right heart through the right jugular vein in a closed-
chested procedure, as previously described.??! After sacrifice, tissues were collected for further
analysis. All procedures were approved by the Vanderbilt institutional animal care and use
committee (IACUC).

Histology & Western Blots

Lungs were flushed with 5 ml PBS introduced through the right ventricle and allowed to
flow out through a cut in the left atria to remove blood, then inflated with 0.8% low melt agarose
and formalin fixed. Staining for CD45 was with BD Pharmingen # 550286 at 1:100. An observer
blinded as to groups counted numbers of CD45 positive cells per field in 10 random 20x fields in
each of four mice per group.

Downstream Src targets, pl130Cas (CAS) and caveolin-1 (CAV1) were primarily
guantified as a measure of Src activity. Antibodies used for Western blots were: Src and pSrc
(Cell Signaling, #s 2110 and 2101, 1:1000), CAS and pCAS (Abcam, # ab89459 and Cell
Signaling, # 4015, 1:1000), CAV1 and pCAV1 (BD Transduction Laboratories, #s 610684 and
611338, 1:1000 and 1:2000), Smadl and pSmad1l (Cell Signaling, #s 6944 and 9511, 1:1000).
All phosphorylation proteins were normalized to their respective total protein and B-actin (i.e.
pSrc/Src/B-actin).

Gene Expression Analysis

Mouse Genome 430 2.0 microarrays (Affymetrix, Foster City, CA) were performed on
homogenized whole lung tissue, as previously described.??? Each array consisted of a pool of 3

mice, and two arrays were used per condition. Array results were submitted to the NCBI gene
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expression and hybridization array data repository (GEO, http://www.ncbi.nim.nih.gov/geo/)
accession number (pending).

Preprocessing of all Affymetrix cel files was carried out using the RMA algorithm.
Hierarchical clustering of both samples and genes, and principal components analysis, was
performed using algorithms within JMP Pro 11.0 (SAS Institute). Statistical analysis of
overrepresented gene ontology groups was performed using Webgestalt.??3

Measurements of pulmonary arteriole wall elastic modulus

Atomic force microscopy (AFM) of whole tissue sections was adapted from previously
published techniques for mouse heart valve leaflets.??* Lungs from mice with or without a
doxycycline-inducible mutation in the Bmpr2 receptor were isolated, embedded with Optimal
Cutting Temperature compound, and sectioned after the mice were treated for 4 weeks with
SB204741 or DMSO vehicle and hemodynamically phenotyped as described. Lung sections
were stained with FITC conjugated rat anti-mouse CD31 (BD Biosciences), Cy3 conjugated
mouse monoclonal a smooth muscle actin (aSMA, Sigma), and DAPI. Sections were immersed
in PBS and CD31 and aSMA positive vessels less than 100 um in diameter were identified with
a Nikon Eclipse Ti microscope. ldentified vessels were then scanned using a Bioscope Catalyst
AFM at a scanning frequency of 0.25 Hz and a scan window size of 7-10 pum. A total of 5-7
vessels were scanned per animal from two sections of lung, with each vessel scanned in two
separate regions.

The data presented are representative of single scans, consisting of 16,384 individual
measurements (128x128) spanning an approximately 10-20 um? area along the vessel wall. The
median value for each scan (in kPa) is used as a representative measurement for the entire
scan window. This analysis method for AFM data for both tissues and biomaterials has been

previously validated?**22® and the results scale well with bulk modulus measurements.??
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Bmpr2 mutant Cells

Cells used were derived from Immortomouse X Rosa26-rtTA2 X TetO;-Bmpr2Ré%X or
Immortomouse X Rosa26-rtTA2 X TetO;-Bmpr29™4+ triple transgenic mice. The immortomouse
contains a transgenic insertion of the SV40 large T antigen, tsA58, under control of an
interferon-inducible promoter. When cells are grown at 33°C and interferon is added, the
transgene is activated and the cells are immortalized and proliferate freely; at 37°C, this
transgene is inert. The immortomouse therefore produces cells which proliferate as though they
were immortalized at 33°C, but revert to a more normal phenotype when cultured at 37°C.
Immorto-Bmpr2 mutant pulmonary endothelial and smooth muscle cells were collected from
adult mice.

Src and tubulin motility analysis

Immortalized microvascular endothelial and smooth muscle cells, with or without mutant
Bmpr2 induced with 300 ng/mL doxycycline, were co-transfected with fluorescently labeled Src
and Tubulin and treated with 1 uM SB204741 or DMSO vehicle. Src and Tubulin motion was
visualized with a Nikon Eclipse Ti confocal microscope for 15 min in four separate focal planes.
Videos were analyzed in MATLAB using a custom Eulerian motion analysis algorithm to
determine total motion by assessing differential changes in pixel intensity for each cell as
previously described.'®® Src motion was weighted to the perinuclear region of each cell to adjust
for anomalies induced by changes in cell edge positioning, and total motion was normalized to
total pixel intensity and averaged across the four focal planes visualized for each cell.

Total and active TGF-B1 assay

Total and active TGF-B1 was assayed as described previously.??” Briefly, immortalized
microvascular endothelial and smooth muscle cells with or without a doxycycline inducible
Bmpr2 receptor mutation were plated in 6 well plates at 40,000/cm? and cultured for 24 hours
with 300 ng/mL doxycycline to induce expression of the transgene. After 24 hours, media was
collected and prepared as follows. For measurements of activated TGF-B1, a 1:1 dilution of
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media to serum-free Dulbecco’s modification of Eagle’s medium (DMEM, Corning CellGro) was
prepared, and for measurements of total TGF-B1 media was heated to 100°C for 3 minutes (to
activate latent TGF-B1) and diluted 1:10 with serum-free DMEM. The prepared media was
added to cultures of transformed mink lung cells (TMLCs) transfected with a luciferase reporter
gene with a TGF-B1 specific promoter and incubated for 18 hours. After incubation, cells were
lysed and the lysate transferred to a white 96 well plate. Luminescence intensity was measured
using a BioTek Synergy HT plate reader after automatically dispensing luciferase substrate from
the Promega Luciferase Reporter kit. Luminescence intensity was correlated with TGF-31
concentration with the aid of a standard curve.

Collagen gel contractility assay

The collagen gel contractility assay was adapted from previously published work.??® A
collagen gel solution consisting of 8:1:1 parts bovine collagen (Advanced BioMatrix PureCol),
10x Dulbecco’s phosphate buffered saline (DPBS, Gibco), and 0.1 M NaOH was prepared and
the pH adjusted to 7.4. 200 uL of gel solution was dispensed to 1.27 cm diameter Teflon rings
(Seastrom Manufacturing Company) and the gel allowed to crosslink for 1.5 hours at 37°C. The
top of the gel was seeded with a 200 pL of a cell suspension containing 40,000 immortalized
microvascular endothelial and smooth muscle cells with or without a doxycycline inducible
Bmpr2 receptor mutation and allowed to settle for 30 minutes. The Teflon rings were removed
and media added containing 300 ng/mL of doxycycline and the cells treated with either 1 ng/mL
TGF-B1 (porcine, R&D Systems Inc.), 1 yM SB204741 (Tocris), both, or neither. Gels were
imaged using a dissection microscope (Olympus) at 30 minutes and 72 hours after seeding, and
the treatment media was changed every 24 hours. Gel size was determined using ImageJ

(National Institutes of Health).
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Statistical methods

Statistics were performed using multiple factor ANOVA (+/- Bmpr2 mutation, +/-
SB204741), with Fisher's exact test or Holm-Sidak post hoc test for comparisons between

individual groups. Statistics were performed within JMP Pro 11.0 (SAS Institute) or SigmaPlot.

Results

5-HT,s Antagonism Prevents PAH in Bmpr2 Mutant Mice

Wild-type and Bmpr2 mutant mice were treated with the 5-HT,g antagonist SB204741 for
the last four weeks of a six week transgene activation. While vehicle-treated mice developed
elevated RVSP at about 50% penetrance, mice treated with SB204741 have pressures
indistinguishable from controls (Figure 3.1 A). This rescue of RVSP was not due to suppressed
cardiac output, as cardiac index was maintained (Figure 3.1 B). Note that Bmpr2 mutation in
both mice and humans leads to right ventricular dilation under pressure, rather than
hypertrophy?%, and so Fulton index was not assessed.

SB204741 did not impact either weight gain or blood glucose in these mice (Figure 3.2
A, B). Lung sections from Bmpr2 mutant mice had increased infiltrating cells, as previously
reported®°, with the infiltrating cells being made up in large part of CD45* inflammatory cells.
This increase in infiltrating cells was reduced by SB204741 treatment in Bmpr2 mutant mice, but
increased by treatment in control mice (Figures 3.1 C, D, Figure 3.2 C,D), a pattern which will
reoccur with many of the following results. 5-HT,s antagonism also reduced both partial and full
muscularization of small pulmonary arteries in Bmpr2 mutant mice, without affecting
muscularization of vessels in control animals (Figure 3.1 E). Partial muscularization is defined
as actin staining surrounding less than 75% of the vessel perimeter, and is usually indicative of

muscle spiraling along a vessel rather than completely surrounding it (full muscularization).
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Figure 3.1: 5-HT2 antagonism improves hemodynamic outcomes in Bmpr2 mutant mice.

(A) Right ventricular systolic pressures are significantly elevated in Bmpr2 mutant mice with six weeks of
transgene activation using doxycycline at 1g/kg in western diet; this elevation was prevented through
administration of SB2014741 in pumps for the final four weeks. Circles represent individual mice; columns are
averages of logz-transformed values; error bars are SEM. SB204741 did not affect control mice; both vehicle
and treated mice are included in the control column as left and right groups of circles, respectively. (B) Cardiac
Index does not change between groups, measured as cardiac output in ml/minute as determined by
echocardiography divided by body surface area in square meters. (C) Immunoflourescence staining for CD45
(red), Actin (Green), DAPI (blue) in a 10x field of distal alveoli in agarose-inflated lungs. Individual channels for
these images are presented in Supplemental Figure 1D. (D) Bmpr2 mutant mice have ~2x the inflammatory
cells per field at baseline, but SB204741 treatment has divergent effects on inflammatory cells in control and
Bmpr2 mutant mice, causing significant increases and decreases respectively (*p<0.05, $p<0.01). (E) Bmpr2
mutant mice have roughly twice the numbers of partially and fully muscularized vessels per field for small and
medium sized vessels; this is substantially normalized by SB204741 (*p<0.01).
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5-HT.s Antagonism Reduces Vascular Stiffness in Bmpr2 Mutant Mice

Although Bmpr2 mutant mice have occlusion of small arteries as determined by
microCT%, particularly at branch points, increase in RVSP in these mice may be driven by
increased vascular stiffness. Here, we used atomic force microscopy (AFM) to assess lung
sections, and found that small vessels in Bmpr2 mutant mice have twice the stiffness of control
animals, with a median elastic modulus of 90 kPa as compared to 45 kPa. This stiffness is
significantly normalized when mice are treated with 5-HT2g antagonist (Figure 3.3). The stiffness
distribution presented may be bimodal, possibly indicative a heterogeneous deposition of ECM
components in the vessel wall. Increased vascular stiffness has been hypothesized to be the
pathologic feature of human PAH central to etiology’®®, and so this prevention has high

prognostic significance for translation potential.

35



30 - 155 kPa 100 T — T
A 45 kPa : 60 kPa 190 kPa = == Mutant
[}
A € 75 #
2.5 1 )
=
8 é 50
Z 2.0 A o
e @ 25
qJ —
L
E 151
3 0-
wn N2 b\\
Y— RS Al
S 10 - — wr & &
o — Mutant @
05 4 —=-  WT + SB204741
’ / — - Mutant + SB204741
e — St Y
po-E : - , : : =
0 50 100 150 200 250 300
B Vessel Stiffness (kPa)

Mutant WT + SB204741  Mutant + SB204741

300 kPa

=
m"/"

0 kPa

Figure 3.3: SB204741 prevents arteriole wall stiffening in BMRP2 mutant animals.

(A) In mutant animals treated for 4 weeks with SB204741, the average elastic modulus is
significantly lower than their untreated counterparts. The histogram shows representative
vessels with a Gaussian fit of elastic modulus distributions and calculated median values. Inset
bar graph shows median stiffness values. (B) Fluorescent images (green = CD31; red =
aSMA), with a topographical map of vessel height overlaid with a colorimetric representation of
the elastic modulus. Values in the graph in (A) are expressed as mean + standard error. n=3
per group, *p<0.05 compared to WT, #p<0.05 compared to vehicle treated.
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5-HT.s Antagonism Reduces Src Activity and Motion Bmpr2 Mutant Mice and Cells

Antagonism of the 5-HT.g receptor has been shown to reduce Src’s downstream activity
by restricting its intracellular trafficking without reducing phosphorylation (18) and Bmpr2
mutation has been previously found to increase Src activity (15, 37). Therefore, we sought to
determine if SB204741 could reduce Src downstream activity in Bmpr2 mutant mice. By western
blot on lungs from mice, we found phosphorylation of Src and its downstream target CAS were
increased in Bmpr2 mutants, with Src, CAS, and CAV1 phosphorylation significantly inhibited
with chronic SB204741 treatment. Smadl phosphorylation was not altered due to SB204741
(Figure 3.4 A, B). To determine whether 5-HT2g inhibition affected Src translocation, we motion-
tracked fluorescently labeled tubulin and Src in transfected live pulmonary microvascular
endothelial cells, cultured from wild-type or Bmpr2 mutant mice, and converted the motion to a
heat map. We found that at baseline, Bmpr2 mutant endothelial cells had higher tubulin and Src
motion than did wild-type cells, but these were normalized with SB204741 treatment.
Conversely, wild-type cells had these motions increased (but not significantly) with SB204741
treatment (Figure 3.5 A,B). Once again, this contrast between drug effect in Bmpr2 mutant and
wild-type cells suggests that the drug is impacting a pathway fundamentally altered by Bmpr2
mutation. Important to note, this effect was not observed in smooth muscle cells with a different
Bmpr2 mutation — a complete deletion in the tail domain resulting from the insertion of a thymine
base and consequential premature stop codon®! (Figure 3.6). This effect is likely reflective of

the different mechanistic effects that various Bmpr2 mutations have on receptor function.
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Figure 3.4: SB204741 reduces Src phosphorylation and downstream activation in vivo.

(A) Western blots from Bmpr2 mutant or WT mice whole lung treated with SB204741 or vehicle.
Bmpr2 mutants show increased phosphorylation of Src target CAS; Src activity and phosphorylation is
reduced with SB204741 treatment. (B) Densitometry for pSRC, pCAS, and pCAV1 phosphorylation.
Values are normalized to total protein and B-actin (i.e. pPSRC/SRC/B-actin). n=3, *p<0.05 compared to
WT, #p<0.05 compared to vehicle treated.
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Figure 3.5: 5-HT,g antagonism restricts motion of pSrc and tubulin in PAECs.

(A) SB204741 reduces tubulin and perinuclear Src motility, both of which are increased in mutant
microvascular endothelial cells. Eularian analysis of fluorescently labeled tubulin and Src in
endothelial cells shows elevated motility in vehicle treated mutant cells, as well as a significant
decrease in motility in mutants cells treated with SB204741. Values are expressed as mean *
standard error. n=5-10, *p<0.05 compared to WT, #p<0.05 compared to vehicle treated.
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Figure 3.6: 5-HT,p antagonism does not affect pSrc or tubulin motion in Bmpr2P** PASMCs.
SB204741 treatment of PASMCs with the inducible DelX4 mutation in Bmpr2 does not alter (A)
perinuclear pSrc motility or (B) tubulin motility. Values are expressed as mean + standard error. n=5-
10.

5-HT,s Modulates Muscle Contractility Genes in Bmpr2 Mutant Mice

To further examine molecular changes in Bmpr2 mutant mice caused by chronic 5-HT2s
antagonism, Affymetrix gene expression profiling was performed on pools of lung RNA from
mice with and without Bmpr2 mutation and with and without SB204741 treatment. Principal
components analysis found that all four groups were well separated, but with changes in
principal components with SB204741 treatment that were nearly diametrically opposed in
control and Bmpr2 mutant mice (Figure 3.7 A). Each principal component corresponds to a list
of genes that are roughly coregulated, with the first principal component (PC1) being the cluster
of genes that explains the largest part of the variance across samples, PC2 being the gene
group explaining the next most variance, etc. The analysis was performed without identifying

gene groups a priori; the grouping of the samples is thus a natural result of gene expression
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Figure 3.7: Effect of SB204741 treatment on gene expression in the lungs of Bmpr2 mutant mice.
(A): Principal components analysis found a strong difference between Bmpr2 mutants and controls along
Principal Component 1 (PC1). Treatment with SB204741 caused nearly opposite changes in PC vector in
control and mutant mouse lungs (large arrows). Circles and diamonds refer to individual arrays for control
and Bmpr2 mutants respectively: open and filled shading are for vehicle and SB204741 treatment
respectively. (B): Heat map of normalized gene expression for 100 genes most affected by SB204741
treatment. Each column is a gene, with rows treatment/genotype groups. Red corresponds to high
expression and blue to low. In general, SB204741 eliminates differences between control and Bmpr2
mutant mice, by moving gene expression in opposite directions (Bmpr2 mutants become more like
controls, but controls become more like Bmpr2 mutants). (C): Representative examples of significantly
overrepresented gene ontology groups. Angular width of each wedge is proportional to the number of
genes altered by SB204741 in the group as a fraction of the 234 with a 95% confidence of change of over
20%. Radius is proportional to —log of the p-value (so longer is more significant). Circles correspond to
multiple comparisons adjusted p=0.05 and p=0.01. Overlap is approximate, and demonstrates that most
genes belong to more than one ontology group (lower level ontology groups not shown).
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differences, rather than the result of selection. These data thus suggest opposite effects of drug
in wild-type and Bmpr2 mutant mice. This differential effect can also be seen in a heatmap of
the 100 genes most affected by SB204741, in which the direction of gene expression change is
different in control and Bmpr2 mutant mice (Figure 3.6 B, Appendix Table A.1). When these 100
genes most affected by SB024741 are separated into statistically overrepresented gene
ontology groups, the most statistically significant group is muscle contractility genes (Figure 3.7
C), although there are additional metabolic, muscle structure, and cytoskeletal component
groups that are also statistically overrepresented. Categories of genes are similar to those seen
in the lungs of 5HTT-/- mice reported previously, although 5HTT-/- lungs also had changes in
inflammatory and cell differentiation pathways not seen in inhibition of one receptor alone.?? lon
channel genes were noticeably absent from the list of genes differentially regulated in these
samples; this may be because they are lost in using whole lung, or because changes were
functional rather than expression, or because the mechanism here is related to structure, rather
than control, of the cytoskeleton.

Some of the genes in these categories that are regulated in the opposite direction
between Bmpr2 mutant and control mice include contractility genes (RhoA, Gamma Actin, and
Myosin Light Chain 12a) and microtubule trafficking genes (Tubulin a1b, Wnt inhibitor Sfrp1,
and Collagen 6al) (Figure 3.8 A). However, there are additional muscle contractility and
structure genes that are suppressed in both Bmpr2 mutant and control cells, including a
ryanodine receptor, titin, troponin t2, myozenin 2, carbonic anhydrase 3, and sarcolipin (Figure
3.8 B). In summary, gene expression arrays on mouse lung indicate discrepant effects of
SB204741 between control and Bmpr2 mutant lungs, but with effects concentrating on muscle
structure, contractility, and energetics. Note that levels of 5-HT.s was not different due to Bmpr2

mutation or 5-HT,g antagonism.
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Figure 3.8: Cytoskeletal contractility genes are altered by 5-HT»g antagonism.

(A) SB204741 causes convergence of expression of most specific genes in the
cytoskeletal component ontology group from Figure 5B between control and BMPR2
mutant lungs. (B) SB204741 results in reduced expression of most genes in the muscle
contractility gene ontology group, which was the most statistically significant group in
Figure 3.7 B. This brings expression levels of BMPR2 mutant mice to control levels. Error
bars are standard deviation. Grey lines are from control mice; black lines are from BMPR2
mutant mice in both A and B.
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Figure 3.9: SB204741 inhibits contractility of mutant microvascular cells in response to TGF-f1.
(A) Mutant microvascular smooth muscle cells exhibit a nearly five-fold increase in TGF-B1 induced
contractility compared to their WT counterparts after 72 hours of treatment. TGF-B1 induced contractility
in mutant microvascular smooth muscle cells is prevented when cells are treated concurrently with
SB204741. (D) A similar effect is observed at earlier timepoints, and the effect is not likely due to
inhibition of cell proliferation (E). Mutant cells synthesize (B) and activate (C) higher amounts of TGF-1
than WT, and neither TGF-B1 synthesis nor activation is changed in mutant cells by SB204741. Values
are expressed as mean * standard error. n = 3-12 per group, *p<0.05 compared to WT, #p<0.05
compared to no treatment. Significance determined by a two-way ANOVA followed by a Holm-Sidak post
hoc test.
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5-HT.s Modulates Contraction in Bmpr2 Mutant Smooth Muscle

To determine whether these observed gene expression changes could produce a
functional outcome in vitro, both pulmonary microvascular endothelial cells and smooth muscle
cells cultured from control and Bmpr2 mutant mice were used in a gel contraction assay. Control
and Bmpr2 mutant endothelial cells had comparable levels of contraction in response to
exogenously added TGF-B1; in both cases this was suppressed by incubation with SB204741
(Figure 3.9 A). However, Bmpr2 mutant smooth cells had approximately five times the level of
contraction in response to TGF-B1 as did control cells, and while control smooth muscle cell
contractility was not affected by SB204741, contractility in Bmpr2 mutant cells was nearly
normalized (Figure 3.9 A). Similar effects were observed at earlier timepoints (24 and 48 hours,
Figure 3.9 D). Additionally, this effect was not likely due to differences in proliferation, as 5-
HT2B has no effect on DNA synthesis as measured by BrdU incorporation (Figure 3.9 E). Total
and active TGF-31 was also increased in both endothelial and smooth muscle cells from Bmpr2

mutants but SB204741 did not appreciably alter these increases (Figure 3.9 B, C).

Discussion

These results suggest that 5-HT,s antagonism can prevent the onset of heritable PAH by
preventing the translocation and downstream activity of phosphorylated Src due to Bmpr2
mutation (Figure 3.10). Wild-type Bmpr2 normally binds but does not phosphorylate Src, with
binding occurring in a long cytoplasmic tail that is unique to Bmpr2 among TGFB-superfamily
receptors.'® Mutations in the tail domain of Bmpr2 results in an increase in both
phosphorylation and downstream activity of Src (Figure 3.4 A, B).18%187 Here, we show that 5-
HT.e antagonism prevents the Bmpr2 mutation-mediated increase in Src signaling (Figure 3.4
A, B) through inhibition of Src transport (Figure 3.5 A, B). Further, inhibition of Src translocation
leads to modulation of cytoskeletal genes and functions through both direct (CAS and CAV1
mediated) and transcriptionally regulated targets (Figures 3.7 and 3.8).232% Functionally,
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Bmpr2 mutation leads to vascular stiffening in vivo (Figure 3.3), increased vascular cell
contraction (Figure 3.9), increased inflammatory infiltration (Figure 3.1 C, D) and elevated
pulmonary vascular resistance (Figure 3.1 A). This work thus demonstrates all of the elements
present in Figure 3.10 and establishes Src activation as the primary target for preventing
heritable PAH, and a strong candidate as the common signaling mechanism between drug-
induced and heritable PAH.

One of the most interesting features of this data set is the finding that the effect of 5-
HT2gs inhibition is for many metrics completely opposite in WT and Bmpr2 mutant mice. This
includes cellular infiltrate (Figure 3.1 C, D), vessel stiffness (Figure 3.3), Src motion (Figure 3.5),
and patterns of gene expression (Figures 3.7 and 3.8). These strikingly discordant activities
strongly suggest that the downstream signaling that arises from Bmpr2 mutation and 5-HT2s
agonism/antagonism is very direct (Figure 3.10). The most straightforward explanation of this is
that Src transport is dependent on its phosphorylation state or perhaps directly related to its
Bmpr2 binding.

Bmpr2 mutation appears to alter TGF-B1 expression and activation in both endothelial
and smooth muscle cells (Figure 3.9 B and C), but 5-HT2s antagonism does not suppress this
expression or activation appreciably. Thus, the mechanism of preventing cell contraction likely
involves an intracellular target of the 5-HTs receptor. Previously, we found that TGF-B1 ligand
binding led to Src phosphorylation directly from TGF-B1 type | receptor activation in heart valve
cells.*® 5-HT,s antagonism also prevented the downstream targeting of both CAS and p38 by
TGF-B1-mediated Src phosphorylation. In the current study, we see a similar response — 5-HT2g
antagonism physically restricts Src translocation and downstream activation of CAS and CAV1
and this prevents Bmpr2 mutation-induced vascular stiffening and smooth muscle cell
contraction. This mechanism does not appear to mitogenic in nature, as 5-HT2g antagonism has

no effect on DNA synthesis in isolated smooth muscle cells.
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The ability of a 5-HT2g antagonist to prevent PAH by restricting downstream Src activity
(but not phosphorylation) calls into question the inability of receptor tyrosine kinase inhibitors,
such as imatinib or nilotinib, to effectively treat PAH clinically.?*®* Presumably, these other
inhibitors are non-specific, targeting multiple tyrosine kinases, and with their systemic delivery
result in multiple alterations to signaling pathways that are important in maintaining cellular
homeostasis in organs besides the lungs. Conversely, 5-HT2s offers a unique target for the
treatment of PAH since it is largely restricted to the heart, lungs, liver, and gut with minimal
expression in the brain and no known neurological function.

Although both serotonergic anorexigens and Bmpr2 mutation are associated with PAH, it
is important to note that the relative risk associated with Bmpr2 mutations is much higher;
roughly 100x for aminorex and 100,000x for Bmpr2 mutation. One explanation for this dramatic
difference in risk is that Bmpr2 binds and signals through multiple mechanisms unrelated to Src,
including through LIMK, SMAD transcription factors, TCTEX1, and potentially other targets
through binding to type 1 receptors.?*®* These mechanisms each confer additional risk of PAH.
For instance, loss of SMAD signaling results in smooth muscle cell transition to a synthetic
state, with significant attendant vascular dysfunction.

It is instructive to compare our results with 5-HT2g antagonists in Bmpr2 mutant mice
with a recent study in which serotonin transporter (SERT) knockout was not protective against
sugen/hypoxia induced PAH in rats.?*” Sugen/hypoxia can be thought of primarily as a model of
severe endothelial damage with attendant remodeling, whereas although Bmpr2 mutants can
develop significant endothelial lesions, these are rare and late in both mice?!’” and humans.?®8
This difference suggests that serotonin inhibition is not important in regulation of proliferation
and remodeling, but rather plays an important role in initiating events and perhaps continuing
underlying molecular pathologies.

While this study is the first to demonstrate a potential drug strategy for preventing
heritable PAH in an animal model with the human-derived genetic mutation, it leaves several
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guestions unanswered. In which cell type are these signaling defects most important? Vascular
endothelium and smooth muscle, and a variety of circulating cell types are all potentially
important targets?®®; the answer may be a combination of these. What are the intermediate
systems through which 5-HT2g regulates Src translocation? Moreover, because this was purely
a prevention study, it is not clear that 5-HT,s antagonism would be capable of reversing
established PAH. Further, because of the paradoxical effects of 5-HT2g antagonism in WT mice,
it may not be a suitable point of intervention to correct the Src defects in idiopathic PAH
patients, although it may be beneficial in heritable patients. The present study, combined with
existing literature showing that most of these defects are present in human PAH patients,
suggests that this will be a viable therapeutic avenue, but multiple questions remain as to the

best method and timing of intervention.
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Figure 3.10: A proposed molecular mechanism for 5-HT,g antagonism to prevent heritable PAH.

Mutations in the tail domain of Bmpr2 result in increased Src transport and signaling. Antagonism of 5-
HT2s inhibits the translocation of Src and decreases Src signaling, causing a decrease in expression of
Src regulated genes. Functionally, this results in increased small vessel compliance, reduced

inflammatory infiltrate, and decreased vascular smooth muscle contractility which together contribute to a
restoration in mean pulmonary arterial pressures.

49



CHAPTER 4: BONE-MARROW DERIVED PRO-ANGIOGENIC CELLS MEDIATE
PATHOLOGIC BIOMECHANICAL REMODELING DURING PULMONARY HYPERTENSION

THROUGH SEROTONIN 2B RECEPTOR SIGNALING

Text and figures adapted in part from:
Bloodworth NC, et al. Bone-Marrow Derived Pro-Angiogenic Cells Mediate Pathologic
Biomechanical Remodeling During Pulmonary Hypertension through Serotonin 2B

Receptor Signaling. In preparation.

Introduction

Pulmonary arterial hypertension (PAH) is an insidious illness of the pulmonary
vasculature with exceptionally high morbidity and mortality and no effective treatment options for
those afflicted.'® The thickening and stiffening of pulmonary arterioles, a consequence of active
vessel remodeling, is the hallmark pathologic feature of PAH and ultimately responsible for
much of its deleterious hemodynamic phenotype.?® While native endovascular cells contribute
directly to this process, research in the last few years has provided compelling evidence for
myeloid cell involvement as well.1921% Bone marrow derived proangiogenic cells (BM-PACs) are
a subtype of myeloid cell that are believed to contribute directly to small vessel remodeling.
Although a definitive class of surface markers for BM-PACs does not exist, these cells are
generally described as expressing some combination of endothelial, hematopoietic, or stem cell
markers (such as VEGFR2, Tie2, CD31, CXCR4, CD34, CD133, and cKit).1%124° Their presence
in peripheral blood has been well-correlated with PAH in a number of studies?*>-2%4241 and BM
derived cells with endothelial or progenitor cell markers have been noted to embed themselves
in the walls of remodeled vessels.?°®-202 While BM-PACs are not believed to proliferate and
occlude pulmonary vessels themselves, they are hypothesized to promote pathologic
vasculogenic-like processes in neighboring endovascular cells via paracrine signaling
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processes.’®® The exact function of these cells in PAH remains obscure however, and to date no
one study has definitively established their role in promoting (or abrogating) disease.

The molecular mechanisms whereby BM-PACs might act to influence the progression of
vascular remodeling are equally opaque. Cell surface receptors that mediate the mediate the
mobilization, recruitment, proliferation and function of BM-PACs to the lung vasculature
following hypoxic injury include traditional chemokine receptors such as CXCR4 and CXCR7
and their ligand SDF-1241-243 as well as HIF-1 inducible factors such as erythropoietin and
SCF.1°1.201 One recent seminal study in particular has implicated the necessity of the serotonin
2B receptor (5-HT2g) in the myeloid contribution to PAH — by selectively ablating 5-HTgs from the
bone marrow, the authors were able to completely prevent the development of hypoxic
pulmonary hypertension, while peripheral expression (or absence) had little effect on disease.?*
Interestingly, mice lacking 5-HT2s had similar metrics of hematopoiesis with a notable exception
of fewer CD31*CD11b cells in the bone marrow and peripheral circulation, identified by the
authors as immature proangiogenic or endothelial-like cells.

We hypothesized that BM-derived PACs contribute directly to small vessel stiffening and
remodeling through a 5-HT2s dependent mechanism. By selectively ablating BM-PACs utilizing
a transgenic mouse model we successfully prevented the development of elevated pulmonary
pressures following hypoxic vascular injury. BM-PAC ablation also reduced markers of small
vessel remodeling and restored vessel wall compliance to normal levels. We then illustrate the
effectiveness of 5-HT.g antagonism in preventing PAH in the same disease model and, through
lineage tracing of hematopoietic cells, show reduced recruitment and altered gene expression

profiles of BM-PACs in animals treated with a pharmacologic inhibitor of 5-HT2z.
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Methods

Bone Marrow Transplantation and Transgenic Mouse Models

All mouse experiments were approved by the Vanderbilt Institutional Animal Care and
Use Committee prior to their initiation. Cogenic (CD45.1 expressing) 6-12 week old C57BL/6
mice were given a lethal 12 Gy dose of radiation prior to transplant from a Cs®*" source,
followed by retro-orbital administration of 5x10° bone marrow cells isolated from an age- and
sex-matched transgenic donor. For the ablation of BM-PACs, C57BL/6 donor mice were bred to
express a tamoxifen-inducible Cre expression under the control of the 5’ endothelial specific
stem cell leukemia (SCL) promoter and diphtheria toxin under control of the ROSA26 promoter,
preceded by a floxed-STOP codon to prevent transcription in the absence of Cre expression
(endothelial SCL-CrefR™?/DTa'"). For lineage tracing, we used C57BL/6 donor mice expressing
a Tie2-promoter driven Cre and ROSA26-promoter driven YFP preceded by a floxed STOP
codon (Tie2-Cre/YFP", fluorescently labeling all hematopoietic cells regardless of lineage?*4).
Donor cells were given 10 weeks for engraftment prior to the initiation of experiments.

Induction of PAH and Hemodynamic Phenotyping

To induce PAH, we administered the vascular endothelial growth factor receptor 2
(VEGFR2) inhibitor SU5416 (Tocris Biosciences) at 20 mg/kg/week intraperitoneally (IP) while
mice were maintained in hypoxia (10% O,) for 3 weeks. Inhibition of VEGFR2 in combination
with hypoxia results in hypoxic vascular injury and a proliferative, vascular remodeling response
mimicking PAH pathology.?*® Control animals were maintained on room air while receiving
vehicle injections (0.5% carboxymethylcellulose, 0.4% polysorbate, 0.9% benzyl alcohol
(Sigma-Aldrich) in 0.9% sterile saline). In order to ablate BM-derived PACs, SCL-CrefR™/DTa-
recipient mice were simultaneously given 2 mg of tamoxifen (Sigma-Aldrich) IP every other day
or vehicle injections (10% ethanol in sunflower oil, Sigma-Aldrich). For lineage tracing of BM-
PACs, Tie2-Cre/YFP" recipient mice were implanted with subcutaneous Alzet pumps delivering
the 5-HT.s antagonist SB204741 (Tocris Biosciences) (1 mg/kg/day) or vehicle (50%
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dimethylsulfoxide (Sigma-Aldrich) and polyethyleneglycol-400 (Fisher Chemical)) prior to
disease induction. After 3 weeks, mice were placed under surgical anesthesia (Avertin) and a
catheter was inserted into the right heart via the right jugular vein in a closed-chested procedure
to measure right ventricular systolic pressures (RVSP), as previously described.??! Mice were
euthanized with a fatal dose of phenobarbital followed by collection of biologic samples.

Immunohistochemistry

Lungs were isolated, flushed with PBS, inflated and embedded with optimal cutting
temperature compound, flash frozen in liquid nitrogen, and sectioned. Prior to staining lung
sections were fixed in a solution of 4% paraformaldehyde (Electron Microscopy Sciences) and
0.01% Triton in PBS. Sections were stained with FITC conjugated rat anti-mouse CD31 (CD31-
FITC, BD Biosciences), Cy3 conjugated mouse monoclonal anti- a smooth muscle actin (aSMA-
Cy3, Sigma-Aldrich), and DAPI. Lung sections from Tie2-Cre/YFP" transplanted animals were
also stained with AF647 conjugated anti-GFP (GFP-AF647, Thermo Fisher Scientific). The
number of fully (>75% of vessel circumference) and partially muscularized aSMA-positive
pulmonary arterioles (<100 um diameter) were quantified from images taken using an Olympus
microscope. In lung sections taken from Tie2-Cre/YFP" transplanted animals, pulmonary
arterioles were further evaluated for the presence of cells expressing both YFP and CD31,
identified as BM-PACs.

Measurement of Pulmonary Arteriole Wall Elastic Modulus

Atomic force microscopy (AFM) of whole tissue sections was performed as described
previously.?*® Fresh-frozen lung sections 10 um thick were stained with CD31-FITC, aSMA-Cy3,
and DAPI. Lung sections from Tie2-Cre/YFP" transplanted animals were also stained with
GFP-AF647. After staining sections were immersed in PBS and aSMA-positive vessels less
than 100 um in diameter were identified using a Nikon Eclipse Ti microscope. Vessels were

then scanned using a Bioscope Catalyst AFM at a scanning frequency of 0.25 Hz and a scan
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window size of 5-8 um. A total of 16-32 vessels were scanned from three animals for each
treatment group, across two sections of lung per animal.

Wall modulus values were calculated as the average value of two scans per vessel,
each consisting of 16,384 individual measurements (128x128) spanning an approximately 25-50
um? area along the vessel wall. The mean value for each scan (in kPa) is used as a
representative measurement for the entire scan window.

Flow Cytometric Characterization

Lung cells were obtained from digesting masticated lungs in a solution of 5% fetal bovine
serum, 1 mg/mL collagenase type IV, and 0.02 mg/mL DNase | (Sigma-Aldrich) in RPMI 1640
medium for 45 minutes at 37°C. Peripheral blood mononucleocytes (PBMCs) were isolated from
blood drawn from the right jugular. Red blood cells (RBCs) were lysed using RBC lysis buffer
(BioLegend). For quantifying the number of BM-PACs in the lungs and peripheral blood, both
PBMCs and Lung cells were stained with anti- Ter119-Pacific Blue, CD11b-redFuor (Tonbo
Biosciences), CD31-PECy7 (BioLegend), and DAPI (Thermo Fisher Scientific). To quantify
engraftment, PBMCs were stained with anti- Ter119-Pacific Blue, CD45.1-PE (BD Biosciences),
CD45.2-PerCPCy5.5 (Tonbo Biosciences), and DAPI. Flow cytometry was performed using a
BD LSRFortessa and the data analyzed using FlowJo.

RNA Sequencing and Gene Ontology Analysis

Adult male C57BL/6 mice were maintained on vehicle for SB204741 in normoxia for 3
weeks as described, after which BM cells and PBMCs were collected. Briefly, the femurs and
tibeas isolated and flushed with sterile PBS. Marrow cords were collected, disaggregated, and
strained, and RBCs were lysed. BM cells and PBMCs were stained with anti- Ter119, Gr1l,
B220, and CD3 —PacificBlue (Tonbo Biosciences), as well as anti- CD45-FITC (eBioscience),
CD31-PECy7, CD11b-redFluor, and DAPI. Live (Terl19°Gr1 B220°CD3) CD31"'CD11b" cells
were sorted using a BD FACSAria Ill and collected in PBS (>95% purity). A Qiagen RNeasy
Micro kit was used for RNA isolation. Messenger RNA enrichment, cDNA library preparation,
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and sequencing were performed by the Vanderbilt Technologies for Advanced Genomics center
(VANTAGE). RNA was pooled from three animals, with each condition replicated independently
two times.

Analysis of RNA-seq data was performed using the Amazon Elastic Compute Cloud.
Standard quality control analyses on raw reads were done using FastQC v0.11.5, with quality
trimming and adaptor removal performed using Trimmomatic v0.36 and read alignment
performed using STAR v 2.5.2b. Raw read counts were normalized using the TMM method of
library size normalization in edgeR, and differential expression was performed in limma (both
Biocondutor v3.3).247

Differentially expressed genes (p<0.01) were selected for inclusion in the gene ontology
(GO) enrichment analysis. A GO slim analysis was performed using the BIinGO app in
Cytoscape,?#824% with GO annotation files downloaded from the GO consortium. GO enrichment
analysis for GO biologic processes was performed using the Web-based GEne SeT AnalLysis
Toolkit (WebGestalt).??32%0 Significantly enriched GO terms are defined as having a p<0.05
following a false discovery rate correction.

Single nucleotide polymorphisms (SNPs) correlated with negative clinical outcomes (6
minute walk test and right ventricle function) were identified from a cohort of PAH patients seen
at Vanderbilt using the Synthetic Derivative, a de-identified database of patient data and
genome sequences, and the lllumina Exome chip. Variants strongly correlated with negative
clinical outcomes (p<0.01) were then mapped to regions of the genome to identify the genes
likely affected using the Ensembl Variant Effect Predictor tool.?®* Mapped genes were compared
to mouse homologues whose expression was significantly altered by SB204741 in order to

identify any overlap.
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Results

Ablation of BM-PACs Prevents the Development of PAH and Normalizes Metrics of Pulmonary

Vascular Remodeling

To perform targeted ablation of BM-PACs, we transplanted cogenic age- and sex-
matched C57BL/6 mice with BM isolated from a transgenic donor with both a tamoxifen-
inducible, endothelial specific Cre and diphtheria toxin expression under control of a ROSA26
promoter proceeded by a lox-P flanked STOP codon (SCL-CrefR™/DTa""). Endothelial
specificity was achieved by placing Cre expression under the control of a 5’-endothelial specific
enhancer region for the SCL promoter. These mice, developed previously to study the
contribution of hematopoietic proangiogenic cells to tumor endothelium, display little expression
of Cre in mature hematopoietic stem cells thus making them an ideal lineage-restricted driver
strain.?®? After transplant and reconstitution (Figure 4.3), mice were placed in hypoxia with
weekly SU5416 injections or normoxia and received either vehicle or tamoxifen injections for
three weeks (Figure 4.1 A). Following right heart catheterization, mice treated with tamoxifen
were found to have significantly lower pressures than their vehicle-treated counterparts (Figure
4.1 B). The number of muscularized small arteries increased in vehicle-treated mice following
hypoxic vascular injury, while mice receiving tamoxifen had significantly fewer fully muscularized
arteries (but an increased number of partially muscularized arteries) (Figure 4.1 C). Ablation of
BM-PACs also normalized average pulmonary arteriole wall stiffness (as measured with AFM)
when compared to vehicle treated controls (Figure 4.2 D-F). Similar alterations in mice
transplanted with BM from mice with SCL-Cre®R™ alone and treated with hypoxia and tamoxifen
were not observed, proving that diphtheria toxin expression and subsequent ablation of BM-

PACs is necessary for of remission of the PAH phenotype (Figure 4.4).
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Figure 4.1: Ablation of BM-derived proangiogenic cells reduces elevated RVSP and inhibits the
muscularization of pulmonary arterioles.

(A) Experimental approach. Cogenic age and sex-matched recipient animals were transplanted whole BM
from endothelial-SCL-CrefR™2/DTa-) donors following lethal irradiation. After a 10 week reconstitution
period, the mice were treated with SU5416+Hypoxia or room air and given either tamoxifen or vehicle to
ablate BM-derived proangiogenic cells. (B) Tamoxifen-treated animals exposed to SU5416+Hypoxia had
significantly decreased pressures compared to their vehicle treated counterparts (n=4-6, mean +/-S.E.
*p<0.05 following 2-way ANOVA and Holm-Sidak post-hoc test). (C) The average number of fully, but not
partially, muscularized arterioles (< 100 um diameter) is significantly reduced in tamoxifen treated
SU5416+Hypoxia animals compared to vehicle treated (n=3, mean+/- S.E. *p<0.05 following 2-way ANOVA
and Holm-Sidak post-hoc test).
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Figure 4.2: BM-PAC ablation normalizes pulmonary arteriole stiffness.

(A-C) The average elastic wall modulus of small pulmonary arterioles was significantly increased in
animals exposed to SU5416+Hypoxia, while ablation of BM derived proangiogenic cells normalized
arteriole stiffness. (A) Mean elastic wall modulus values for scanned vessels (n=16-24, mean +/-S.D.
*p<0.05 following 2-way ANOVA and Holm-Sidak post-hoc test). (B) Representative modulus
distributions and (C) scan windows for individual vessels.
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Figure 4.3: Summary of engraftment efficiency for mice transplanted with BM from
endothelial-SCL-CreERT2/DTa(fl/-) donor animals.

(A) Representative flow plots for CD45.2 (donor allele) and CD45.1 (recipient allele) lymphocytes
isolated from the peripheral blood of transplanted animals. (B) Tabulated summary of the engraftment
efficiency, expressed as a percentage of donor CD45.2 cells out of the total number of CD45 cells.
The average engraftment and engraftment range was comparable for all animals regardless of
treatment group. (p>0.05 for all after two-way ANOVA and Holm-Sidak post-hoc test).
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Figure 4.4: Expression of diphtheria toxin is necessary to inhibit the development of PAH.
Mice transplanted with bone marrow cells expressing the tamoxifen inducible SCL-Cre but without
expression of the floxed diphtheria toxin still develop pulmonary hypertension following Cre
activation with tamoxifen. n=3-6, mean +/- S.E. *p<0.05, n.s. p>0.05 following two-way ANOVA
and Holm-Sidak post-hoc test.
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Pharmacologic Inhibition of 5-HT2s Prevents PAH and Vascular Remodeling

In order to determine if BM-PAC accumulation or function in the lungs was dependent on
5-HT2B signaling, we performed lineage tracing on BM-PACs using mice expressing both a
Tie2-promoter driven Cre and a ROSA26-promoter driven fluorescent reporter (YFP) proceeded
by a loxP-flanked STOP codon as BM donors. As Tie2 is expressed on hematopoietic stem
cells, this model allowed us to positively identify all BM cells regardless of lineage.?** We
combined this approach with cell surface-labeling of CD31*CD11b" negative BM-derived cells, a
cell population containing BM-PACs and reported to be reduced in number in 5-HT2s deficient
mice.?®®253 Engraftment efficiency was comparable between groups, as assessed by
determining both the fraction of PBMCs that were YFP*. The efficiency of Cre-mediated
recombination was also comparable regardless of treatment, with the majority (>80%) of donor
CD45.2* lymphocytes expressing YFP (Figure 4.5). Following transplantation and reconstitution,
the mice were placed in either normoxia or hypoxia and subcutaneously implanted with an
osmotic pump delivering the 5-HT2g antagonist SB204741 or vehicle for three weeks (Figure 4.6
A). Pharmacologic inhibition of 5-HT2s with SB204741 was sufficient to normalize RVSP as
measured by right heart catheterization compared to vehicle treated controls (Figure 4.6 B).
Treatment with SB204741 also reduced the number of fully (but not partially) muscularized
arterioles (Figure 4.6 C). Measurements of pulmonary arteriole wall elastic modulus with AFM
show a significant elevation in vascular stiffness for vehicle treated mice given SU5416 in
hypoxia, with SB204741 treatment normalizing these values (Figure 4.7 D-F), recapitulating the

results we observed when ablating BM-PACs.
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Figure 4.5: Summary of engraftment efficiency and hematopoietic cell labeling with YFP in
transplanted mice.

(A) Representative flow plots illustrating that donor lymphocytes (CD45.2%) isolated from the lungs
uniformly express YFP. (B) Tabulated summary of engraftment efficiency, expressed as a
percentage of total peripheral blood mononucleocytes (PBMCs) that express YFP. The average
engraftment efficiency was comparable for all animals regardless of treatment group (p>0.05 for all
after two-way ANOVA and Holm-Sidak post-hoc test).
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Figure 4.6: Antagonism of the 5-HT.s receptor normalizes elevated RVSP and reduces the
muscularization of pulmonary arterioles.

(A) Experimental approach. Cogenic age and sex-matched recipient animals were transplanted
whole BM from Tie2-Cre/YFP®) donors following lethal irradiation, effectively labelling all
hematopoietic cells regardless of lineage. After a 10 week reconstitution period, the mice were
exposed to SU5416+Hypoxia or room air for three weeks and simultaneously treated with either
vehicle or the 5-HT2s antagonist SB204741. (B) Animals treated with SB204741 had a normalization
of elevated RVSP compared to their vehicle treated counterparts (n=7-8, mean +/-S.E. *p<0.05
following 2-way ANOVA and Holm-Sidak post-hoc test). (C) SB204741 treated animals also had
fewer fully, but not partially, muscularized pulmonary arterioles than vehicle treated mice (n=3,
mean+/- S.E. *p<0.05 following 2-way ANOVA and Holm-Sidak post-hoc test).
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Figure 4.7: 5-HT2s antagonism normalizes pulmonary arteriole stiffness.

(D-F) The average elastic wall modulus of pulmonary arterioles was significantly elevated in animals
exposed to SU5416+Hypoxia and normalized by treatment with SB20471. (D) Mean elastic wall
modulus values for scanned vessels (n=16-24, mean +/-S.D. **p<0.01, ***p<0.001 following 2-way
ANOVA and Holm-Sidak post-hoc test). (E) Representative modulus distributions and (F) scan
windows for individual vessels.
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Increased Numbers of BM-PACs in the Lungs and Walls of Remodeling Arterioles are Reduced

by 5-HT,g Antagonism

We next quantified the number of BM-PACs in the lungs and peripheral blood following
PAH induction and vehicle or SB204741 treatment. We found a significant reduction in the
fraction of YFP*CD31'CD11b" cells in the peripheral blood in hypoxic animals treated with
SB204741 (Figure 4.8 A). Additionally, there was a significant increase in the fraction of
YFP*CD31*CD11b" cells in the lungs in vehicle treated hypoxic animals compared to vehicle
treated controls. This fraction was reduced to normoxic levels in mice treated with SB204741
(Figure 4.8 B). Importantly, neither hypoxic vascular injury nor SB204741 treatment altered the
total number of lung cells present, or the fraction of lung cells that expressed YFP+ (Figure 4.9
A — B), suggesting the absence of large scale inflammatory infiltrate. While cKit+ bone marrow
derived cells previously been reported to accumulate in the walls of remodeled vessels and
potentially mediate vessel remodeling in a 5-HT2s dependent manner,2%0:20323% e observed only
a small and statistically non-significant increase in the fraction of bone-marrow derived cKit+
cells following hypoxia, with SB204741 exerting no measurable effects on the fraction present in
the lungs. Approximately 10-15% of YFP*CD31*CD11b" cells expressed cKit, but this fraction
was relatively consistent with all treatment conditions (Figure 4.9).

Quantification of lung immunostaining showed an increased number of YFP*CD31* cells
in the walls of remodeling (a-SMA positive) arterioles, as well as a larger fraction of pulmonary
arterioles containing at least one positively identified YFP*CD31* cell embedded in the vessel
wall (Figure 4.10 A-B). Interestingly, pharmacologic antagonism of 5-HT.s in the absence of
hypoxic vascular injury significantly increased the localization of BM-PACs to the walls of
pulmonary arterioles, while leaving the total fraction of YFP*CD31*CD11b" cells unchanged (as
evidenced by flow cytometry data).

We next assessed whether or not the presence or absence of BM-PACs was correlated
with increased vessel wall stiffness. After determining the vessel wall elastic modulus using
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AFM, we subdivided vessels into either positive or negative for YFP*CD31* cells in the vessel
wall. On average, the measured vessel wall elastic modulus was significantly higher for vessels
with at least one positively identified YFP*CD31* cell in vehicle treated hypoxic animals (Figure
4.11 C-D). While a significant fraction of vessels in SB204741 treated animals were identified as
having greater than one YFP*CD31" vessel, the presence or absence of these cells was not
correlated with a significant difference in vessel stiffness in either hypoxic or normoxic
conditions.

Finally, we assessed whether or not BM-PAC activity was necessary for the
maintenance of the PAH phenotype. After transplant and reconstitution with bone marrow from
SCL-CrefR™/DTa"" donors, mice were placed in hypoxia with weekly SU5416 injections or
normoxia for three weeks to induce PAH. After 3 weeks, mice were placed in normoxia and
given either vehicle or tamoxifen injections to ablate BM-PACs (Figure 4.12 A). Following right
heart catheterization, mice treated with tamoxifen were found to have significantly lower
pressures than their vehicle-treated counterparts (Figure 4.12 B). The number of muscularized
small arteries increased in vehicle-treated mice following hypoxic vascular injury, while mice
receiving tamoxifen had significantly fewer fully and partially muscularized arteries (Figure 4.12
C). These results capitulated our initial findings in Figure 4.1, and indicate that the presence of

BM-PACs is necessary for maintaining experimental pulmonary hypertension.
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Figure 4.8: 5-HT2s antagonism reduces the number of BM-derived proangiogenic cells in the lungs
and peripheral blood following SU5416+Hypoxia.

(A-B) Antagonism of 5-HT2s reduces the fraction of BM-derived CD31*CD11b- cells in the peripheral
circulation during normoxia (expressed as the percentage of total YFP labeled cells), but significantly
reduces the fraction of these cells present in animals exposed to SU5416+Hypoxia (n=6-8, mean +/-
S.E.). (C-D) The fraction of BM-derived CD31*CD11b- cells is significantly elevated in the lungs of mice
exposed to SU5416+Hypoxia, and reduced in mice treated with SB204741 (n=6-8, mean +/- S.E. *p<0.05
following 2-way ANOVA and Holm-Sidak post-hoc test). (A,C) Representative contour plots, gates, and
percentages for each treatment condition.
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Figure 4.9: Total cells, fraction of bone-marrow derived cells, and the fraction of cKit* bone-
marrow derived cells are not altered by hypoxia or 5-HT.g antagonism.

(A) The total number of cells does not change appreciably in the lung following hypoxic vascular injury or
SB204741 treatment, as might be expected in a large inflammatory process. (B) The fraction of YFP*
cells does not change significantly with SB204741 administration, suggesting the dug does not act to
globally inhibit the migration or proliferation of hematopoietic cells in a nonspecific manner. (C) The
fraction of bone-marrow derived cKit* cells is slightly increased in the lungs with hypoxia and SU5416
treatment, but this change is statistically insignificant and is further unaltered by SB204741.
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Figure 4.10: Gating strategy for identification of BM-derived proangiogenic cells in

mice transplanted with YFP-labeled hematopoietic cells.
Representative flow plots illustrating the gating strategy used for identification of bone-

marrow derived cells in (A) the peripheral blood and (B) the lung.
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Figure 4.11: 5-HT,s antagonism inhibits BM-PAC accumulation in the walls of muscularized and
stiffened pulmonary arterioles.

(A) Lung sections were incubated with fluorescently labeled antibodies specific for a-smooth muscle actin
(aSMA) to identify pulmonary arterioles. Co-staining with DAPI, anti-GFP, and anti-CD31 allowed for the
identification of CD31* bone-marrow derived cells. Representative images are shown for each treatment
condition. (B) Both an increased number of BM-derived CD31* cells adjacent to remodeled vessels and
an increased frequency of vessels with at least one BM-derived CD31* cell were observed adjacent to
pulmonary arterioles in vehicle treated mice exposed to SU5416+Hypoxia (n=3-4 animals/group, mean
+/- S.E. *p<0.05 following 2-way ANOVA and Holm-Sidak post-hoc test). (C) In normoxic and
SU5416+hypoxia treated animals, aSMA+ arterioles with at least one adjacent BM-derived CD31* cell
were significantly stiffer than those without adjacent BM-derived CD31* cells. In either case, SB204741
treatment normalized the stiffness of the vessel walls (n=4-13, mean +/- S.E. *p<0.05 following 2-way
ANOVA and Holm-Sidak post-hoc test). (D) Representative images of scanned vessels without
YFP*CD31* (left) or with at least one YFP*CD31* cell present in the vessel wall (right) for each treatment
condition.
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Figure 4.12: Ablation of BM-derived proangiogenic cells reverses experimental pulmonary
hypertension.

(A) Experimental approach. Cogenic age and sex-matched recipient animals were transplanted whole BM
from endothelial-SCL-CreER™2/DTa”) donors following lethal irradiation. After a 10 week reconstitution
period, the mice were treated with SU5416+Hypoxia or room air to induce pulmonary hypertension. After
3 weeks, animals were place on room air and given either tamoxifen or vehicle to ablate BM-derived
proangiogenic cells. (B) Tamoxifen-treated animals exposed to SU5416+Hypoxia had significantly
decreased pressures compared to their vehicle treated counterparts (n=5-6, mean +/-S.E. *p<0.05
following 2-way ANOVA and Holm-Sidak post-hoc test). (C) The average number of fully and partially,
muscularized arterioles (< 100 pm diameter) is significantly reduced in tamoxifen treated
SU5416+Hypoxia animals compared to vehicle treated (n=3, mean+/- S.E. *p<0.05 following 2-way
ANOVA and Holm-Sidak post-hoc test).
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5-HT.s Antagonism Alters the Expression Profile of BM-PACs

In order to determine how 5-HT.s antagonism might alter the function or phenotype of
BM-PACs, we performed RNA sequencing on BM-PACs isolated from mice treated with either
vehicle or SB204741 in normoxic conditions. After 3 weeks of treatment, RNA from (Ter119°Grl
B220°CD3’) CD31*CD11b cells isolated from either the BM or peripheral blood was sequenced
(Figure 4.14), and a gene ontology (GO) enrichment analysis performed on significantly
differentially expressed genes (p<0.01) (shown in green in Figure 4.12 A and 4.13 A). The
results of both a GO slim analysis and full GO Biologic Process analysis for BM-PACs isolated
from both BM and peripheral blood are show in Figure 4.12 and 4.13, respectively. The GO slim
analysis was notable for a significant enrichment of genes broadly regulating immunologic
processes, cytoskeletal regulation and cell motility, and cell differentiation. A more detailed GO
enrichment analysis for all biological process categories indicated that, in BM-PACs isolated
from BM, 5-HT.s antagonism altered phosphorylation events associated with cellular
metabolism, processes involved in cell development and differentiation, and cell motility and
migration (Figure 4.12 B-C, Table A.4). Contrastingly in peripheral blood isolated BM-PACs,
genes regulating cytokine production and response, cell motility and migration, and cell division
were significantly enriched (Figure 4.13 B-C, Table A.5).

Following enrichment analysis, we compared our list of genes whose expression in BM-
PACs was significantly altered by 5-HT.s antagonism to a list of SNPs affecting genes in
humans negatively associated with clinical metrics of PAH (a worsened 6-minute walk test or
right ventricle function). In BM-isolated BM-PACs, the expression of 3 genes regulating
production of mitochondrial NADH (mt-nd1, mt-nd2, and mt-nd3) were significantly altered by 5-
HT.e antagonism and had associated SNPs correlated with worsened 6-minute walk tests. In
peripheral blood isolated BM-PACs, the expression of the clock gene Per3 was similarly altered
by 5-HT.e antagonism and had a SNP associated with negative outcomes in the right ventricle
function test. These results are summarized in Table 4.1.
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Figure 4.13: Transcriptome analysis of proangiogenic cells isolated from BM reveals differential gene
expression profiles in normoxic mice treated with either vehicle or SB204741.

(A) Volcano plots displaying significantly up- and down-regulated genes in (Terl19-Grl1-B220CD3)
CD31*CD11b- cells isolated from BM. Genes in green were used in a subsequent gene ontology (GO)
enrichment analysis. Labeled genes are included in table 4.1. (B) GO slim analysis for BM- isolated cells
suggests 5-HT2s antagonism alters processes broadly associated with immunological regulation, signal
transduction and differentiation. Results are presented as a directed acyclic graph, with the size and color of
each node corresponding to the —logio of the adjusted p-value. The size of the text for each node correlates to
the number of genes in that GO category, and the thickness of each connecting arrow represents the number
of shared genes between categories. The arrow direction signifies the parent/child relationship between
categories. All categories are significantly enriched (adjusted p<0.05). (C) The top 25 most significantly altered
GO biological process categories. Red bars correspond to —logio of the adjusted p value, while blue bars
represent the enrichment ratio (the number of differentially expressed genes found to belong to that category
divided by the number of genes expected in that category by random chance alone). The results suggest
processes regulating protein and metabolite phosphorylation and cell differentiation are altered by 5-HTzs
antagonism.
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Figure 4.14: Transcriptome analysis of proangiogenic cells isolated from the peripheral blood reveals
differential gene expression profiles in normoxic mice treated with either vehicle or SB204741.

(A) Volcano plots displaying significantly up- and down-regulated genes in (Terl19-Gr1-B220-CD3))
CD31*CD11b cells isolated from peripheral blood. Genes in green were used in a subsequent gene ontology
(GO) enrichment analysis. Labeled genes are included in table 4.1. (B) GO slim analysis for peripheral blood-
isolated cells suggests 5-HT2s antagonism alters processes broadly associated with immunological regulation,
signal transduction and alterations to cytoskeletal regulation and locomotion more pronounced in peripheral
blood isolated PACs. Results are presented as a directed acyclic graph, with the size and color of each node
corresponding to the —log10 of the adjusted p-value. The size of the text for each node correlates to the
number of genes in that GO category, and the thickness of each connecting arrow represents the number of
shared genes between categories. The arrow direction signifies the parent/child relationship between
categories. All categories are significantly enriched (adjusted p<0.05). (C) The top 25 most significantly altered
GO biological process categories. Red bars correspond to —log10 of the adjusted p value, while blue bars
represent the enrichment ratio (the number of differentially expressed genes found to belong to that category
divided by the number of genes expected in that category by random chance alone). The results suggest
processes regulating cytokine production and signaling and cell proliferation and migration are altered by 5-
HT2s antagonism.
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Figure 4.15: Surface-maker characterization of proangiogenic cells isolated for RNA-seq using FACS.
Representative flow plots illustrating the gating strategy used to isolate BM-PACs for RNA-seq from both (A)
bone marrow and (B) peripheral blood. 95-99% of BM-PACs from both BM and peripheral blood were
CDA45*, confirming their hematopoietic origin.
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Tissue Gene  -logyg(p) 10g-(FC) Included in Significantly Enriched GO Term  PAH SNP ID  Predicted Impact Human Homolog  Clinical Symptom Association
BM mt-Nd1 23 0.42 rs28625645  Upstream Gene Variant MT-ND1 6-Minute Walk Test
PBMC Per3 21 0.39 G0:0042752 (Regulation of Circadian Rhythm) rs228682 Intron Variant PER3 Right Ventricle Function
BM mt-Nd2 2.1 0.44 G0:0016310 (Phosphorylation) rs28625645 Upstream Gene Variant MT-ND2 6-Minute Walk Test

BM mt-Nd4 2.0 0.41 rs28359178 Downstream Gene Variant MT-ND4 6-Minute Walk Test
PBMC Kcnct 1.9 -0.61 12283249 Intron Variant KCNC1 Right Ventricle Function
PBMC Mid1 1.9 -0.44 rs5979356 Intron Variant MID1 Right Ventricle Function
BM mt-Rnr2 1.8 0.29 rs28625645 Upstream Gene Variant MT-RNR2 6-Minute Walk Test

BM mt-Nd5 1.5 0.32 rs28359178  Missense Variant MT-ND5 6-Minute Walk Test
PBMC Macf1 1.5 -0.27 1s2275767 Intron Variant MACF1 6-Minute Walk Test
PBMC mt-Rnr1 1.5 0.28 rs28625645  Upstream Gene Variant MT-RNR1 6-Minute Walk Test
PBMC Rad18 1.5 -0.26 rs1714299 Intron Variant RAD18 6-Minute Walk Test
PBMC Cyp39a1 1.3 0.24 rs2277119 Missense Variant CYP39A1 6-Minute Walk Test

Table 4.1: 5-HT2s antagonism alters expression of genes in BM-PACs associated with worsened
clinical outcomes in PAH.

An analysis of single nucleotide polymorphisms (SNPs) that correlate to a worsened clinical outcome in a
cohort of PAH patients (p<0.01) revealed an overlap with 4 genes significantly altered by 5-HT2s
antagonism in both BM- and peripheral blood-isolated PACs. Two of these genes were also included in
significantly enriched GO terms.

Discussion

By utilizing a combination of genetically-targeted ablation and pharmacologic inhibition,
we have illustrated for the first time that BM-PACs contribute directly to PAH pathogenesis and
that the 5-HT2s receptor is a critical mediator of this contribution. While BM-PACs have long
been suspected to influence vascular remodeling the evidence of their contribution has been
largely correlative. This evidence stems primarily from observations that BM-derived cells
expressing endothelial or progenitor surface markers accumulate in the walls of remodeled
arterioles?09201.2%4 - and that increased or decreased numbers of these cells are found in the
peripheral blood of PAH patients (depending on the surface markers employed for identification
or patient cohort studied).?>2°® Pharmacologic blockade of chemokine receptors such as
CXCR4 and CXCR72%3242 and the progenitor cell marker cKit?*® has been successful in
preventing PAH in animal models presumably by targeting subsets of this population, but the
ubiquity of chemokine receptor expression among hematopoietic cell types (as well as native
vascular endothelium)?®® and lack of specificity among tyrosine kinase receptor antagonists
makes interpretation of these results difficult.

Employing an inducible endothelial-specific Cre developed for studying hematopoietic
proangiogenic cells®? allowed us to circumvent the problem of surface marker heterogeneity

inherent in this population. By specifically targeting all bone-marrow derived cells with this
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endothelial phenotype for destruction, we effectively prevented the development of PAH
secondary to hypoxic vascular injury. Notably, while RVSP measurements and vascular
stiffness were normalized following BM-PAC ablation, the number of partially muscularized
arterioles remained elevated. This result is not entirely unsurprising considering that small artery
muscularization is a natural adaptation to chronic hypoxia in the lung. The normalization of
arteriole compliance following BM-PAC ablation is particularly notable, especially considering
the important role arteriole stiffening plays in PAH pathogenesis. Recent evidence from mouse
models and human patients suggests that small vessel stiffening is an early and perhaps
initiating event in PAH pathogenesis.>’ Stiffer substrates induce metabolic reprogramming in
native endothelial and smooth muscle cells, facilitating their transition to the proliferative and
synthetic phenotype that predominates during active vascular remodeling.® It is possible that
BM-PACs may be the cell type mediating this transition by directly modulating vascular stiffness.

The serotonin 2B receptor has long been recognized as a rate-limiting step in PAH
pathogenesis, and more recently as an indispensable mediator of the hematopoietic contribution
to disease.'’>?3® We have previously shown that pharmacologic blockade of 5-HTs is effective
in preventing familial PAH using a genetic mouse model, and that 5-HT; antagonism
significantly normalizes the expression of genes regulating cytoskeletal maintenance and
contractility in the lung.?*¢ Our results in the current study suggest that this effect may be
secondary to the recruitment of BM-PACs following hypoxic vascular injury. 5-HT2s antagonism
exerted similar effects on the PAH phenotype to BM-PAC ablation, effectively normalizing RVSP
and metrics of pulmonary vessel remodeling (including vascular stiffness). 5-HT.s antagonism
also reduced the fraction of CD31*CD11b" BM-derived cells in circulation and in lung tissue
during PAH, a cell population with enriched proangiogenic potential and previously reported to
be reduced in the peripheral blood of 5-HT.s knockout mice.239253260.261 Thjs dual effect
suggests that the 5-HT.s antagonist is exerting its effects in the bone marrow compartment by
preventing the proliferation or differentiation of BM-PACs from a precursor population. The
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results from our GO enrichment analysis complement these findings, indicating a significant
alteration in genes regulating both cell differentiation and proliferation in BM- and peripheral
blood-isolated BM-PACs. This is consistent with the previously published data showing that
CD34* cells from 5-HT2s knockout mice and 5-HT2g antagonist treated human CD34* cells have
reduced myeloerythroid differentiation potential.?3®

Also consistent with previous studies was our observation that CD31* BM-derived cells
accumulate in the walls of muscularized arterioles following hypoxia and SU5416
treatment.201:202262 \We also observed that vessels with at least one associated BM-derived
CD31" cell were significantly stiffer in both normoxic and hypertensive animals. 5-HTzs
antagonism reduced both the localization of CD31* BM-derived cells to the walls of remodeling
arterioles and the stiffness of vessels with associated CD31* BM-derived cells. Surprisingly, in
the absence of hypoxic vascular injury we found increased localization of these cells secondary
to 5-HT2s antagonist treatment, despite the absence of observable changes in the total fraction
of these cells as measured by flow cytometry. Despite this apparent increase in localization
during normoxia, the normalization of vessel wall stiffness suggests that 5-HT.s antagonism
also exerts direct, functional effects on this cell population, impairing their ability to induce
vascular remodeling. Our GO enrichment results support this conclusion by showing alterations
in cytokine production and signaling pathways secondary to 5-HT.s antagonism, the
hypothesized mechanism whereby BM-PACs contribute to vessel remodeling.**®

In the present study we have illustrated that BM-PACs are indispensable for the
development of PAH and contribute directly to vascular remodeling. By implicating the 5-HT2s
receptor as a critical mediator of the recruitment and function of these cells during hypoxic
vascular injury, we have further defined the function of 5-HT.s signaling during PAH
pathogenesis (Figure 4.14). This discovery provides additional impetus to pursue pharmacologic

targeting of 5-HT2z as a potential therapy for PAH, and encourages further exploration of BM-
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PAC function in vascular remodeling in the hopes of identifying novel molecular mediators of

illness.

5-HT .5
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Figure 4.14: A summary of BM-PAC function in PAH pathogenesis and the role of 5-HTzz.

BM-PACs are recruited to pulmonary arterioles following vascular injury where they mediate the stiffening
and muscularization characteristic of small vessel remodeling. Intact 5-HT2s receptor signaling is
necessary for their recruitment to and function in the lung vasculature, likely by mediating their
differentiation in the bone marrow or production of cytokine mediators in the periphery.
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CHAPTER 5: IMPACT AND FUTURE DIRECTIONS

Summary of Impact and Limitations

In Chapter 3, we illustrated that Src motility and signaling is significantly dysregulated in
Bmpr2-mutant pulmonary microvascular cells and animals, and that 5-HT.g antagonism corrects
many of the deficits associated with this dysregulation. In Chapter 4 we proved that BM-PACs, a
unique and poorly understood cell population, are responsible for mediating pathologic small
vessel remodeling during PAH and that their function is dependent at least in part on intact 5-
HT.s signaling. These discoveries provide additional insight into the mechanism and function of
both the 5-HT2g receptor and the cellular mediators of small vessel remodeling.

Gene array data and GO analysis from Chapter 3 showed that 5-HT2g antagonism most
significantly alters genes responsible for regulating cytoskeletal contractility in the lungs of
Bmpr2 mutant animals. Our functional data suggests that the pharmacologic antagonist of 5-
HT.s, SB204741, can act directly on smooth muscle cells to counteract TGF-1 mediated
changes in cytoskeletal organization and function. Additionally, by preventing the recruitment of
BM-PACs to the lungs during PAH as shown in Chapter 4, we show that 5-HT2z antagonism
also functions indirectly to mediate these changes in cytoskeletal remodeling. Given our data
and the fact that 5-HT2 is expressed natively in pulmonary endovascular cells and by cells of
the hematopoietic system?°2¢3 it is likely that 5-HT2s antagonism exerts both direct and indirect
effects on vascular remodeling by altering the function of multiple cell types.

Src signaling in PAH is a complex and poorly understood process. While elevated Src
signaling is generally understood to contribute to pulmonary vascular remodeling, the effects are
dependent on a number of factors including the isoform of Src that is activated.?®® Further
complicating the picture are the disparate effects of various tyrosine kinase inhibitors on
experimental pulmonary hypertension. Dasatinib, a tyrosine kinase inhibitor with Src inhibitory
activity, is known to cause PAH.?%3 In mice dasatinib, but not imatinib (another tyrosine kinase
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inhibitor with less potent Src inhibition?%%), worsens experimental pulmonary hypertension.?%
While the exact mechanism is unclear, it could be due to excessive inhibition of Src. Imatinib
has been studied previously as potential treatment for PAH. In phase 3 of the IMPRES clinical
trial, some patients on standard treatment showed small but meaningful improvements in clinical
outcomes when taking imatinib; however, the increase in adverse events (including subdural
hematoma) was a cause for concern.?®® Qur data suggests that in Bmpr2 mutant animals,
upregulated Src motility leads to excessive Src signaling as a direct consequence of the R899X
Bmpr2 mutation. We correlate increased Src signaling and motility with expression of the mutant
Bmpr2 receptor and show a correction of both increased Src signaling and motility with 5-HT2g
antagonism. By doing so, we directly implicate Src signaling as a pathologic mediator of PAH.
Our study was specific to genetic PAH, and to a very specific Bmpr2 mutation — the deletion of
tyrosine residue in the cytoplasmic tail domain. Given the diverse functions of the Bmpr2 tail
domain, evolutionarily conserved and uniqgue among the TGF-B superfamily of receptors, it is
conceivable that our findings may not be broadly applicable outside of hereditary PAH.146:186
This narrower scope could also explain the discrepancies in the literature regarding the
conflicting reports of Src inhibition in PAH treatment. For the IMPRES study in particular the
cohort of patients was not genotyped, making it impossible to know whether or not they
possessed Bmpr2 mutations known to cause PAH. It is possible that patients with more severe
disease who responded better to imatinib therapy may have done so due to the presence of a
Bmpr2 mutation. It is also possible that 5-HT,s antagonism might depress Src signaling just
enough to retain baseline function, whereas global disruption of Src signaling (as in the case of
dasatinib) is excessive enough to cause serious adverse events.

While the findings that 5-HT.g antagonism corrects defects in Src signaling associated
with the Bmpr2 mutation are both novel and compelling, the lack of mechanistic data limits the
scope and interpretation of the work. Futhermore, the 5-HT,g antagonist used in the study
(SB204741), while specific, also has small but measurable activity for the 5-HT»a receptor, an
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important mediator of small vessel contractility and proliferation.®® Additional approaches for
targeting the 5-HT.s receptor including transcriptional silencing with siRNA, targeted genetic
mutations, and other small molecule antagonists, would help to confirm the findings presented
here.

Our work in Chapter 4 illustrates for the first time that BM-PACs contribute directly to
small vessel remodeling. Additionally, we further clarify a role for the 5-HT2s receptor in the
hematopoietic contribution to PAH by implicating 5-HT2s signaling directly in mediating the
recruitment to and function of these cells in the pulmonary microvasculature. In the first part of
our study, we relied on a genetic driver (SCL or Tall promoter tamoxifen-inducible Cre) to
define the cell type to be ablated. In the second portion, we identified CD31*CD11b- BM-derived
cells as the cell type of interest. There is undoubtedly overlap between these two populations;
CD31 alone is a sufficient marker to delineate a proangiogenic population of bone marrow
cells,?3 and it is very likely that the CD31*CD11b- cell population contains the SCL-expressing
subpopulation. However, it is impossible to know the exact frequency and extent of this overlap,
limiting our interpretation of the results. Future studies would benefit from the use of Cre-
inducible fluorescent reporters specific to the SCL enhancer, allowing us to trace and isolate the
exact cell population we ablated.

Further work on the exact mechanism of BM-PAC function in vascular remodeling also
remains to be done. Our work identified several key pathways in BM-PACs altered by 5-HT2
antagonism, including those regulating cell differentiation and the production and response to
cytokines. While it is likely BM-PACs exert their ill effects via production of cytokines and
signaling factors'®, the identify of these factors and the mechanism whereby they are produced
and exert their effects remain obscure. As our study relied on systemic inhibition of 5-HT2g with
a small molecule antagonist, it is also unclear as to how exactly 5-HT,s mediates the function of

these cells and their presence in the lung. The GO results could potentially be due to
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downstream alterations in the transcriptional profile of these cells, with 5-HT,g antagonism

primarily mediating its effects in their progenitor population.

Future Directions

Further studies targeting the 5-HT2s receptor using transgenic animals and targeted
genetic ablation would be helpful in further determining how 5-HT.s acts to mediate Src
signaling and transport and interact with Bmpr2. By breeding mice expressing both the rtTA2
and TETO7-Bmpr2R89% mutant genes as well as two copies of either a non-functional 5-HT2s
gene or wild-type 5-HTzs, (Bmpr2Re9®X/5-HT2B") we can perform both in vitro and, more
importantly, in vivo experiments on isolated pulmonary microvascular cells to elucidate this
mechanism of action. Transplantation of bone marrow from Bmpr2Ré%X/5-HT2B" into Bmpr2
mutant mice with functional 5-HT2s receptors and vise-versa will also help connect aims 1 and
2, broadening the impact and scope of the work by tying the Bmpr2 mutation to BM-PAC
function and 5-HT2g inhibition to its correction, potentially through a Src-dependent mechanism.
We have already produced the first generation of these animals as of the writing of this
dissertation.

New transgenic mouse models could also be utilized to further interrogate how 5-HT2s
modulates the function of BM-PACs. We have recently acquired an unpublished mouse
expressing a floxed 5-HT2g receptor. When crossed with a Cre expressing mouse, the 5-HT2s
receptor will be functionally deleted from any cells expressing Cre. By selectively breeding mice
that express the SCL CreER™ used in Chapter 4 and transplanting their bone marrow into that of
wild-type mice, we can selectively ablate the 5-HT,s receptor from the same cell population
ablated in Chapter 4. Reciprocal transplants using wild-type mice as donors and these
transgenic animals as recipients will allow us to interrogate whether the 5-HT.s receptor
functions to directly modulate BM-PAC function, or if the effect is secondary to its function on
other cell types.
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Our work opens important avenues to the therapeutic targeting of 5-HT.s for the
treatment of PAH. While 5-HT.g inhibition has long been identified as a potential therapeutic
avenue for PAH", intervention with systemically administered pharmacologic antagonists has
the potential for undesirable side effects in the central nervous system.?%” By working to design
5-HT2s inhibitors that do not cross the blood brain barrier, we can develop therapeutic
interventions with minimal side effects. Our work also implies that correction of PAH could be
achievable with (relatively) simple gene-therapy strategies. Introducing inactivating mutations in
5-HT2: in the hematopoietic stem cells of PAH patients could potentially be curative, allowing
the treatment of PAH with autologous bone marrow transplantation. The recent advent of
CRISPR/Cas9 endonuclease gene editing technology allows targeted mutations to be
introduced into predetermined regions of the genome with high fidelity and specificity. This
technology has already been used to mutate genes in both mouse and human hematopoietic
stem cells.?%” Additionally, we have developed and validated guide RNAs that specifically target
exon 2 of 5-HT.s. Future studies evaluating the efficacy of this targeting strategy for the

correction of PAH in mice would be an important first step in their translation into humans.
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0.90
1.05
0.47
0.91
0.39
0.54
0.52
0.54
0.66
0.92
-0.50
1.57
0.55
0.71
0.86
0.94
0.90
-0.50
1.00
1.05
1.29
0.66
-0.80

+ + + + + H+ + + + + + + + H+ H+ M+ H+H+H+H+H+H+H+H+H+ 8+ M+ H+H+H+H+H+H+H+++++++ 4+ 4+ 1+

0.00
0.02
0.09
0.08
0.18
0.07
0.07
0.00
0.20
0.39
0.07
0.11
0.02
0.06
0.02
0.12
0.12
0.01
0.01
0.01
0.00
0.18
0.09
0.10
0.04
0.10
0.08
0.10
0.18
0.23
0.07
0.19
0.26
0.01
0.21
0.01
0.00
0.09
0.03
0.07
0.05
0.19
0.13

R899X1'-S B
-0.06 + 0.45
-0.44 + 0.08
0.24 + 0.05
0.25 + 0.30
-0.39 + 0.14
0.82 + 0.10
0.50 + 0.38
-0.30 £ 0.30
0.57 £+ 0.12
0.10 + 0.01
0.36 + 0.30
0.00 £+ 0.24
-0.25 + 0.14
0.38 + 0.04
-0.13 + 0.00
-0.33 + 0.21
-0.45 + 0.06
0.60 + 0.17
-0.17 + 0.10
0.42 + 0.19
0.03 + 0.04
0.26 + 0.05
0.07 £+ 0.18
0.29 + 0.26
-0.10 + 0.31
0.17 + 0.13
0.13 £+ 0.16
0.17 £+ 0.13
0.23 + 0.29
0.26 + 0.00
-0.04 + 0.29
1.01 + 0.08
0.11 + 0.17
0.37 £+ 0.02
0.29 £+ 0.23
0.54 + 0.11
0.37 + 0.16
-0.20 + 0.12
0.55 + 0.15
0.54 + 0.12
0.68 + 0.35
0.30 £ 0.00
-0.33 + 0.02

Table A.1: List of genes represented in the heatmap of Figure 3.7 B
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Gene (MGl) Gene Description log,(FC) | p-value
1810014B01Rik  |RIKEN cDNA 1810014B01 gene [Source:MGI Symbol;Acc:MGI:1913513] -0.36 7.4E-03
1810022K09Rik  [RIKEN cDNA 1810022K09 gene [Source:MGI Symbol;Acc:MGI:1916376] 0.46 2.5E-03
2810001G20Rik  [RIKEN cDNA 2810001G20 gene [Source:MGI Symbol;Acc:MGI:1913706] 0.35 9.8E-03
4833407H14Rik  [RIKEN cDNA 4833407H14 gene [Source:MGI Symbol;Acc:MGI:1921149] 0.47 1.9e-03
5930430L01Rik  |RIKEN cDNA 5930430L01 gene [Source:MGI Symbol;Acc:MGI:2443110] -0.38 5.0E-03
Abhd5 abhydrolase domain containing 5 [Source:MGI Symbol;Acc:MGI:1914719] -0.38 5.7E-03
Ace angiotensin | converting enzyme (peptidyl-dipeptidase A) 1 [Source:MGI Symbol;Acc:MGI:87874] -0.62 1.7E-03
Acvrll activin A receptor, type Il-like 1 [Source:MGI Symbol;Acc:MGI:1338946] -0.49 2.2E-03
Adgrel adhesion G protein-coupled receptor E1 [Source:MGI Symbol;Acc:MGI:106912] -0.49 2.5E-03
Afaplll actin filament associated protein 1-like 1 [Source:MGI Symbol;Acc:MGI:2147199] 0.33 9.4E-03
Alkbh6 alkB homolog 6 [Source:MGI Symbol;Acc:MGI:2142037] 0.37 8.4E-03
Angptl2 angiopoietin-like 2 [Source:MGI Symbol;Acc:MGI:1347002] -0.48 3.3E-03
Arhgef37 Rho guanine nucleotide exchange factor (GEF) 37 [Source:MGI Symbol;Acc:MGI:3045339] -0.66 5.6E-04
Atplla ATPase, class VI, type 11A [Source:MGI Symbol;Acc:MGI:1354735] -0.49 3.8E-03
B3gnt7 UDP-GIcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 7 [Source:MGI Symbol;Acc:MGI:2384394] -0.45 3.4E-03
Bmx BMX non-receptor tyrosine kinase [Source:MGI Symbol;Acc:MGI:1101778] -0.55 2.1E-03
C130050018Rik |RIKEN cDNA C130050018 gene [Source:MGI Symbol;Acc:MGI:2442694] -0.48 5.7E-03
Clgaltlcl C1GALT1-specific chaperone 1 [Source:MGI Symbol;Acc:MGI:1913493] -0.36 9.0E-03
C3 complement component 3 [Source:MGI Symbol;Acc:MGI:88227] -0.40 6.2E-03
Cer2 chemokine (C-C motif) receptor 2 [Source:MGI Symbol;Acc:MGI:106185] -0.43 5.7E-03
Cd177 CD177 antigen [Source:MGI Symbol;Acc:MGI:1916141] -0.62 5.7E-03
Cd200 CD200 antigen [Source:MGI Symbol;Acc:MGI:1196990] 0.40 8.7E-03
Cd302 CD302 antigen [Source:MGI Symbol;Acc:MGI:1913455] -0.59 1.6E-03
Cd320 CD320 antigen [Source:MGI Symbol;Acc:MGI:1860083] 0.34 9.6E-03
Cfh complement component factor h [Source:MGI Symbol;Acc:MGI:88385] -0.92 2.1E-04
Churcl churchill domain containing 1 [Source:MGI Symbol;Acc:MG1:1923684] 0.45 8.0E-03
Clec7a C-type lectin domain family 7, member a [Source:MGI Symbol;Acc:MGI:1861431] -0.45 7.0E-03
Col7al collagen, type VII, alpha 1 [Source:MGI Symbol;Acc:MGI:88462] 0.36 7.0E-03
Crybg3 beta-gamma crystallin domain containing 3 [Source:MGI Symbol;Acc:MGI:2676311] -0.51 1.3E-03
Ctla2b cytotoxic T lymphocyte-associated protein 2 beta [Source:MGI Symbol;Acc:MGI:88555] 0.37 8.4E-03
Ddit4 DNA-damage-inducible transcript 4 [Source:MGI Symbol;Acc:MGI:1921997] 0.44 2.6E-03
Dnajc24 Dnal heat shock protein family (Hsp40) member C24 [Source:MGI Symbol;Acc:MGI:1919522] 0.39 5.7E-03
Dnaselll deoxyribonuclease 1-like 1 [Source:MGI Symbol;Acc:MGI:109628] -0.42 9.5E-03
Dock1 dedicator of cytokinesis 1 [Source:MGI Symbol;Acc:MGI:2429765] -0.43 4.1E-03
Dock5 dedicator of cytokinesis 5 [Source:MGI Symbol;Acc:MGI:2652871] -0.38 9.3E-03
Dyrk3 dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 3 [Source:MGI Symbol;Acc:MGI:1330300] 0.37 5.9E-03
E230001NO4Rik |RIKEN cDNA E230001N04 gene [Source:MGI Symbol;Acc:MGI:2443549] 0.62 1.2E-03
Egr3 early growth response 3 [Source:MGI Symbol;Acc:MGI:1306780] -0.36 6.7E-03
Erdrl erythroid differentiation regulator 1 [Source:MGI Symbol;Acc:MGI:2384747] -0.53 5.7E-03
F13al coagulation factor XlIl, Al subunit [Source:MGI Symbol;Acc:MGI:1921395] -0.41 4.1E-03
Fam126b family with sequence similarity 126, member B [Source:MGI Symbol;Acc:MGI:1098784] -0.38 5.2E-03
Fbx010 F-box protein 10 [Source:MGI Symbol;Acc:MGI:2686937] -0.40 3.9E-03
Fcnb ficolin B [Source:MGI Symbol;Acc:MGI:1341158] -0.63 5.3E-04
Fgd4 FYVE, RhoGEF and PH domain containing 4 [Source:MGI Symbol;Acc:MGI:2183747] -0.46 2.2E-03
Fnl fibronectin 1 [Source:MGI Symbol;Acc:MGI:95566] -0.52 1.1E-03
Fosl2 fos-like antigen 2 [Source:MGI Symbol;Acc:MGI:102858] -0.45 6.7E-03
Galnt9 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 9 [Source:MGI Symbol;Acc:MGI:2677965] -0.65 6.8E-04
Gda guanine deaminase [Source:MGI Symbol;Acc:MGI:95678] -0.46 2.8E-03
Gdap10 ganglioside-induced differentiation-associated-protein 10 [Source:MGI Symbol;Acc:MGI:1338008] -0.42 7.1E-03
Gm11131 predicted gene 11131 [Source:MGI Symbol;Acc:MGI:3779386) 0.40 5.4E-03
Gm14548 predicted gene 14548 [Source:MGI| Symbol;Acc:MGI:3709645] -0.63 5.0E-04
Gm15448 predicted gene 15448 [Source:MGI Symbol;Acc:MGI:3705216) -0.53 1.7E-03
Gm15879 predicted gene 15879 [Source:MGI Symbol;Acc:MGI:3802012] 0.40 6.2E-03
Gm15922 predicted gene 15922 [Source:MGI Symbol;Acc:MGI:3802148] -0.62 1.3E-03
Gm1966 predicted gene 1966 [Source:MGI Symbol;Acc:MGI:3584360] -0.43 3.2E-03
Gm21887 predicted gene, 21887 [Source:MGI Symbol;Acc:MGI:5434051] -2.11 2.9E-06
Gm26947 predicted gene, 26947 [Source:MGI Symbol;Acc:MGI:5504062] 0.40 5.2E-03
Gm?28187 predicted gene 28187 [Source:MGI| Symbol;Acc:MGI:5578893] -0.53 5.5E-03
Gm340 predicted gene 340 [Source:MGI Symbol;Acc:MGI:2685186] -0.55 2.7E-03
Gm35147 predicted gene, 35147 [Source:MGI Symbol;Acc:MGI:5594306] -0.52 1.2E-03
Gm37403 predicted gene, 37403 [Source:MGI Symbol;Acc:MGI:5610631] -0.58 7.3E-03
Gm44423 predicted gene, 44423 [Source:MGI Symbol;Acc:MGI:5690815] -0.39 4.5E-03
Gm45884 predicted gene 45884 [Source:MGI Symbol;Acc:MGI:5804999] -0.47 5.5E-03
Gm9938 predicted gene 9938 [Source:MGI Symbol;Acc:MGI:3641836] -0.34 9.6E-03
Gramd3 GRAM domain containing 3 [Source:MGI Symbol;Acc:MGI:1914815] 0.34 9.5E-03
Grecl0 |gene rich cluster, C10 gene [Source:MGI Symbol;Acc:MGlI:1315201] 0.33 9.2E-03
Hipl huntingtin interacting protein 1 [Source:MGI Symbol;Acc:MGI:1099804] -0.41 3.5E-03
Hmgcll1 3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase-like 1 [Source:MGI Symbol;Acc:MGI:2446108] -0.33 9.8E-03
Hmgcs1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 [Source:MGI Symbol;Acc:MGI:107592] -0.36 8.5E-03
1fi211 interferon activated gene 211 [Source:MGI Symbol;Acc:MGI:3041120] -0.49 2.4E-03
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Ighv1-12 immunoglobulin heavy variable V1-12 [Source:MGI Symbol;Acc:MGI:3646284] -0.82 7.3E-03
I1ghv1-26 immunoglobulin heavy variable 1-26 [Source:MGI Symbol;Acc:MGI:4439641] -0.55 1.9€-03
1ghv1-50 immunoglobulin heavy variable 1-50 [Source:MGI Symbol;Acc:MGI:4439753] -1.25 4.3E-03
Ighv1-77 immunoglobulin heavy variable 1-77 [Source:MGI Symbol;Acc:MGI:4439670] -1.19 1.4E-04
Ighv3-8 immunoglobulin heavy variable V3-8 [Source:MGI Symbol;Acc:MGI:3645298] 0.88 1.0E-04
Ighv4-1 immunoglobulin heavy variable 4-1 [Source:MGI Symbol;Acc:MGI:4439536] 0.42 7.6E-03
Igip 1gA inducing protein [Source:MGI Symbol;Acc:MGI:1924271] 0.37 6.8E-03
Igkv13-84 immunoglobulin kappa chain variable 13-84 [Source:MGI Symbol;Acc:MGI:96514] -0.46 2.1E-03
Igkv14-111 immunoglobulin kappa variable 14-111 [Source:MGI Symbol;Acc:MGI:4439863] 0.47 2.9E-03
1gkv16-104 immunoglobulin kappa variable 16-104 [Source:MGI Symbol;Acc:MGI:2685913] -0.56 4.8E-03
1gkv3-10 immunoglobulin kappa variable 3-10 [Source:MGI Symbol;Acc:MGI:1330821] -0.65 5.0E-04
1gkv4-70 immunoglobulin kappa chain variable 4-70 [Source:MGI Symbol;Acc:MGI:2686348] -2.89 1.6E-03
1gkv4-86 immunoglobulin kappa variable 4-86 [Source:MGI Symbol;Acc:MGI:2685305] 0.48 2.5E-03
1gkv5-39 immunoglobulin kappa variable 5-39 [Source:MGI Symbol;Acc:MGI:2686255] -0.53 7.3E-03
1gkv6-32 immunoglobulin kappa variable 6-32 [Source:MGI Symbol;Acc:MGI:3641634] 0.49 1.5E-03
1gkv9-124 immunoglobulin kappa chain variable 9-124 [Source:MGI Symbol;Acc:MGI:3646892] -0.78 1.5E-04
1117rb interleukin 17 receptor B [Source:MGI Symbol;Acc:MGI:1355292] 0.39 5.5E-03
116st interleukin 6 signal transducer [Source:MGI Symbol;Acc:MGI:96560] -0.35 7.4E-03
119r interleukin 9 receptor [Source:MGI Symbol;Acc:MGI:96564] 0.47 2.2E-03
Irs1 insulin receptor substrate 1 [Source:MGI Symbol;Acc:MGI:99454] 0.48 1.8E-03
Itgal integrin alpha 1 [Source:MGI Symbol;Acc:MGI:96599] -0.53 3.6E-03
Itpripl2 inositol 1,4,5-triphosphate receptor interacting protein-like 2 [Source:MGI Symbol;Acc:MGI:2442416] -0.34 9.3E-03
Kenk5 potassium channel, subfamily K, member 5 [Source:MGI Symbol;Acc:MGI:1336175] 0.35 8.8E-03
Kctd12b potassium channel tetramerisation domain containing 12b [Source:MGI Symbol;Acc:MGI:2444667] -0.45 3.9E-03
KIf11l Kruppel-like factor 11 [Source:MGI Symbol;Acc:MGI:2653368] 0.38 7.9E-03
KIf9 Kruppel-like factor 9 [Source:MGI Symbol;Acc:MGI:1333856] 0.63 1.0E-03
Krt80 keratin 80 [Source:MGI Symbol;Acc:MGI:1921377] -0.51 1.3E-03
Ldlr low density lipoprotein receptor [Source:MGI Symbol;Acc:MGI:96765] -0.66 2.6E-03
Lilra6 leukocyte immunoglobulin-like receptor, subfamily A (with TM domain), member 6 [Source:MGI Symbol;Acc:MGI:1195969] -0.44 3.0E-03
Lmntd2 lamin tail domain containing 2 [Source:MGI Symbol;Acc:MGI:1919250] 0.50 1.9E-03
Lnpep leucyl/cystinyl aminopeptidase [Source:MGI Symbol;Acc:MGI:2387123) -0.39 4.7E-03
Lrpl low density lipoprotein receptor-related protein 1 [Source:MGI Symbol;Acc:MGI:96828] -0.57 5.3E-03
Ly6a lymphocyte antigen 6 complex, locus A [Source:MGI Symbol;Acc:MGI:107527] 0.43 3.5E-03
Megf9 multiple EGF-like-domains 9 [Source:MGI Symbol;Acc:MGI:1918264] -0.43 2.8E-03
Met met proto-oncogene [Source:MGI Symbol;Acc:MGI:96969] -0.39 6.0E-03
Mitf microphthalmia-associated transcription factor [Source:MGI Symbol;Acc:MGI:104554] -0.43 7.9E-03
Mikl mixed lineage kinase domain-like [Source:MGI Symbol;Acc:MGI:1921818] -0.39 6.1E-03
Ms4a6d membrane-spanning 4-domains, subfamily A, member 6D [Source:MGI Symbol;Acc:MGI:1916024] -0.44 5.5E-03
Msrl macrophage scavenger receptor 1 [Source:MGI Symbol;Acc:MGI:98257] -0.67 4.2E-03
Myzap myocardial zonula adherens protein [Source:MGI Symbol;Acc:MGI:2142908] 0.38 6.6E-03
Nlirpla NLR family, pyrin domain containing 1A [Source:MGI Symbol;Acc:MGI:2684861] -0.49 2.4E-03
Nrgl neuregulin 1 [Source:MGI Symbol;Acc:MGI:96083] -0.59 3.7E-03
Nrpl neuropilin 1 [Source:MGI Symbol;Acc:MGI:106206] -0.46 6.4E-03
Nt5e 5'nucleotidase, ecto [Source:MGI Symbol;Acc:MGI:99782] 0.56 3.1E-03
Olfm1 olfactomedin 1 [Source:MGI Symbol;Acc:MGI:1860437] -0.61 5.4E-04
Pdcd4 programmed cell death 4 [Source:MGI Symbol;Acc:MGI:107490] 0.34 8.1E-03
Perl period circadian clock 1 [Source:MGI Symbol;Acc:MGI:1098283] 0.64 1.2E-03
Pil6 peptidase inhibitor 16 [Source:MGI Symbol;Acc:MGI:1921366] -0.39 7.6E-03
Pigg phosphatidylinositol glycan anchor biosynthesis, class G [Source:MGI Symbol;Acc:MGI:3576484] -0.34 8.2E-03
Pik3ip1l phosphoinositide-3-kinase interacting protein 1 [Source:MGI Symbol;Acc:MGI:1917016] 0.75 2.4E-04
Pira2 paired-Ig-like receptor A2 [Source:MGI Symbol;Acc:MGI:1195970] -0.45 9.4E-03
Plcb1 phospholipase C, beta 1 [Source:MGI Symbol;Acc:MGI:97613] -0.59 9.3E-03
Pld1 phospholipase D1 [Source:MGI Symbol;Acc:MGI:109585] -0.48 5.4E-03
Pmepal prostate transmembrane protein, androgen induced 1 [Source:MGI Symbol;Acc:MGI:1929600] 0.56 6.4E-03
Pros1 protein S (alpha) [Source:MGI Symbol;Acc:MGI:1095733] -0.57 9.3E-04
Pstpip2 proline-serine-threonine phosphatase-interacting protein 2 [Source:MGI Symbol;Acc:MGI:1335088] -0.45 6.0E-03
Ptarl protein prenyltransferase alpha subunit repeat containing 1 [Source:MGI Symbol;Acc:MGI:1921875] -0.45 2.4E-03
Pygm muscle glycogen phosphorylase [Source:MGI Symbol;Acc:MGI:97830] -0.40 5.5E-03
Rab3ip RAB3A interacting protein [Source:MGI Symbol;Acc:MGI:105933] 0.35 8.0E-03
Rab7b RAB7B, member RAS oncogene family [Source:MGI Symbol;Acc:MGI:2442295] -0.44 7.0E-03
Rap2a RAS related protein 2a [Source:MGI Symbol;Acc:MGI:97855] -0.34 9.1E-03
Raphl Ras association (RalGDS/AF-6) and pleckstrin homology domains 1 [Source:MGI Symbol;Acc:MGI:1924550] -0.38 5.2E-03
Rbm4 RNA binding motif protein 4 [Source:MGI Symbol;Acc:MGI:1100865] -0.45 2.3E-03
Reck reversion-inducing-cysteine-rich protein with kazal motifs [Source:MGI Symbol;Acc:MGI:1855698] 0.34 8.4E-03
Rgsl regulator of G-protein signaling 1 [Source:MGI Symbol;Acc:MGI:1354694] 0.47 2.4E-03
Rhou ras homolog family member U [Source:MGI Symbol;Acc:MGI:1916831] -0.44 3.4E-03
Rnf144b ring finger protein 144B [Source:MGI Symbol;Acc:MGI:2384986] -0.63 1.0E-03
Rpp40 ribonuclease P 40 subunit [Source:MGI Symbol;Acc:MGl:1346084] 0.42 9.8E-03
Rps3a2 ribosomal protein S3A2 [Source:MGI Symbol;Acc:MGI:3642853] 0.50 1.8E-03
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Rxra retinoid X receptor alpha [Source:MGI Symbol;Acc:MGI:98214] -0.40 7.1E-03
S1pr2 sphingosine-1-phosphate receptor 2 [Source:MGI Symbol;Acc:MGI:99569] -0.42 3.2E-03
Sept10 septin 10 [Source:MGI Symbol;Acc:MGI:1918110] -0.53 1.4E-03
Serpina3g serine (or cysteine) peptidase inhibitor, clade A, member 3G [Source:MGI Symbol;Acc:MGI:105046] 0.39 6.0E-03
Sesnl sestrin 1 [Source:MGI Symbol;Acc:MGI:2155278] 0.41 3.8E-03
Sgms2 sphingomyelin synthase 2 [Source:MGI Symbol;Acc:MGI:1921692] -0.54 1.1E-03
Shtnl shootin 1 [Source:MGI Symbol;Acc:MGI:1918903] -0.72 3.0E-03
Slcllal solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1 [Source:MGI Symbol;Acc:MGI:1345275] -0.51 2.4E-03
Slc22a17 solute carrier family 22 (organic cation transporter), member 17 [Source:MGI Symbol;Acc:MGI:1926225] 0.49 1.6E-03
Slcdal solute carrier family 4 (anion exchanger), member 1 [Source:MGI Symbol;Acc:MGI:109393] -0.91 7.4E-05
Slc8al solute carrier family 8 (sodium/calcium exchanger), member 1 [Source:MGI Symbol;Acc:MGI:107956] -0.46 6.3E-03
Smim8 small integral membrane protein 8 [Source:MGI Symbol;Acc:MGI:1913541] 0.37 8.5E-03
Sulf2 sulfatase 2 [Source:MGI Symbol;Acc:MGI:1919293] -0.36 6.3E-03
Tcpllll t-complex 11 like 1 [Source:MGI Symbol;Acc:MGI:2444263] -0.43 3.7E-03
Tgfbi transforming growth factor, beta induced [Source:MGI Symbol;Acc:MGI:99959] -0.47 2.9E-03
Tiam1 T cell lymphoma invasion and metastasis 1 [Source:MGI Symbol;Acc:MGI:103306] -0.39 6.7E-03
Tirl3 toll-like receptor 13 [Source:MGI Symbol;Acc:MGI:3045213] -0.38 6.0E-03
Tnfsf8 tumor necrosis factor (ligand) superfamily, member 8 [Source:MGI Symbol;Acc:MGI:88328] 0.39 7.9E-03
Tsc22d3 TSC22 domain family, member 3 [Source:MGI Symbol;Acc:MGI:1196284] 0.34 9.5E-03
Tstd3 thiosulfate sulfurtransferase (rhodanese)-like domain containing 3 [Source:MGI Symbol;Acc:MGI:1924282] -0.39 8.2E-03
Ttyh2 tweety family member 2 [Source:MGI Symbol;Acc:MGI:2157091] 0.42 3.6E-03
Tuftl tuftelin 1 [Source:MGI Symbol;Acc:MGI:109572] 0.39 5.7E-03
Ugtla7c UDP glucuronosyltransferase 1 family, polypeptide A7C [Source:MGI Symbol;Acc:MGI:3032636] -0.52 6.9E-03
Utp14b UTP14B small subunit processome component [Source:MGI Symbol;Acc:MGI:2445092] -0.45 3.9E-03
Vel vinculin [Source:MGI Symbol;Acc:MGI:98927] -0.37 5.9E-03
Vps13c vacuolar protein sorting 13C [Source:MGI Symbol;Acc:MGI:2444207] -0.44 2.7E-03
Wnt10a wingless-type MMTV integration site family, member 10A [Source:MGI Symbol;Acc:MGI:108071] 0.49 2.7E-03
Xlr3b X-linked lymphocyte-regulated 3B [Source:MGI Symbol;Acc:MGI:109505] 0.89 7.7E-05
Xlrda X-linked lymphocyte-regulated 4A [Source:MGI Symbol;Acc:MGI:3574098] 0.61 1.4E-03
Xlrdb X-linked lymphocyte-regulated 4B [Source:MGI Symbol;Acc:MGI:1350975] 0.47 3.4E-03
Zcchcl8 zinc finger, CCHC domain containing 18 [Source:MGI Symbol;Acc:MGI:1914245] 0.39 7.0E-03
Zfpl zinc finger protein 1 [Source:MGI Symbol;Acc:MGI:99154] 0.46 5.8E-03
Zfp53 zinc finger protein 53 [Source:MGI Symbol;Acc:MGI:99200] 0.48 2.4E-03
Zfp566 zinc finger protein 566 [Source:MGI Symbol;Acc:MGI:1919806] 0.35 7.9E-03
Zfyve9 zinc finger, FYVE domain containing 9 [Source:MGI Symbol;Acc:MGI:2652838] -0.79 1.5E-04
Zkscan16 zinc finger with KRAB and SCAN domains 16 [Source:MGI Symbol;Acc:MGI:3510405] -0.69 7.9E-04

Table A.2: List of genes used in the GO analysis of BM-PACs isolated from bone marrow.
Genes highlighted in green correspond to human homologue genes with SNPs associated with worsened
clinical metrics of PAH severity.
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Gene (MGI) .1 Gene Description log,(F(~ | p-valu ~
1810011H11Rik |RIKEN cDNA 1810011H11 gene [Source:MGI Symbol;Acc:MGI:1916319] 1.18 1.3E-03
2510009E07Rik  [RIKEN cDNA 2510009E07 gene [Source:MGI Symbol;Acc:MGI:1919440] -0.53 5.2E-03
2610037D02Rik  [RIKEN cDNA 2610037D02 gene [Source:MGI Symbol;Acc:MGI:1917290] -0.40 7.4E-03
4930417013Rik  [RIKEN cDNA 4930417013 gene [Source:MGI Symbol;Acc:MGI:1921120] -0.90 3.3E-04
4930481A15Rik  [RIKEN cDNA 4930481A15 gene [Source:MGI Symbol;Acc:MGI:1922181] -0.44 5.2E-03
A230072C01Rik [RIKEN cDNA A230072C01 gene [Source:MGI Symbol;Acc:MGl:2444644] 0.49 9.8E-03
Actnl actinin, alpha 1 [Source:MGI Symbol;Acc:MGI:2137706) -0.61 8.1E-03
Acvrll activin A receptor, type Il-like 1 [Source:MGI Symbol;Acc:MGI:1338946] -0.58 4.5E-03
Adssl1 adenylosuccinate synthetase like 1 [Source:MGI Symbol;Acc:MGI:87947] 0.45 4.5E-03
Afapl actin filament associated protein 1 [Source:MGI Symbol;Acc:MGI:1917542] -0.42 6.0E-03
Ampd1l adenosine monophosphate deaminase 1 [Source:MGI Symbol;Acc:MGI:88015] -0.67 2.5E-03
Aplpl amyloid beta (A4) precursor-like protein 1 [Source:MGI Symbol;Acc:MGI:88046] 0.73 2.6E-03
Apobecl apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1 [Source:MGI Symbol;Acc:MGI:103298] 0.46 5.0E-03
Ar androgen receptor [Source:MGI Symbol;Acc:MGI:88064] -0.46 4.7€-03
Arlad ADP-ribosylation factor-like 4D [Source:MGI Symbol;Acc:MGI:1933155] 0.64 2.5E-03
Asb2 ankyrin repeat and SOCS box-containing 2 [Source:MGI Symbol;Acc:MGI:1929743] 0.98 2.3E-03
Aspm asp (abnormal spindle)-like, microcephaly associated (Drosophila) [Source:MGI Symbol;Acc:MGI:1334448] 0.65 2.3E-03
Atp2b4 ATPase, Ca++ transporting, plasma membrane 4 [Source:MGI Symbol;Acc:MGI:88111] 0.43 5.6E-03
Atp7a ATPase, Cu++transporting, alpha polypeptide [Source:MGI Symbol;Acc:MGI:99400] -0.42 8.0E-03
B130055M24Rik |RIKEN cDNA B130055M24 gene [Source:MGI Symbol;Acc:MGI:3590645] -0.40 7.0E-03
BC106179 cDNA sequence BC106179 [Source:MGI Symbol;Acc:MGI:3702726] -0.62 1.6E-03
Bcll1lb B cell leukemia/lymphoma 11B [Source:MGI Symbol;Acc:MGI:1929913] -0.75 4.7E-03
Bcl9l B cell CLL/lymphoma 9-like [Source:MGI Symbol;Acc:MGI:1933114] -0.40 7.6E-03
Birc5 baculoviral IAP repeat-containing 5 [Source:MGI Symbol;Acc:MGI:1203517] 0.55 9.5E-03
C030034L19Rik  [RIKEN cDNA C030034L19 gene [Source:MGI Symbol;Acc:MGI:2444519] 0.73 2.4E-03
Clgtnf6 Clq and tumor necrosis factor related protein 6 [Source:MGI Symbol;Acc:MGI:1919959] 0.98 2.3E-03
Caldl caldesmon 1 [Source:MGI Symbol;Acc:MGI:88250] -0.61 5.8E-03
Camk2b calcium/calmodulin-dependent protein kinase Il, beta [Source:MGI Symbol;Acc:MGI:88257] 0.95 1.3E-03
Carl2 carbonic anhydrase 12 [Source:MGI Symbol;Acc:MGI:1923709] -0.65 6.7E-03
Ccl5 chemokine (C-C motif) ligand 5 [Source:MGI Symbol;Acc:MGI:98262] 0.52 2.7E-03
Ccna2 cyclin A2 [Source:MGI Symbol;Acc:MGI:108069] 0.54 2.9E-03
Cenb2 cyclin B2 [Source:MGI Symbol;Acc:MGI:88311] 0.72 8.6E-03
Cendl1 cyclin D1 [Source:MGI Symbol;Acc:MGI:88313] 0.93 1.2E-03
Ccr2 chemokine (C-C motif) receptor 2 [Source:MGI Symbol;Acc:MGI:106185] 0.60 1.6E-03
Ccré chemokine (C-C motif) receptor 6 [Source:MGI Symbol;Acc:MGI:1333797] -0.43 8.2E-03
Cd101 CD101 antigen [Source:MGI Symbol;Acc:MGI:2685862] -0.47 4.6E-03
Cd160 CD160 antigen [Source:MGI Symbol;Acc:MGI:1860383] 0.84 3.8E-04
Cd68 CD68 antigen [Source:MGI Symbol;Acc:MGI:88342] 0.54 5.4E-03
Cd86 CD86 antigen [Source:MGI Symbol;Acc:MGI:101773] 0.53 2.6E-03
Cdca2 cell division cycle associated 2 [Source:MGI Symbol;Acc:MGI:1919787] 0.63 1.3E-03
Cenpf centromere protein F [Source:MGI Symbol;Acc:MGl:1313302] 0.77 7.6E-04
Chdh choline dehydrogenase [Source:MGI Symbol;Acc:MGI:1860776] 0.83 3.9E-03
Cish cytokine inducible SH2-containing protein [Source:MGI Symbol;Acc:MGI:103159] 0.57 5.4E-03
Ckb creatine kinase, brain [Source:MGI Symbol;Acc:MGI:88407] 0.65 2.2E-03
Cks1b CDC28 protein kinase 1b [Source:MGI Symbol;Acc:MGI:1889208] 0.47 5.0E-03
Clspn claspin [Source:MGI Symbol;Acc:MGI:2445153] 0.56 4.2E-03
Cmah cytidine monophospho-N-acetylneuraminic acid hydroxylase [Source:MGI Symbol;Acc:MGI:103227] -0.37 9.8E-03
Cmc2 COX assembly mitochondrial protein 2 [Source:MGI Symbol;Acc:MGI:1913781] 0.52 3.4E-03
Cngal cyclic nucleotide gated channel alpha 1 [Source:MGI Symbol;Acc:MGI:88436] -0.59 6.9E-03
Cppedl calcineurin-like phosphoesterase domain containing 1 [Source:MGI Symbol;Acc:MGI:2443300] 0.41 6.5E-03
Crtam cytotoxic and regulatory T cell molecule [Source:MGI Symbol;Acc:MGI:1859822] -0.46 4.5E-03
Cyp4fl6 cytochrome P450, family 4, subfamily f, polypeptide 16 [Source:MGI Symbol;Acc:MGI:1917351] 0.39 7.7€-03
Dynlt1f dynein light chain Tctex-type 1F [Source:MGI Symbol;Acc:MGI:3780996] 0.40 9.3E-03
E2f1 E2F transcription factor 1 [Source:MGI Symbol;Acc:MGI:101941] 0.51 2.9E-03
Elovl7 ELOVL family member 7, elongation of long chain fatty acids (yeast) [Source:MGI Symbol;Acc:MGI:1921809] -0.59 5.3E-03
Encl ectodermal-neural cortex 1 [Source:MGI Symbol;Acc:MGI:109610] -0.55 7.3E-03
Erccél excision repair cross-complementing rodent repair deficiency complementation group 6 like [Source:MGI Symbol;Acc:MGI:2654144] 0.46 8.5E-03
Erdrl erythroid differentiation regulator 1 [Source:MGI Symbol;Acc:MGI:2384747] -0.95 2.5E-04
Fam19a3 family with sequence similarity 19, member A3 [Source:MGI Symbol;Acc:MGI:3046463] 0.70 1.0E-03
Fanl FANCD2/FANCI-associated nuclease 1 [Source:MGI Symbol;Acc:MGI:3045266] -0.49 4.5E-03
Fasl| Fas ligand (TNF superfamily, member 6) [Source:MGI Symbol;Acc:MGI:99255] 0.61 2.0E-03
Fbxo10 F-box protein 10 [Source:MGI Symbol;Acc:MGI:2686937] -0.44 5.7E-03
Fes feline sarcoma oncogene [Source:MGI Symbol;Acc:MGI:95514] 0.58 1.8E-03
FIt3 FMS-like tyrosine kinase 3 [Source:MGI Symbol;Acc:MGI:95559] 0.50 3.1E-03
Foxm1 forkhead box M1 [Source:MGI Symbol;Acc:MGI:1347487] 0.54 2.5E-03
Gabrr2 gamma-aminobutyric acid (GABA) C receptor, subunit rho 2 [Source:MGI Symbol;Acc:MGI:95626] -0.53 3.1E-03
Galc galactosylceramidase [Source:MGI Symbol;Acc:MGI:95636] 0.52 8.8E-03
Galm galactose mutarotase [Source:MGI Symbol;Acc:MGI:2442420] -0.61 8.9E-03
Gm10101 predicted gene 10101 [Source:MGI Symbol;Acc:MGI:3641713] 0.40 7.4E-03
Gm11695 predicted gene 11695 [Source:MGI Symbol;Acc:MGI:3649841] -0.88 4.8E-03
Gm12185 predicted gene 12185 [Source:MGI Symbol;Acc:MGI:3652173] -0.49 5.0E-03
Gm16602 T cell receptor gamma, variable 1 [Source:MGI Symbol;Acc:MGI:98631] 0.62 5.6E-03
Gm21887 predicted gene, 21887 [Source:MGI Symbol;Acc:MGI:5434051] -2.69 1.2E-04
Gm27003 predicted gene, 27003 [Source:MGI Symbol;Acc:MGI:5504118] 0.39 9.6E-03
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predicted gene 340 [Source:MGI Symbol;Acc:MGI:2685186]

Gm340 -0.45 6.2E-03
Gm37192 predicted gene, 37192 [Source:MGI Symbol;Acc:MGI:5610420] 0.79 5.3E-03
Gm42664 predicted gene 42664 [Source:MGI Symbol;Acc:MGI:5662801] -0.55 7.8E-03
Gm44174 predicted gene, 44174 [Source:MGI Symbol;Acc:MGI:5690566] -0.45 8.9E-03
Gm44775 predicted gene 44775 [Source:MGI Symbol;Acc:MGI:5753351] 0.60 2.5E-03
Gm45055 predicted gene 45055 [Source:MGI Symbol;Acc:MGI:5753631] -0.51 3.2E-03
Gm45548 predicted gene 45548 [Source:MGI Symbol;Acc:MGI:5791384] 0.44 6.2E-03
Gm45884 predicted gene 45884 [Source:MGI Symbol;Acc:MGI:5804999] -0.45 5.2E-03
Gm4956 predicted gene 4956 [Source:MGI Symbol;Acc:MGI:3647976] 0.94 1.1E-03
Gm6934 predicted gene 6934 [Source:MGI Symbol;Acc:MGI:3648115] -0.44 9.0E-03
Gm9938 predicted gene 9938 [Source:MGI Symbol;Acc:MGI:3641836] -0.51 3.8E-03
Gnaz guanine nucleotide binding protein, alpha z subunit [Source:MGI Symbol;Acc:MGI:95780] -0.64 1.2E-03
Gpcl |:g_lypican 1 [Source:MGI Symbol;Acc:MGI:1194891] 0.65 3.0E-03
Gpré65 G-protein coupled receptor 65 [Source:MGI Symbol;Acc:MGI:108031] 0.52 3.2E-03
Gprin3 GPRIN family member 3 [Source:MGI Symbol;Acc:MGI:1924785] -0.53 3.1E-03
Gstp3 glutathione S-transferase pi 3 [Source:MGI Symbol;Acc:MGI:2385078] -0.45 6.3E-03
Gzmb granzyme B [Source:MGI Symbol;Acc:MGI:109267] 1.08 1.9E-04
Hicl hypermethylated in cancer 1 [Source:MGI Symbol;Acc:MGI:1338010] 1.04 2.1E-04
1d2 inhibitor of DNA binding 2 [Source:MGI Symbol;Acc:MGI:96397] 0.73 7.7E-04
1gfbp4 insulin-like growth factor binding protein 4 [Source:MGI Symbol;Acc:MGI:96439] -0.84 2.4E-03
Ighgl immunoglobulin heavy constant gamma 1 (G1m marker) [Source:MGI Symbol;Acc:MGI:96446] 1.28 6.7E-03
Ighg2b immunoglobulin heavy constant gamma 2B [Source:MGI Symbol;Acc:MGI:96445] 0.83 5.2E-03
ligpl interferon inducible GTPase 1 [Source:MGI Symbol;Acc:MGI:1926259] -0.72 1.8E-03
1112rb1 interleukin 12 receptor, beta 1 [Source:MGI Symbol;Acc:MGI:104579] 0.75 7.8E-03
1112rb2 interleukin 12 receptor, beta 2 [Source:MGI Symbol;Acc:MGI:1270861] 0.87 1.6E-03
1117rb interleukin 17 receptor B [Source:MGI Symbol;Acc:MGI:1355292] 0.84 4.0E-04
112ra interleukin 2 receptor, alpha chain [Source:MGI Symbol;Acc:MGI:96549] 0.62 7.8E-03
112rb interleukin 2 receptor, beta chain [Source:MGI Symbol;Acc:MGI:96550] 0.67 2.6E-03
113ra interleukin 3 receptor, alpha chain [Source:MGI Symbol;Acc:MGI:96553] 0.51 2.9E-03
116st interleukin 6 signal transducer [Source:MGI Symbol;Acc:MGI:96560] -0.62 5.8E-03
Itga7 integrin alpha 7 [Source:MGI Symbol;Acc:MGI:102700] -0.54 2.2E-03
Itgae integrin alpha E, epithelial-associated [Source:MGI Symbol;Acc:MGI:1298377] -0.45 5.4E-03
Jchain immunoglobulin joining chain [Source:MGI Symbol;Acc:MGI:96493] 0.86 3.5E-04
Kcna2 potassium voltage-gated channel, shaker-related subfamily, member 2 [Source:MGI Symbol;Acc:MGI:96659] -0.77 6.9E-03
Kiflb kinesin family member 1B [Source:MGI Symbol;Acc:MGI:108426] -0.49 6.5E-03
Kif20a kinesin family member 20A [Source:MGI Symbol;Acc:MGI:1201682] 0.65 1.3E-03
Kit KIT proto-oncogene receptor tyrosine kinase [Source:MGI Symbol;Acc:MGI:96677] 0.53 2.9E-03
KIf3 Kruppel-like factor 3 (basic) [Source:MGI Symbol;Acc:MGI:1342773] -0.40 8.4E-03
KIf6 Kruppel-like factor 6 [Source:MGI Symbol;Acc:MGI:1346318] -0.39 7.5E-03
Klral3-ps killer cell lectin-like receptor subfamily A, member 13, pseudogene [Source:MGI Symbol;Acc:MGI:1321090] 0.54 9.5E-03
Klra7 killer cell lectin-like receptor, subfamily A, member 7 [Source:MGI Symbol;Acc:MGI:101901] 0.67 1.9E-03
Kirblc killer cell lectin-like receptor subfamily B member 1C [Source:MGI Symbol;Acc:MGI:107538] 0.77 7.0E-04
Klrb1f killer cell lectin-like receptor subfamily B member 1F [Source:MGI Symbol;Acc:MGI:2442965] 0.68 1.4E-03
Klrcl killer cell lectin-like receptor subfamily C, member 1 [Source:MGI Symbol;Acc:MGI:1336161] 0.87 3.3E-04
Klrc2 killer cell lectin-like receptor subfamily C, member 2 [Source:MGI Symbol;Acc:MGI:1336162] 0.96 2.4E-04
Klrc3 killer cell lectin-like receptor subfamily C, member 3 [Source:MGI Symbol;Acc:MGI:1929720] 0.70 9.2E-03
Klrel killer cell lectin-like receptor family E member 1 [Source:MGI Symbol;Acc:MGI:2662547] 0.55 3.1E-03
Klrgl killer cell lectin-like receptor subfamily G, member 1 [Source:MGI Symbol;Acc:MGI:1355294] 0.57 1.8E-03
Kirk1l killer cell lectin-like receptor subfamily K, member 1 [Source:MGI Symbol;Acc:MGI:1196250] 0.77 7.0E-04
Lifr leukemia inhibitory factor receptor [Source:MGI Symbol;Acc:MGI:96788] 1.14 2.3E-04
Lin37 lin-37 homolog (C. elegans) [Source:MGI Symbol;Acc:MGI:1922910] 0.38 8.6E-03
Lrp12 low density lipoprotein-related protein 12 [Source:MGI Symbol;Acc:MGI:2443132] -0.52 7.0E-03
Lrrc8b leucine rich repeat containing 8 family, member B [Source:MGI Symbol;Acc:MGI:2141353] -0.48 4.0E-03
Ly6g5b lymphocyte antigen 6 complex, locus G5B [Source:MGI Symbol;Acc:MGI:2385809] 0.61 1.4E-03
Marcks myristoylated alanine rich protein kinase C substrate [Source:MGI Symbol;Acc:MGI:96907] 0.47 7.9E-03
Mical2 microtubule associated monooxygenase, calponin and LIM domain containing 2 [Source:MGI Symbol;Acc:MGI:2444947] 0.81 5.0E-04
Mki67 antigen identified by monoclonal antibody Ki 67 [Source:MGI Symbol;Acc:MGI:106035] 0.96 3.3E-03
Mih3 mutL homolog 3 [Source:MGI Symbol;Acc:MGI:1353455] -0.39 9.7E-03
Mixip MLX interacting protein [Source:MGI Symbol;Acc:MGI:2141183] 0.49 3.8E-03
Mmp9 matrix metallopeptidase 9 [Source:MGI Symbol;Acc:MGI:97011] 0.95 5.8E-03
Mmrnl multimerin 1 [Source:MGI Symbol;Acc:MGI:1918195] -0.72 9.1E-04
Mpegl macrophage expressed gene 1 [Source:MGI Symbol;Acc:MGI:1333743] 1.03 3.9E-03
Mpp7 membrane protein, palmitoylated 7 (MAGUK p55 subfamily member 7) [Source:MGI Symbol;Acc:MGI:1922989] -0.52 8.3E-03
Msrb2 methionine sulfoxide reductase B2 [Source:MGI Symbol;Acc:MGI:1923717] -0.51 2.9E-03
Myctl myc target 1 [Source:MGI Symbol;Acc:MGI:1915882] -0.60 1.8E-03
Navl neuron navigator 1 [Source:MGI Symbol;Acc:MGI:2183683] -0.56 8.6E-03
Ncapg non-SMC condensin | complex, subunit G [Source:MGI Symbol;Acc:MGI:1930197] 0.47 4.0E-03
Neb nebulin [Source:MGI Symbol;Acc:MGI:97292] -0.78 8.6E-04
Nedd4 neural precursor cell expressed, developmentally down-regulated 4 [Source:MGI Symbol;Acc:MGI:97297] 0.39 7.8E-03
Ntng2 netrin G2 [Source:MGI Symbol;Acc:MGI:2159341] 0.37 9.9E-03
Nusapl nucleolar and spindle associated protein 1 [Source:MGI Symbol;Acc:MGI:2675669] 0.66 1.8E-03
Obscn obscurin, cytoskeletal calmodulin and titin-interacting RhoGEF [Source:MGI Symbol;Acc:MGI:2681862] 1.17 2.3E-04
Osbpl3 oxysterol binding protein-like 3 [Source:MGI Symbol;Acc:MGI:1918970] 0.55 3.5E-03
Otub2 OTU domain, ubiquitin aldehyde binding 2 [Source:MGI Symbol;Acc:MGI:1915399] 0.50 4.0E-03
P2rx7 purinergic receptor P2X, ligand-gated ion channel, 7 [Source:MGI Symbol;Acc:MGI:1339957] 0.84 6.6E-03
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Pard3b par-3 family cell polarity regulator beta [Source:MGI Symbol;Acc:MGI:1919301] -0.68 2.5E-03
Pcgf2 polycomb group ring finger 2 [Source:MGI Symbol;Acc:MGI:99161] 0.52 2.8E-03
Pclaf PCNA clamp associated factor [Source:MGI Symbol;Acc:MGI:1915276] 0.71 1.2E-03
Pdelb phosphodiesterase 1B, Ca2+-calmodulin dependent [Source:MGI Symbol;Acc:MGI:97523] 0.43 8.6E-03
Pde4c phosphodiesterase 4C, cAMP specific [Source:MGI Symbol;Acc:MGI:99556] 0.77 1.3E-03
Pde4d phosphodiesterase 4D, cAMP specific [Source:MGI Symbol;Acc:MGI:99555] -0.51 4.6E-03
Pfkfbl 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 [Source:MGI Symbol;Acc:MGI:107816] 0.49 4.0E-03
Pkig protein kinase inhibitor, gamma [Source:MGI Symbol;Acc:MGI:1343086] 0.47 4.1E-03
Plcxd2 phosphatidylinositol-specific phospholipase C, X domain containing 2 [Source:MGI Symbol;Acc:MGI:3647874] -0.46 8.3E-03
Pld4 phospholipase D family, member 4 [Source:MGI Symbol;Acc:MGI:2144765] 0.46 8.1E-03
Plekhfl pleckstrin homology domain containing, family F (with FYVE domain) member 1 [Source:MGI Symbol;Acc:MGI:1919537] 0.81 1.9E-03
Ppfiad protein tyrosine phosphatase, receptor type, f polypeptide (PTPRF), interacting protein (liprin), alpha 4 [Source:MGI Symbol;Acc:MGI:1915757] 0.69 9.6E-04
Ppp1r21 protein phosphatase 1, regulatory subunit 21 [Source:MGI Symbol;Acc:MGI:1921075] 0.52 2.8E-03
Prcl protein regulator of cytokinesis 1 [Source:MGI Symbol;Acc:MGI:1858961] 0.42 8.5E-03
Prkar2b protein kinase, cCAMP dependent regulatory, type Il beta [Source:MGI Symbol;Acc:MGI:97760] -0.59 7.4E-03
Prkcg protein kinase C, gamma [Source:MGI Symbol;Acc:MGI:97597] 0.62 6.0E-03
Prrtl proline-rich transmembrane protein 1 [Source:MGI Symbol;Acc:MGI:1932118] 0.63 1.4E-03
Ptchl patched 1 [Source:MGI Symbol;Acc:MGI:105373] -0.43 5.7E-03
Ptgfrn prostaglandin F2 receptor negative regulator [Source:MGI Symbol;Acc:MGI:1277114] -0.69 1.0E-03
Ptprs protein tyrosine phosphatase, receptor type, S [Source:MGI Symbol;Acc:MGI:97815] 0.47 3.8E-03
Rab20 RAB20, member RAS oncogene family [Source:MGI Symbol;Acc:MGI:102789] -0.44 6.5E-03
Raver2 ribonucleoprotein, PTB-binding 2 [Source:MGI Symbol;Acc:MGI:2443623] -0.45 9.4E-03
Rcbtb2 regulator of chromosome condensation (RCC1) and BTB (POZ) domain containing protein 2 [Source:MGI Symbol;Acc:MGI:1917200] 0.52 4,0E-03
Rgsl regulator of G-protein signaling 1 [Source:MGI Symbol;Acc:MGI:1354694] 0.63 1.9€-03
Rhoc ras homolog family member C [Source:MGI Symbol;Acc:MGI:106028] 0.82 5.3E-04
Runx2 runt related transcription factor 2 [Source:MGI Symbol;Acc:MGI:99829] 0.39 8.1E-03
Samd3 sterile alpha motif domain containing 3 [Source:MGI Symbol;Acc:MGI:2685469] 0.47 3.9E-03
Selenon selenoprotein N [Source:MGI Symbol;Acc:MGI:2151208] 0.60 4.7E-03
Serpinbéb serine (or cysteine) peptidase inhibitor, clade B, member 6b [Source:MGI Symbol;Acc:MGI:894688] 0.52 3.9E-03
Sh2b2 SH2B adaptor protein 2 [Source:MGI Symbol;Acc:MGI:1345171] 0.53 3.8E-03
Siglech sialic acid binding Ig-like lectin H [Source:MGI Symbol;Acc:MGI:2443256] 1.40 6.6E-05
Sla src-like adaptor [Source:MGI Symbol;Acc:MGI:104295] 0.46 4.4E-03
Slc16a5 solute carrier family 16 (monocarboxylic acid transporters), member 5 [Source:MGI Symbol;Acc:MGI:2443515] -0.80 2.2E-03
Slc25a53 solute carrier family 25, member 53 [Source:MGI Symbol;Acc:MGI:1914312] 0.54 2.3E-03
Slc27a6 solute carrier family 27 (fatty acid transporter), member 6 [Source:MGI Symbol;Acc:MGI:3036230] 0.68 2.0E-03
Slc35g1 solute carrier family 35, member G1 [Source:MGI Symbol;Acc:MGI:2444789] -0.59 7.7E-03
Slcodal solute carrier organic anion transporter family, member 4al [Source:MGI Symbol;Acc:MGl:1351866] 0.80 8.9E-03
Slfn3 schlafen 3 [Source:MGI Symbol;Acc:MGI:1329005] -0.46 9.7E-03
Sntb1 syntrophin, basic 1 [Source:MGI Symbol;Acc:MGI:101781] -0.69 1.2E-03
Soat2 sterol O-acyltransferase 2 [Source:MGI Symbol;Acc:MGI:1332226] 0.99 2.0E-04
Socs2 suppressor of cytokine signaling 2 [Source:MGI Symbol;Acc:MGI:1201787] 1.06 1.5E-04
Spag5 sperm associated antigen 5 [Source:MGI Symbol;Acc:MGI:1927470] 0.65 8.6E-03
Spns3 spinster homolog 3 [Source:MGI Symbol;Acc:MGI:1924827] 0.47 4.0E-03
Srgap3 SLIT-ROBO Rho GTPase activating protein 3 [Source:MGI Symbol;Acc:MGI:2152938] 0.71 1.4E-03
St7 suppression of tumorigenicity 7 [Source:MGI Symbol;Acc:MGI:1927450] -0.57 4.1E-03
St8sial ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 1 [Source:MGI Symbol;Acc:MGI:106011] -0.65 5.6E-03
St8siab ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 6 [Source:MGI Symbol;Acc:MGI:2386797] -0.43 8.5E-03
Stk32c serine/threonine kinase 32C [Source:MGI Symbol;Acc:MGI:2385336] 0.69 3.4E-03
Ston2 stonin 2 [Source:MGI Symbol;Acc:MGI:1918272] -0.90 3.1E-04
Styx serine/threonine/tyrosine interaction protein [Source:MGI Symbol;Acc:MGI:1891150] -0.56 2.1E-03
Syk spleen tyrosine kinase [Source:MGI Symbol;Acc:MGI:99515] 0.38 9.9E-03
Tacstd2 tumor-associated calcium signal transducer 2 [Source:MGI Symbol;Acc:MGI:1861606] 0.51 3.9E-03
Tancl tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 1 [Source:MGI Symbol;Acc:MGI:1914110] -0.62 7.0E-03
Tanc2 tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 2 [Source:MGI Symbol;Acc:MGI:2444121] -0.39 8.3E-03
Thcld8 TBC1 domain family, member 8 [Source:MGI Symbol;Acc:MGI:1927225] 0.67 6.7E-03
Tbkbpl TBK1 binding protein 1 [Source:MGI Symbol;Acc:MGI:1920424] 1.03 1.4E-03
Thx21 T-box 21 [Source:MGI Symbol;Acc:MGI:1888984] 0.58 2.2E-03
Tcrg-Cl T cell receptor gamma, constant 1 [Source:MGI Symbol;Acc:MGI:98625] 0.75 2.2E-03
Tcrg-C2 T-cell receptor gamma, constant 2 [Source:MGI Symbol;Acc:MGI:98626] 0.70 4.3E-03
Tcrg-C4 T cell receptor gamma, constant 4 [Source:MGI Symbol;Acc:MGI:98628] 0.67 1.7E-03
Tcrg-Va T cell receptor gamma, variable 4 [Source:MGI Symbol;Acc:MGI:98634] 0.58 8.1E-03
Thbs1 thrombospondin 1 [Source:MGI Symbol;Acc:MGI:98737] -0.57 2.1E-03
Tmem176a transmembrane protein 176A [Source:MGI Symbol;Acc:MGI:1913308] 0.46 9.4E-03
Tmlhe trimethyllysine hydroxylase, epsilon [Source:MGI Symbol;Acc:MGI:2180203] -0.57 3.4E-03
Tnfaip3 tumor necrosis factor, alpha-induced protein 3 [Source:MGI Symbol;Acc:MGI:1196377] -0.38 8.8E-03
Tnfrsf14 tumor necrosis factor receptor superfamily, member 14 (herpesvirus entry mediator) [Source:MGI Symbol;Acc:MGI:2675303] -0.44 7.2E-03
Tnfsfl4 tumor necrosis factor (ligand) superfamily, member 14 [Source:MGI Symbol;Acc:MGI:1355317] 0.79 5.9E-04
Tnfsf8 tumor necrosis factor (ligand) superfamily, member 8 [Source:MGI Symbol;Acc:MGI:88328] -0.46 9.4E-03
Top2a topoisomerase (DNA) Il alpha [Source:MGI Symbol;Acc:MGI:98790] 0.52 2.7E-03
Trbj1-3 T cell receptor beta joining 1-3 [Source:MGI Symbol;Acc:MGI:4439568] -0.43 9.0E-03
Trbj1-4 T cell receptor beta joining 1-4 [Source:MGI Symbol;Acc:MGl:4439567] -0.48 5.6E-03
Trbj1-6 T cell receptor beta joining 1-6 [Source:MGI Symbol;Acc:MGI:4439575] -0.42 6.3E-03
Trbv12-1 T cell receptor beta, variable 12-1 [Source:MGI Symbol;Acc:MGI:98602] -0.60 5.1E-03
Trbv20 T cell receptor beta, variable 20 [Source:MGI Symbol;Acc:MGI:98589] -0.47 8.8E-03
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Trim30c tripartite motif-containing 30C [Source:MGI Symbol;Acc:MGI:4821257] -0.49 6.4E-03
Trove2 TROVE domain family, member 2 [Source:MGI Symbol;Acc:MGI:106652] -0.42 6.1E-03
Tspoapl TSPO associated protein 1 [Source:MGI Symbol;Acc:MGI:2450877] 0.69 3.1E-03
Ttc39c tetratricopeptide repeat domain 39C [Source:MGI Symbol;Acc:MGI:1919997] 0.46 4.3E-03
Tubbl tubulin, beta 1 class VI [Source:MGI Symbol;Acc:MGI:107814] -0.64 9.3E-03
Ube2c ubiquitin-conjugating enzyme E2C [Source:MGI Symbol;Acc:MGI:1915862] 0.61 5.4E-03
Utpl4b UTP14B small subunit processome component [Source:MGI Symbol;Acc:MGI:2445092] -0.39 8.0E-03
Wfsl Wolfram syndrome 1 homolog (human) [Source:MGI Symbol;Acc:MGl:1328355] 0.42 9.7E-03
Xcll chemokine (C motif) ligand 1 [Source:MGI Symbol;Acc:MGI:104593] 0.70 1.0E-03
XIr3b X-linked lymphocyte-regulated 3B [Source:MGI Symbol;Acc:MGI:109505] 1.13 3.5E-04
Zfp52 zinc finger protein 52 [Source:MGI Symbol;Acc:MGI:99199] 0.39 7.7E-03
Zfp683 zinc finger protein 683 [Source:MGI Symbol;Acc:MGI:3650254] 0.76 2.6E-03
Zmat3 zinc finger matrin type 3 [Source:MGI Symbol;Acc:MGI:1195270] -0.37 9.2E-03

Table A.3: List of genes used in the GO analysis of BM-PACs isolated from peripheral blood.
Genes highlighted in green correspond to human homologue genes with SNPs associated with worsened
clinical metrics of PAH severity.
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GO Category GO Category Description Enrichment FDR Number
Ratio of Genes
G0:0016310 phosphorylation 4.0 2.12E-03 18
G0:0050790 regulation of catalytic activity 12.3 2.12E-03 8
G0:2000026 regulation of multicellular organismal development 7.2 3.61E-03 10
G0:0048468 cell development 3.7 4.75E-03 17
G0:0051240 positive regulation of multicellular organismal process 11.2 4.75E-03 7
G0:0071310 cellular response to organic substance 33 4.75E-03 20
G0:0006468 protein phosphorylation 3.1 5.04E-03 20
G0:0045595 regulation of cell differentiation 2.9 5.04E-03 22
G0:0016477 cell migration 3.7 5.88E-03 16
G0:0051094 positive regulation of developmental process 2.7 6.05E-03 24
G0:0006928 movement of cell or subcellular component 39 6.63E-03 14
G0:0019220 regulation of phosphate metabolic process 3.7 6.63E-03 15
G0:0040011 locomotion 3.0 6.63E-03 19
G0:0048870 cell motility 3.0 6.63E-03 20
G0:0051174 regulation of phosphorus metabolic process 3.7 6.63E-03 15
G0:0051336 regulation of hydrolase activity 7.8 6.63E-03 8
G0:0051674 localization of cell 3.0 6.63E-03 20
G0:0042325 regulation of phosphorylation 4.9 7.10E-03 11
G0:0045597 positive regulation of cell differentiation 8.6 7.10E-03 7
G0:0051247 positive regulation of protein metabolic process 8.6 7.10E-03 7
G0:0022603 regulation of anatomical structure morphogenesis 3.7 8.94E-03 14
G0:0032270 positive regulation of cellular protein metabolic process 2.6 8.94E-03 22
G0:0071495 cellular response to endogenous stimulus 23.3 8.94E-03 4
G0:0080134 regulation of response to stress 4.6 8.94E-03 11
G0:0001932 regulation of protein phosphorylation 3.1 1.11E-02 17
G0:0043085 positive regulation of catalytic activity 2.4 1.17E-02 25
G0:0007167 enzyme linked receptor protein signaling pathway 20.6 1.27E-02 4
G0:0040012 regulation of locomotion 3.7 1.32E-02 13
G0:0051270 regulation of cellular component movement 3.0 1.33E-02 17
G0:0000902 cell morphogenesis 2.3 1.51E-02 25
G0:0030334 regulation of cell migration 5.9 1.64E-02 8
G0:0032989 cellular component morphogenesis 2.7 1.64E-02 19
G0:0000904 cell morphogenesis involved in differentiation 5.7 2.22E-02 8
G0:0060284 regulation of cell development 3.3 2.22E-02 14
G0:2000145 regulation of cell motility 2.5 2.22E-02 20
G0:0023014 signal transduction by protein phosphorylation 4.0 2.23E-02 11
G0:0051345 positive regulation of hydrolase activity 4.9 2.23E-02 9
G0:0000165 MAPK cascade 3.1 2.26E-02 15
G0:0022604 regulation of cell morphogenesis 2.6 2.28E-02 19
G0:0001817 regulation of cytokine production 10.5 2.34E-02 5
G0:0007169 transmembrane receptor protein tyrosine kinase signaling pathway 3.9 2.34E-02 11
G0:0010720 positive regulation of cell development 34 2.34E-02 13
G0:0001816 cytokine production 33 2.68E-02 13
G0:0006954 inflammatory response 6.2 2.68E-02 7
G0:0048812 neuron projection morphogenesis 2.5 2.68E-02 20
G0:0048858 cell projection morphogenesis 2.6 2.68E-02 18
G0:0010769 regulation of cell morphogenesis involved in differentiation 2.4 2.69E-02 20
G0:0032990 cell part morphogenesis 2.3 2.69E-02 23
G0:0016049 cell growth 4.1 2.70E-02 10
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G0:0031347 regulation of defense response 2.4 2.93E-02 21
G0:0009611 response to wounding 3.7 2.93E-02 11
G0:0001819 positive regulation of cytokine production 5.9 3.15E-02 7
G0:0010770 positive regulation of cell morphogenesis involved in differentiation 5.8 3.27E-02 7
G0:0048588 developmental cell growth 13.6 3.28E-02 4
G0:0040013 negative regulation of locomotion 9.1 3.36E-02 5
G0:0051271 negative regulation of cellular component movement 4.0 3.36E-02 10
G0:0048675 axon extension 3.6 3.44E-02 11
G0:0006909 phagocytosis 3.9 3.45E-02 10
G0:0030336 negative regulation of cell migration 2.6 3.49E-02 17
G0:1990138 neuron projection extension 2.2 3.49E-02 23
G0:2000146 negative regulation of cell motility 23.5 3.70E-02 3
G0:0030516 regulation of axon extension 3.3 3.79E-02 12
G0:0060560 developmental growth involved in morphogenesis 2.3 3.79E-02 20
G0:0061387 regulation of extent of cell growth 35 3.86E-02 11
G0:0043277 apoptotic cell clearance 72.1 3.86E-02 2
G0:0045773 positive regulation of axon extension 2.8 4.00E-02 15
G0:0072376 protein activation cascade 3.5 4.15E-02 11
G0:0050772 positive regulation of axonogenesis 2.5 4.32E-02 17
G0:0006929 substrate-dependent cell migration 34 4.34E-02 11
G0:0060978 angiogenesis involved in coronary vascular morphogenesis 11.6 4.64E-02 4

Table A.4: Complete list of significantly enriched gene ontology categories for BM-PACs isolated
from bone marrow.
GO terms are sorted in ascending order by adjusted p-value (or fold difference ratio, FDR).
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.. Enrichment Number
GO Category GO Category Description Ratio FDR of Genes
G0:0019221 cytokine-mediated signaling pathway 6.89 2.46E-08 21
G0:0071310 cellular response to organic substance 2.95 2.46E-08 47
G0:0046649 lymphocyte activation 4.95 9.91E-08 25
G0:0071345 cellular response to cytokine stimulus 5.11 9.91E-08 24
G0:0002376 immune system process 2.76 9.91E-08 47
G0:0045321 leukocyte activation 4.40 2.86E-07 26
G0:0001775 cell activation 4.06 2.86E-07 28
G0:0042110 T cell activation 5.55 5.16E-07 20
G0:0070489 T cell aggregation 5.55 5.16E-07 20
G0:0071593 lymphocyte aggregation 5.53 5.16E-07 20
G0:0070486 leukocyte aggregation 5.44 6.27E-07 20
G0:0051240 positive regulation of multicellular organismal process 3.03 1.05E-06 36
G0:0034097 response to cytokine 4.26 1.28E-06 24
G0:0002697 regulation of immune effector process 6.75 1.28E-06 16
G0:0007159 leukocyte cell-cell adhesion 5.11 1.39E-06 20
G0:0006955 immune response 3.22 6.29E-06 30
G0:0002252 immune effector process 4.34 8.25E-06 21
G0:0002684 positive regulation of immune system process 3.81 1.72E-05 23
G0:0050776 regulation of immune response 4.26 2.30E-05 20
G0:2000401 regulation of lymphocyte migration 19.66 2.40E-05 7
G0:0007049 cell cycle 2.76 3.31E-05 33
G0:0002520 immune system development 3.37 3.58E-05 25
G0:0008284 positive regulation of cell proliferation 3.47 3.87E-05 24
G0:0051301 cell division 4.25 4.14E-05 19
G0:0042127 regulation of cell proliferation 2.70 4.37E-05 33
G0:0048534 hematopoietic or lymphoid organ development 3.41 4.72E-05 24
G0:0002682 regulation of immune system process 3.09 4.91E-05 27
G0:0002699 positive regulation of immune effector process 7.87 4.91E-05 11
G0:0008283 cell proliferation 2.47 5.25E-05 37
G0:0002521 leukocyte differentiation 4.34 5.27E-05 18
G0:2000404 regulation of T cell migration 23.03 5.27E-05 6
G0:0030097 hemopoiesis 3.45 5.68E-05 23
G0:1903047 mitotic cell cycle process 3.71 6.07E-05 21
G0:0072676 lymphocyte migration 12.45 6.21E-05 8
G0:0098602 single organism cell adhesion 3.53 6.62E-05 22
G0:0009607 response to biotic stimulus 3.39 6.94E-05 23
G0:0016337 single organismal cell-cell adhesion 3.63 7.68E-05 21
G0:0022402 cell cycle process 3.04 8.53E-05 26
G0:0051249 regulation of lymphocyte activation 4.89 1.01E-04 15
G0:0000278 mitotic cell cycle 3.41 1.06E-04 22
G0:0002694 regulation of leukocyte activation 4.50 1.19E-04 16
G0:1901623 regulation of lymphocyte chemotaxis 28.78 1.29E-04 5
G0:0048584 positive regulation of response to stimulus 2.43 1.30E-04 35
G0:0002443 leukocyte mediated immunity 5.50 1.45E-04 13
G0:0002250 adaptive immune response 5.05 1.46E-04 14
G0:0042102 positive regulation of T cell proliferation 10.59 1.62E-04 8
G0:0001912 positive regulation of leukocyte mediated cytotoxicity 17.71 1.79E-04 6
G0:0002703 regulation of leukocyte mediated immunity 7.43 1.80E-04 10
G0:0050870 positive regulation of T cell activation 7.29 2.10E-04 10
G0:0001819 positive regulation of cytokine production 4.84 2.19E-04 14
G0:0032649 regulation of interferon-gamma production 10.01 2.20E-04 8
G0:0072678 T cell migration 16.85 2.20E-04 6
G0:0032729 positive regulation of interferon-gamma production 12.40 2.35E-04 7
G0:0050865 regulation of cell activation 4.19 2.35E-04 16
G0:0002705 positive regulation of leukocyte mediated immunity 9.80 2.45E-04 8
G0:0007155 cell adhesion 2.46 2.45E-04 32
G0:0010820 positive regulation of T cell chemotaxis 41.86 2.53E-04 4
G0:0022610 biological adhesion 2.44 2.73E-04 32
G0:1903039 positive regulation of leukocyte cell-cell adhesion 6.94 2.73E-04 10
G0:0031343 positive regulation of cell killing 15.70 2.93E-04 6
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G0:2000406 positive regulation of T cell migration 23.03 2.93E-04 5
G0:0051094 positive regulation of developmental process 2.70 3.02E-04 27
G0:0045597 positive regulation of cell differentiation 3.11 3.10E-04 22
G0:0032609 interferon-gamma production 9.21 3.36E-04 8
G0:0019220 regulation of phosphate metabolic process 2.43 4.13E-04 31
G0:0042098 T cell proliferation 6.54 4.13E-04 10
G0:2000026 regulation of multicellular organismal development 2.34 4.19E-04 33
G0:0051174 regulation of phosphorus metabolic process 2.42 4.19E-04 31
G0:0051251 positive regulation of lymphocyte activation 5.78 4.19E-04 11
G0:0010819 regulation of T cell chemotaxis 35.42 4.39E-04 4
G0:0006952 defense response 2.62 4.69E-04 27
G0:0050778 positive regulation of immune response 4.09 5.01E-04 15
G0:2000403 positive regulation of lymphocyte migration 19.85 5.18E-04 5
G0:0030217 T cell differentiation 5.60 5.18E-04 11
G0:0050900 leukocyte migration 5.08 5.18E-04 12
G0:0042129 regulation of T cell proliferation 7.20 5.18E-04 9
G0:0030098 lymphocyte differentiation 4.66 5.19E-04 13
G0:0098609 cell-cell adhesion 2.71 5.46E-04 25
G0:0002708 positive regulation of lymphocyte mediated immunity 10.20 5.94E-04 7
G0:0001910 regulation of leukocyte mediated cytotoxicity 13.03 6.69E-04 6
G0:0001909 leukocyte mediated cytotoxicity 9.95 6.85E-04 7
G0:0051707 response to other organism 3.12 6.86E-04 20
G0:0043207 response to external biotic stimulus 3.11 7.04E-04 20
G0:0022409 positive regulation of cell-cell adhesion 6.00 7.04E-04 10
G0:0006468 protein phosphorylation 2.29 7.27E-04 32
G0:0002696 positive regulation of leukocyte activation 5.21 9.05E-04 11
G0:0050673 epithelial cell proliferation 4.35 9.67E-04 13
G0:0050671 positive regulation of lymphocyte proliferation 7.61 1.01E-03 8
G0:0032946 positive regulation of mononuclear cell proliferation 7.55 1.07E-03 8
G0:0042325 regulation of phosphorylation 2.45 1.20E-03 27
G0:0050867 positive regulation of cell activation 5.03 1.20E-03 11
G0:0046631 alpha-beta T cell activation 7.37 1.23E-03 8
G0:0031341 regulation of cell killing 11.32 1.30E-03 6
G0:0050863 regulation of T cell activation 4.97 1.30E-03 11
G0:0070665 positive regulation of leukocyte proliferation 7.25 1.33E-03 8
G0:0010818 T cell chemotaxis 25.58 1.33E-03 4
G0:0016310 phosphorylation 2.11 1.39E-03 35
G0:0031349 positive regulation of defense response 4.89 1.44E-03 11
G0:0009719 response to endogenous stimulus 2.36 1.49E-03 28
G0:0001906 cell killing 8.57 1.49E-03 7
G0:0030595 leukocyte chemotaxis 6.09 1.49E-03 9
GO:0046651 lymphocyte proliferation 4.82 1.60E-03 11
G0:0051726 regulation of cell cycle 2.89 1.62E-03 20
G0:0032943 mononuclear cell proliferation 4.80 1.62E-03 11
G0:0002223 stimulatory C-type lectin receptor signaling pathway 49.34 1.71E-03 3
G0:0035747 natural killer cell chemotaxis 49.34 1.71E-03 3
G0:2000501 regulation of natural killer cell chemotaxis 49.34 1.71E-03 3
G0:0048585 negative regulation of response to stimulus 2.43 1.79E-03 26
G0:0001776 leukocyte homeostasis 8.22 1.79E-03 7
G0:1903037 regulation of leukocyte cell-cell adhesion 4.71 1.82E-03 11
G0:0060749 mammary gland alveolus development 21.93 2.17E-03 4
G0:0061377 mammary gland lobule development 21.93 2.17E-03 4
G0:0001932 regulation of protein phosphorylation 2.45 2.17E-03 25
G0:0007346 regulation of mitotic cell cycle 3.92 2.21E-03 13
G0:0070661 leukocyte proliferation 4.59 2.21E-03 11
G0:0002831 regulation of response to biotic stimulus 7.82 2.32E-03 7
G0:0001816 cytokine production 3.27 2.42E-03 16
G0:0001817 regulation of cytokine production 3.41 2.65E-03 15
G0:0045595 regulation of cell differentiation 2.20 3.17E-03 29
G0:0022407 regulation of cell-cell adhesion 4.04 3.20E-03 12
G0:0050670 regulation of lymphocyte proliferation 5.37 3.38E-03 9
G0:0045954 positive regulation of natural killer cell mediated cytotoxicity 19.19 3.46E-03 4
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G0:0032944 regulation of mononuclear cell proliferation 5.34 3.46E-03 9
G0:0055064 chloride ion homeostasis 38.38 3.50E-03 3
G0:0048247 lymphocyte chemotaxis 12.25 3.54E-03 5
G0:0006873 cellularion homeostasis 3.30 3.60E-03 15
G0:0002717 positive regulation of natural killer cell mediated immunity 18.42 3.95E-03 4
G0:0031399 regulation of protein modification process 2.20 4.08E-03 28
G0:0000280 nuclear division 3.25 4.09E-03 15
G0:0009605 response to external stimulus 2.03 4.11E-03 33
G0:1902531 regulation of intracellular signal transduction 2.24 4.14E-03 27
G0:0070663 regulation of leukocyte proliferation 5.15 4.24E-03 9
G0:0002706 regulation of lymphocyte mediated immunity 6.95 4.34E-03 7
G0:0009968 negative regulation of signal transduction 2.55 4.65E-03 21
G0:0002449 lymphocyte mediated immunity 5.08 4.65E-03 9
G0:0098771 inorganicion homeostasis 3.03 4.96E-03 16
G0:0046640 regulation of alpha-beta T cell proliferation 17.06 5.01E-03 4
G0:0044770 cell cycle phase transition 4.10 5.10E-03 11
GO:0002822 regulation of' adaptiv'e immune res?onse based'on soma.tic recombination of immune 515603 4
receptors built from immunoglobulin superfamily domains 6.72
G0:0045087 innate immune response 3.14 5.57E-03 15
G0:0002220 innate immune response activating cell surface receptor signaling pathway 31.40 5.96E-03 3
G0:0002366 leukocyte activation involved in immune response 4.86 6.15E-03 9
G0:0098542 defense response to other organism 3.45 6.46E-03 13
G0:0002263 cell activation involved in immune response 4.82 6.51E-03 9
G0:0007169 transmembrane receptor protein tyrosine kinase signaling pathway 3.24 6.62E-03 14
G0:1901987 regulation of cell cycle phase transition 4.77 6.88E-03 9
G0:0045089 positive regulation of innate immune response 5.42 6.90E-03 8
G0:0042592 homeostatic process 2.11 6.96E-03 28
G0:0006198 cAMP catabolic process 28.78 7.42E-03 3
G0:2000479 regulation of cAMP-dependent protein kinase activity 28.78 7.42E-03 3
G0:0048285 organelle fission 3.03 7.65E-03 15
G0:0030155 regulation of cell adhesion 3.02 7.90E-03 15
G0:0030003 cellular cation homeostasis 3.16 8.17E-03 14
G0:0046632 alpha-beta T cell differentiation 7.51 8.17E-03 6
G0:0002819 regulation of adaptive immune response 6.11 8.38E-03 7
G0:0060326 cell chemotaxis 4.61 8.47E-03 9
G0:0010564 regulation of cell cycle process 3.32 8.50E-03 13
G0:0010243 response to organonitrogen compound 2.74 8.50E-03 17
G0:0007167 enzyme linked receptor protein signaling pathway 2.65 8.50E-03 18
G0:0046633 alpha-beta T cell proliferation 14.39 8.50E-03 4
G0:0009617 response to bacterium 3.13 8.63E-03 14
G0:0002688 regulation of leukocyte chemotaxis 7.35 8.74E-03 6
G0:0007067 mitotic nuclear division 3.52 8.76E-03 12
G0:0007059 chromosome segregation 4,11 8.81E-03 10
G0:0031347 regulation of defense response 3.28 9.12E-03 13
G0:0010562 positive regulation of phosphorus metabolic process 2.46 9.35E-03 20
G0:0045937 positive regulation of phosphate metabolic process 2.46 9.35E-03 20
G0:0042269 regulation of natural killer cell mediated cytotoxicity 13.54 1.03E-02 4
G0:0055080 cation homeostasis 2.92 1.03E-02 15
G0:0071495 cellular response to endogenous stimulus 2.36 1.08E-02 21
G0:0050801 ion homeostasis 2.78 1.08E-02 16
G0:0044772 mitotic cell cycle phase transition 3.98 1.08E-02 10
G0:0050715 positive regulation of cytokine secretion 6.98 1.09E-02 6
G0:0051656 establishment of organelle localization 3.66 1.09E-02 11
G0:0055082 cellular chemical homeostasis 2.77 1.09E-02 16
G0:0002715 regulation of natural killer cell mediated immunity 13.16 1.10E-02 4
G0:0002695 negative regulation of leukocyte activation 5.64 1.20E-02 7
G0:0006874 cellular calcium ion homeostasis 3.60 1.23E-02 11
G0:0009628 response to abiotic stimulus 2.39 1.23E-02 20
G0:0009214 cyclic nucleotide catabolic process 23.03 1.26E-02 3
G0:0010648 negative regulation of cell communication 2.32 1.32E-02 21
G0:0002683 negative regulation of immune system process 3.56 1.32E-02 11
G0:0051653 spindle localization 12.45 1.32E-02 4
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G0:0051640 organelle localization 3.31 1.36E-02 12
G0:0023057 negative regulation of signaling 2.31 1.36E-02 21
G0:0002827 positive regulation of T-helper 1 type immune response 21.59 1.47E-02 3
G0:0002834 regulation of response to tumor cell 21.59 1.47E-02 3
G0:0002837 regulation of immune response to tumor cell 21.59 1.47E-02 3
G0:0048878 chemical homeostasis 2.35 1.50E-02 20
G0:0002685 regulation of leukocyte migration 5.37 1.50E-02 7
G0:0002687 positive regulation of leukocyte migration 6.46 1.50E-02 6
G0:0055074 calcium ion homeostasis 3.48 1.52E-02 11
G0:0097190 apoptotic signaling pathway 2.90 1.57E-02 14
G0:1901990 regulation of mitotic cell cycle phase transition 4.61 1.58E-02 8
G0:1901701 cellular response to oxygen-containing compound 2.46 1.65E-02 18
G0:0002418 immune response to tumor cell 20.32 1.70E-02 3
G0:0050769 positive regulation of neurogenesis 3.40 1.78E-02 11
G0:0045088 regulation of innate immune response 4.49 1.82E-02 8
G0:0002260 lymphocyte homeostasis 7.89 1.82E-02 5
G0:0072503 cellular divalent inorganic cation homeostasis 3.37 1.91E-02 11
G0:0002690 positive regulation of leukocyte chemotaxis 7.78 1.92E-02 5
G0:0050866 negative regulation of cell activation 5.10 1.93E-02 7
G0:0071868 cellular response to monoamine stimulus 19.19 1.95E-02 3
G0:0071870 cellular response to catecholamine stimulus 19.19 1.95E-02 3
G0:0010035 response to inorganic substance 3.13 1.98E-02 12
G0:0046058 cAMP metabolic process 6.01 2.04E-02 6
G0:1901136 carbohydrate derivative catabolic process 6.01 2.04E-02 6
G0:0046641 positive regulation of alpha-beta T cell proliferation 18.18 2.25E-02 3
G0:0045785 positive regulation of cell adhesion 3.52 2.36E-02 10
positive regulation of adaptive immune response based on somatic recombination of
G0:0002824 . . . . . . 2.48E-02 5
immune receptors built from immunoglobulin superfamily domains 7.29
G0:0006875 cellular metal ion homeostasis 3.04 2.48E-02 12
adaptive immune response based on somatic recombination of immune receptors built
G0:0002460 K . . ) 2.48E-02 8
from immunoglobulin superfamily domains 4.24
G0:0002347 response to tumor cell 17.27 2.57E-02 3
G0:0046634 regulation of alpha-beta T cell activation 7.20 2.58E-02 5
G0:0048872 homeostasis of number of cells 3.78 2.59E-02 9
G0:1901700 response to oxygen-containing compound 2.04 2.59E-02 24
G0:0043549 regulation of kinase activity 2.61 2.59E-02 15
G0:0050790 regulation of catalytic activity 1.82 2.72E-02 31
G0:0072507 divalent inorganic cation homeostasis 3.19 2.72E-02 11
G0:0051250 negative regulation of lymphocyte activation 5.62 2.72E-02 6
G0:0033993 response to lipid 2.41 2.72E-02 17
G0:0001922 B-1B cell homeostasis 46.05 2.72E-02 2
G0:0035701 hematopoietic stem cell migration 46.05 2.72E-02 2
G0:0070120 ciliary neurotrophic factor-mediated signaling pathway 46.05 2.72E-02 2
G0:1901660 calcium ion export 46.05 2.72E-02 2
G0:2000503 positive regulation of natural killer cell chemotaxis 46.05 2.72E-02 2
G0:1901698 response to nitrogen compound 2.40 2.76E-02 17
G0:0042113 B cell activation 4.09 2.92E-02 8
G0:0050678 regulation of epithelial cell proliferation 3.67 2.99E-02 9
G0:0002821 positive regulation of adaptive immune response 6.77 3.13E-02 5
G0:0045859 regulation of protein kinase activity 2.65 3.13E-02 14
G0:0055083 monovalent inorganic anion homeostasis 15.70 3.13E-02 3
G0:0071867 response to monoamine 15.70 3.13E-02 3
G0:0071869 response to catecholamine 15.70 3.13E-02 3
G0:0042327 positive regulation of phosphorylation 2.36 3.21E-02 17
G0:0032663 regulation of interleukin-2 production 9.21 3.26E-02 4
G0:0042267 natural killer cell mediated cytotoxicity 9.21 3.26E-02 4
G0:0000086 G2/M transition of mitotic cell cycle 6.62 3.39E-02 5
G0:0019725 cellular homeostasis 2.42 3.41E-02 16
G0:0002825 regulation of T-helper 1 type immune response 15.02 3.48E-02 3
G0:0002228 natural killer cell mediated immunity 8.86 3.71E-02 4
G0:0006578 amino-acid betaine biosynthetic process 38.38 3.74E-02 2
G0:0031536 positive regulation of exit from mitosis 38.38 3.74E-02 2
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G0:0072679 thymocyte migration 38.38 3.74E-02 2
G0:2000480 negative regulation of cAMP-dependent protein kinase activity 38.38 3.74E-02 2
G0:0009615 response to virus 3.89 3.78E-02 8
G0:0008277 regulation of G-protein coupled receptor protein signaling pathway 6.40 3.80E-02 5
G0:1901135 carbohydrate derivative metabolic process 2.19 3.80E-02 19
G0:0002507 tolerance induction 14.39 3.80E-02

G0:0042104 positive regulation of activated T cell proliferation 14.39 3.80E-02 3
G0:0042330 taxis 2.83 3.96E-02 12
G0:0007010 cytoskeleton organization 211 4.13E-02 20
G0:0032496 response to lipopolysaccharide 3.45 4.17E-02 9
G0:0040011 locomotion 1.95 4.17E-02 24
G0:0042742 defense response to bacterium 3.81 4.17E-02 8
G0:1902589 single-organism organelle organization 1.88 4.20E-02 26
G0:0044839 cell cycle G2/M phase transition 6.19 4.24E-02 5
G0:0010720 positive regulation of cell development 2.96 4.27E-02 11
G0:0032623 interleukin-2 production 8.37 4.27E-02 4
G0:0046425 regulation of JAK-STAT cascade 4.97 4.34E-02 6
G0:1904892 regulation of STAT cascade 4.97 4.34E-02 6
G0:0002698 negative regulation of immune effector process 6.12 4.34E-02 5
G0:0042752 regulation of circadian rhythm 6.12 4.34E-02 5
G0:0009154 purine ribonucleotide catabolic process 13.28 4.56E-02 3
G0:0018108 peptidyl-tyrosine phosphorylation 3.39 4.57E-02 9
G0:0001934 positive regulation of protein phosphorylation 2.33 4.63E-02 16
G0:1902105 regulation of leukocyte differentiation 3.71 4.65E-02 8
G0:0018212 peptidyl-tyrosine modification 3.36 4.72E-02 9
G0:0070669 response to interleukin-2 32.89 4.74E-02 2
G0:0044092 negative regulation of molecular function 2.18 4.83E-02 18
G0:0002832 negative regulation of response to biotic stimulus 12.79 4.93E-02 3
G0:0009261 ribonucleotide catabolic process 12.79 4.93E-02 3
G0:0036230 granulocyte activation 12.79 4.93E-02 3

Table A.5: Complete list of significantly enriched gene ontology categories for BM-PACs isolated
from peripheral blood.
GO terms are sorted in ascending order by adjusted p-value (or fold difference ratio, FDR).
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Gene Ontology Categories Peripheral Blood Bone Marrow
. Enrichment ‘ Enrichment |
GO Category GO Category Description . FDR Number of Genes . FDR Number of Genes
Ratio Ratio
G0:0045597 positive regulation of cell differentiation 3.11 3.10E-04 22 3.98 2.12E-03 18
G0:0051240 positive regulation of multicellular organismal process 3.03 1.05E-06 36 2.90 5.04E-03 22
G0:0051094 positive regulation of developmental process 2.70 3.02E-04 27 3.13 5.04E-03 20
G0:2000026 regulation of multicellular organismal development 2.34 4.19E-04 33 2.66 6.05E-03 24
G0:0045595 regulation of cell differentiation 2.20 3.17E-03 29 2.61 8.94E-03 22
G0:0007167 enzyme linked receptor protein signaling pathway 2.65 8.50E-03 18 3.68 5.88E-03 16
G0:0016310 phosphorylation 211 1.39E-03 35 2.35 1.17€-02 25
G0:0042325 regulation of phosphorylation 2.45 1.20E-03 27 2.70 1.64E-02 19
G0:0071495 cellular response to endogenous stimulus 2.36 1.08E-02 21 2.99 1.33E-02 17
G0:0001819 positive regulation of cytokine production 4.84 2.19E-04 14 4.87 2.23E-02 9
G0:0007169 transmembrane receptor protein tyrosine kinase signaling pathway 3.24 6.62E-03 14 3.99 2.23E-02 11
G0:0001817 regulation of cytokine production 3.41 2.65E-03 15 3.91 2.34E-02 11
G0:0019220 regulation of phosphate metabolic process 243 4.13E-04 31 2.45 2.68E-02 20
G0:0071310 cellular response to organic substance 2.95 2.46E-08 47 2.26 2.69E-02 23
G0:0051174 regulation of phosphorus metabolic process 2.42 4.19E-04 31 2.45 2.69E-02 20
G0:0006468 protein phosphorylation 2.29 7.27E-04 32 2.35 2.93E-02 21
G0:0050790 regulation of catalytic activity 1.82 2.72E-02 31 2.30 1.51E-02 25
G0:0031347 regulation of defense response 3.28 9.12E-03 13 3.95 3.36E-02 10
G0:0001932 regulation of protein phosphorylation 2.45 2.17E-03 25 2.61 3.49E-02 17
G0:0001816 cytokine production 3.27 2.42E-03 16 3.52 3.86E-02 11
G0:0010720 positive regulation of cell development 2.96 4.27E-02 11 4.63 8.94E-03 11
G0:0040011 locomotion 1.95 4.17E-02 24 2.54 2.22E-02 20
Development and Differentiation
Cytokine Production and Signaling
Phosphorylation and Metabolism
Cytoskeletal Regulation

Table A.6: List of significantly enriched GO categories shared by BM-PACs isolated from both
peripheral blood and bone marrow
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