Profilin-1 as a Regulator of VVascular Endothelial-Immune Cell Crosstalk

by
Abigail Gondringer
B.S. Chemical Engineering, Ohio University, 2017

M.S. Biomedical Engineering, Ohio University, 2018

Submitted to the Graduate Faculty of the
Swanson School of Engineering in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2023



UNIVERSITY OF PITTSBURGH

SWANSON SCHOOL OF ENGINEERING

This dissertation was presented

by

Abigail Gondringer

It was defended on
November 9, 2023
and approved by
Dr. Partha Dutta, DVM, Ph.D., Associate Professor, Department of Medicine
Dr. Sanjeev Shroff, Ph.D., Professor, Department of Bioengineering
Dr. Sunder Sims-Lucas, Ph.D., Associate Professor, Department of Pediatrics
Dr. Walter Storkus, Ph.D., Professor, Department of Immunology

Dissertation Director: Dr. Partha Roy, Ph.D., Professor, Department of Bioengineering



Copyright © by Abigail Gondringer

2023



Profilin-1 as a Regulator of Vascular Endothelial-Immune Cell Crosstalk
Abigail Gondringer, PhD

University of Pittsburgh, 2023

Actin cytoskeleton plays a key role in vascular endothelial cell (EC) integrity. Cytoskeletal
changes promote EC dysfunction and vascular infiltration of immune cells during inflammation.
The overall goal of this dissertation is to study the role of Profilinl (Pfnl), an actin monomer
binding-protein and an important regulator of actin cytoskeletal dynamics, in vascular EC-immune
cell crosstalk. To this end, we generated an inducible vascular-EC-specific Pfn1 knockout mouse
model. We demonstrated that triggering widespread deletion of vascular EC Pfnl in adult mice
leads to severe health complications presenting overt pathologies (EC death, infarct, and fibrosis)
in major organ systems and evidence for inflammatory infiltrates, ultimately compromising the
survival of animals within 3 weeks of gene ablation. Mice deficient in EC Pfnl exhibit selective
bias towards the pro-inflammatory myeloid-derived population of immune cells, a finding further
supported by systemic elevation of pro-inflammatory cytokines. Triggering Pfnl depletion not
only upregulates pro-inflammatory cytokine/chemokine gene expression in EC (a finding
consistent with elevated STAT1/interferon signaling) but also potentiates the paracrine effect of
EC on pro-inflammatory gene expression in macrophages. Collectively, these findings for the first
time demonstrate a prominent immunological consequence of loss of EC Pfnl, and an
indispensable role of EC Pfnl in mammalian survival unlike tolerable phenotypes of Pfnl loss in
other differentiated cell types. Finally, we examine the impact of haplo-insufficiency of EC Pfnl
in a vascular disease context utilizing a mouse model of atherosclerosis, where reduced cytotoxic
T cells and elevated B cell populations, paired with reduced pro-atherogenic cytokines CXCL10

and IL7, offer some support for partial EC Pfnl deletion in modulating chronic inflammation.
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1.0 Introduction

The content of this section is published in part.
Reference: Abigail Allen, David Gau, Partha Roy. “The role of Pfnl in cardiovascular
diseases”, Journal of Cell Science, Volume 134, Issue 9, May 2021, jcs249060.

1.1 Profilin and its Isoforms

Profilins (Pfns) are small (~15kDa) proteins that are expressed in eukaryotes[1]-[5], some
parasites[6]-[9], and viruses[10], [11], and are present as a variety of isoforms[12], [13]. Typically,
one to two isoforms of Pfn are present in unicellular organisms, though four have been identified
in mammals (Pfn1-4), specifically human and mouse. It is expected that Pfns existed prior to
viral/eukaryotic divergence, due to structural similarity and similar folding conformation amongst
Pfn isoforms and species, even when amino acid sequence similarity is low[14], [15]. For instance,
Chlamydomonas reinhardtii Pfn, or CrPRF, in unicellular alga[8], has high G-actin affinity
similar to Pfnl, while showing low affinity for poly-L-proline and phosphoinositides[8]. CrPRF
also inhibits nucleotide exchange, underscoring a similar base functionality of Pfns, while still
highlighting species-specific Pfn evolution. Thus, the emergent picture is that different Pfns have
developed to have functions suited to the need of their specific cell type, species, and
localization[8].

Of the mammalian isoforms, Pfnl is present constitutively, while others (i.e. Pfn2, Pfn3,
Pfn4) are tissue specific or constitutively present at reduced levels [14]. Though structurally
similar, Pfn isoforms may both diminish and compound similar cellular functions. For instance,

Pfn1 has an affinity for actin five times higher than that of Pfn2[13]., while Pfn2, a lower expressed
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Pfn in non-neuronal cells, has a demonstrable impact on cell motility at concentrations an order of
magnitude less than that of Pfn1[16]. For instance, Pfn2 demonstrated an anti-migratory effect in
breast cancer cells (MCF10A and SUM159) by increased actomyosin contractility, while depletion
of Pfnl demonstrated a similar effect[16]. The molecular difference between Pfnl and Pfn2 is
most obvious in the generation of Pfn2 splice variants. Pfn2, a classically neuronal Pfn, undergoes
alternative splicing, generating four splice variants. Two of these, Pfn2a and Pfn2b, can be found
at reduced concentration in most non-neuronal tissue types [17]. While both isoforms are critical
to proper development of the neuronal structure, neurons will still develop with knockout or
overexpression of either isoform[18]. Splice variants are also known to interact with other Pfns in
development. Specifically, the Pfn2a splice variant cooperates with Pfnl in the development and
fine tuning of the neuronal architecture in murine neurons[18]. Another recently discovered
variant, Pfn3, had comparable homology to Pfnl and Pfn2 and also interacted with actin and poly-
L-proline[19]. However, Pfn3 is highly tissue specific, with expression limited to kidney and
testis[19]. Similar to Pfn3, Pfn4 has limited role in gamete production as evidenced by mouse
spermiogenesis[20]-[22]. Pfn4’s sequence domain also has structural similarities to Pfnl, and
both are 95% superimposable upon the other, even with low sequence similarity[23]. Due to
limited expression of Pfn3 and Pfn4 outside of testes, further literature review and research

conducted in this dissertation focused primarily on Pfn1, with some review of Pfn2.

1.2 Biochemical Properties and Cellular Functions of Pfnl

Originally discovered as an actin sequestering protein[2], research has unveiled a diverse

functionality of Pfn. Classically, Pfn facilitates actin monomer shuttling to and from actin



filaments. Specifically, Pfn will assemble or disassemble an actin filament depending on the end
with which it interacts. Pfn extends actin filaments along the barbed (+) end and dissociates on the
pointed (-) end. However, different concentrations and conditions will influence Pfn’s interaction
with monomeric (G-actin) and filamentous (F-) actin. High concentrations of Pfnl depolymerize
barbed ends of actin filaments at a much faster rate than the spontaneous dissociation of Mg-ATP,
Mg-ADP, or Mg-AMP associated actin subunits[24]. However, assembly of actin filaments from
ADP-actin:Pfn1 monomers is only 10% faster than that of unaided ADP-actin monomers, and Pfn
does not influence rate of elongation of actin filaments compared to unbound AMP-actin[24].
Thus, Pfn displays discrimination between types of actin, potentially due to conformational
differences between monomers and the barbed end of filaments [24].

Mutating various Pfnl residues influences its interaction with actin in actin:Pfnl monomers,
as well as polymerization/depolymerization of actin filaments[25]. In H119E-Pfn1, actin-binding
functionality of Pfnl is blocked, likely due to the amino acid substitution preventing close
interaction of actin and Pfnl and abrogating Pfnl:actin binding [25]. Binding of Pfn1 to the actin
filament barbed end is governed in part by sterics, with a crowding actin mutation (A167E) leading
to increased actin:Pfn interface packing, and defective cell growth and mitochondrial function[26].
Other mutations influence polymerization functionality of Pfn1, as K125N-Pfn1 directly impacts
the actin:Pfnl interaction by preventing polymer formation [25]. P1(4,5)P2 may also aid in
accelerating Pfnl release from polymerized actin [25]. When a smaller functional Pfn with Y79S
mutation is utilized with the mutated actin, Pfn:actin interaction is restored through sterics, and
not through increased functionality of the mutated profilin or through improved association with
formins[26]. Mutations may also lead to several and stacking defects in Pfnl function.

Specifically, residues like H133S abolish polyproline binding ability of Pfnl, in addition to



reducing actin binding affinity of Pfn1[25]. These point mutations suggest variable functional
contributions in the abrogation of Pfn1 function.

Additionally, Pfn is known to bind poly-L-proline (PLP) [27] and phosphatidylinositols (PPI)
at the cell membrane. The interface between Pfn and PLP is primarily hydrophobic, with two
tryptophan residues critical to the interaction due to their conservation across species[28]. The
localization of structural changes indicates a site-specific change in PLP conformation to bind Pfn,
specifically in strand F of the beta-sheet of PLP between the NH2 and COOH terminal helices[28].
Select PIPs may also have a direct interaction with actin filments, or Pfnl itself.
Phosphatidylinositol 4,5 bisphosphate (P1P(4,5)P2) has been shown to have an active relationship
in actin filament formation at the cell membrane[29]. For instance, residues R88 and R136 of Pfnl
are important to PI(4,5)P2 binding[30]. Indeed, both Pfnl and Pfn2 bind to PIP(4,5)P2 at
comparable concentrations[13]. Pfn has also been shown to compete against phospholipase-C
(PLC) for binding to PIP(4,5)P2, thus preventing PIP2 hydrolysis and implying Pfn as a negative
regulator of PIP signaling[31]. Collectively, these findings demonstrate that Pfn is a functionally

diverse molecule.

1.3 Role of Pfnl in Physiology

Assembly and disassembly of the actin cytoskeleton is a dynamic, carefully regulated
process. Actin filament assembly dynamics take place at physiological concentration of Pfn-actin
dimers to limit growth by dissociation of Pfn, even at a saturated concentration of actin-Pfn
dimer[32]. Weakly actin-binding Pfns (E82A, R88K) elevated dynamic filament growth and

regulation, while tightly actin-binding Pfns (K125E+E129K) reduced filament elongation rate[32],
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supporting a role for weakly binding Pfns in dynamic actin filament regulation and growth. In
addition to functional Pfn regulation, release is further mediated by the FH2 domain of formin
actin polymerases that accelerate actin filament elongation[32]. It is likely that mammalian cells
maintain a Pfn-actin concentration near saturated levels so that actin filament dynamics are
constrained, not by diffusion or concentration, but rather by kinetics of Pfn release. Ideally, Pfn
binds weakly to ATP-F-actin, but strongly to ATP-G-actin, further facilitating dynamic actin
assembly[32]. Specifically, elevated levels of Pfn positively correlate with elevated levels of F-
actin within cells[33].

Further, Pfn has an emerging role in regulating dendritic spine formation. Pfn has been
found in dendritic spines post-synaptic stimulation[34] and actin filament treadmilling in the spine
head is critical to synaptic growth[35]. In spine development and maturation, Pfns play differential
roles, with Pfnl important to spinogenesis and expression profile in mature spines, and Pfn2a is
central to spine stability and plasticity, as well as synaptic function[36]. Exogeneous delivery of
urokinase-type plasminogen activator (UPA, promotes spine recovery) induced Pfn expression in
dendritic spines and stabilized dendritic filopodia[37]. Additionally, the pre-synaptic protein
Piccolo binds Daaml (formin) which contacts Pfn2 for interaction and subsequent
polymerization[38]. F-actin in particular will localize in the dendritic spine[39] and monomeric G-
actin is enriched in the dendritic spine by a PIP3-dependent pathway mediated in part by
Pfn(1/2)[40]. Mutations in Pfn have demonstrated defects in growth cone formation, arresting
outgrowth[41]. Similar behavior has been observed for Pfnl, as Pfnl coordinates the actin
cytoskeleton and microtubules in the growth cones of axons, promoting axonal growth and
regeneration[42]. Indeed, delivery of Pfnl has been shown to stimulate axonal regeneration,

offering Pfnl as a therapeutic target for treating the injured nervous system[42].



There are a variety of proteins that function similarly to Pfn. One of these proteins,
twinfillin, plays an important role in endocytosis, vesicular secretion, ADP-actin monomer
complex formation, and PI(4,5)P2 interaction[43]. Like Pfn, twinfillin is present in various species,
such as yeast, mouse and drosophila. However, twinfillin does not bind actin filaments or promote
depolymerization, and may be designed to recycle ADP-actin monomers to actin filament
sites[43]. Another Pfn, Pfn2, associates with dynaminl via PLP rich dynamin binding sites. Pfn2
binding to dynaminl may inhibit PIP binding, thus preventing ternary complex formation in
membrane trafficking and signal transduction [44]. This binding interferes with SH3 binding of
SH3 ligands (i.e. endophilin, amphyphysin, Grb2, other endocytic associated proteins), where Pfn2
overexpression inhibits endocytosis, and lack of Pfn2 increases endocytosis and recycling of
membrane components.

Pfn-like proteins also have a demonstrated role in immune response. Indeed, early reports
posited that the Pfnl plays a critical role in lymphocyte function-associated antigen (LFA)-
mediated adhesion of T lymphocytes to the endothelium, through P13 kinase activation leading to
actin assembly[45]. This has been demonstrated for other forms of Pfns (T. gondii)[6].
Specifically, mice with chronic T. gondii infection demonstrated improved ability to survive co-
infections, potentially through activation of toll-like receptor-11 (TLR11)[46]. Indeed, parasitic
isoforms of Pfns [6], [47]-[49] have demonstrated that Pfn vaccines can be used as immune
adjuvant to excite immune cells response and protect host survival. This improved survival is
expected through the action of the TLR11/12 ligand T. gondii profilin (TgPRF), that helps reduce
bacterial infection[47]. TgPRF stimulation of TLR11 promotes production of MCP-1 and
migration of Ly6C" CCR2* monocytes, providing protection against pathogens unrelated to T.

gondii[47]. Balb/c mice immunized with the parasitic variant of Pfn, then infected with N.



caninum, showed moderate protection from infection as well as regulatory T cell and dendritic cell
activity through an unknown mechanism[7]. To further support this finding, Ly6G" neutrophils
produce TNFa and iNOS, with migration dependent on MCP-1 and CCR2 presence[47],
demonstrating a requirement for proinflammatory cytokines and chemokines to stimulate
activation of lymphocytes.

Additionally, Pfn plays an apparent role in wound healing (requires promotion of anti-
inflammatory response), underscoring a context-specific role for Pfnl in inflammation. It has been
shown that Pfn deficiency leads to defects in cell migration and adhesion[50] and that chickadee
(Drosophila Pfn) is a critical element in wound closure[51]. Embryos deficient in chickadee fail
to utilize the Jun N-terminal (JNK)-pathway, leading to incomplete wound closure due to
inappropriate cytoskeletal rearrangement[52]. Loss of JNK pathway regulation impairs Pfn
function, leading to impaired wound closure and cytoskeletal recruit of differentiated cells via actin
cytoskeletal recruit[51]. These findings reveal a role for Pfnl in inflammation that offers a

fascinating opportunity for investigation.

1.4 Role of Pfnl in Inflammation and Pathology

Pfns have been implied in various pathologies stemming from a critical regulatory role in
actin shuttling as well as interaction with PLP and PIPs, with the range of pathologies presented
in Figure 1. Interestingly, the association of Pfn1 level with pathology is variable across diseases,
even within different forms of cancer. In the context of triple negative breast cancer (TNBC), a
normal level of Pfn aids in tumorigenic ability of TNBCs, as either overexpression (OE), or total

knockdown (KD), of Pfn limits the stem-like phenotype of cancer cells, and thus the tumor
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initiating potential of these cells [53]. To underscore this finding, reduced Pfnl:actin interaction
also reduces renal cancer tumor growth[54]. For instance, it has been shown that elevated
cytoplasmic Pfnl expression in metastatic clear cell renal cell carcinoma (ccRCC) is associated
with high grade and stage, and reduced progression-free survival[55]. Elevated expression of Pfnl
is especially evident in metastatic versus primary RCC[56], and serves as a candidate late stage
marker for ccRCC[57]. Pfnl is also not overexpressed in normal adjacent kidney tissue, but
overexpressed in RCC tissue and RCC-associated stromal tissue[58]. As such, the role of Pfnl is
context specific and regulated by various residues, as seen by variable phosphorylation of Pfnl
residue S137[59]. S137 phosphorylation enhances the oncogenic properties of MCF-7 breast
cancer cells[59]. Perturbing different binding functionalities of Pfn1 can also induce contrasting
effect. Disturbing actin binding ability by mutating residue R74 (R74E) enhances tumor
development, though disturbing PLP binding (H133S mutation) has the opposite effect[59].

A number of neurological deficiencies display dysregulated Pfn expression, such as
FMRP[36], [60], Parkinson’s Disease, PARK15 (Pfn2 overexpression or nuclear transport)[61],
[62], Charcot-Marie-Tooth type 2 (CMT2) (decreased Pfn2 expression in lymphoblasts and
neurons from affected individuals) [63] and Miller-Dieker syndrome (lissencephaly) (17p13
deletion affects Pfn function(17p13.3)[4]. Various mutations in Pfnl have also been discovered in
ALS[64]-[67]. Genetic characterization of ALS patient cohorts found Pfnl mutations at p.A20T,
M114T, G118V, and p.Q139L[64], C71G[64], [65], p.TL09M[67], p.Q117G[67], pR136WI[68],
p.L88L[68], p.E117D[69], H120E[70], rs13204[68], and E117G[65], [66], [69], [71]-[73], with
some of these mutations (G118V, C17G) being validated in mouse models[74]-[78]. It appears
that all pathogenic mutations have some propensity to aggregate, leading to ALS disease

features[79]. Pfnl mutations found in ALS typically lie near conserved actin and/or PLP binding



residues and adversely influence Pfnl interaction with poly-proline and/or actin[80]—[82]. Indeed,
studies conducted in Drosophila found that WT Pfnl delivery improved filopodia formation, F-
actin content, and synaptic formation as compared to ALS-causing Pfnl variants C71G and
M114T, suggesting loss of function mutations[83]. Further, Huntington’s disease (HD) patients
have reduced Pfn expression in cortical tissues, as well as in in vitro and in vivo models[84].
Specifically, Pfn is degraded around mutant htt leading to an imbalance of F/G-actin, while
restoration of Pfn in Drosophila repairs toxic effects from htt[84], [85], a finding supported in a
HD rodent model[86]. Additionally, protein-protein interaction has been discovered between Pfn2
and htt[87]. Finally, in a yeast model of spinal muscular atrophy (SMA), tdSMN (splicing defects
in Pfn) S. pombe develop overly extensive actin networks that are difficult to depolymerize[88].
Of note, SMN knockdown alters Pfn2 expression, specifically increasing Pfn2a isoform present in
neuronal cells[89]. Both Pfns appear to interact with SMN through utilization of Pfn polyproline
domains, though Pfn2 binds more strongly than Pfn1[90]. Pfn2a binds to proline motifs in SMN,
and S230L SMN variant disrupts Pfn2a:SMN interaction[91]. It appears that Pfn2 and SMN co-
localize in neurite outgrowth, while knockdown of Pfn1 and Pfn2 inhibited neurite outgrowth, and
disruption of SMN levels led to dysregulation of Pfn1-mediated microfilament growth[92]. SMN-
depleted U87MG astroglioma cells also presented abnormal RhoA/ROCK pathway activation and
increased Pfnl, demonstrating that both Pfnl and Pfn2 are regulated in part by SMN[93], though

to different degrees.
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Figure 1. Schematic highlighting the role of Pfnl in a variety of diseases.
Broadly, Pfnl dysregulation is present in cardiovascular diseases, cancer, neurological disorders, and bone
disease, though the degree to which Pfnl contributes may need further investigation. Created with

biorender.com.

1.5 Involvement of Pfnl in Cardiovascular Diseases

The role of Pfnl in biochemical and physiological regulation, and its dysregulation in the
context of a variety of inflammatory pathologies, support its utility in further pathological studies.
Additionally, the actin cytoskeleton aids in functional endothelial regulation, with an essential role
attributed to Pfnl. Paired with past research revealing a role for Pfnl in immune regulation, the
role of Pfn1 in endothelial and immune cell regulation, specifically in the context of cardiovascular

disease, was considered in further detail.

10



1.5.1 Atherosclerosis

Atherosclerosis is a disease of medium and large arteries, where vascular wall alteration
characterized by local cholesterol accumulation, endothelial dysfunction, and inflammation lead
to formation of atherosclerotic plaques as seen in Figure 2[94], [95]. Typically, fatty streaks
develop into fibrotic plaques, as lipid-rich macrophages infiltrate the vascular intima and smooth
muscle cells create layers and form occlusive fibrotic lesions[3]. Plagues are capped by connective
tissue, which embeds the core of lipids, necrotic debris, and vascular smooth muscle cells
(VSMCs), monocyte-derived macrophages, and activated T lymphocytes[96]. In Westernized
society, heart disease and stroke are the most common cause of death[97]. For instance, ischemic
heart disease, one possible complication of atherosclerosis, has a mortality rate of approximately
100-200 out of 100,000 in the United Kingdom. Though mortality rate has been decreasing in
developed countries since the 1950s[98], ischemic heart disease remains the leading cause of death
globally[99].

The Rotterdam study provided human data linking arterial stiffness and
atherosclerosis[100]. In aged adults, increased aortic stiffness demonstrated increased coronary
calcification[100]. Healthy vasculature in ApoE”- mice also had higher stiffness (77kPa) than that
present in the soft, foam cell and lipid-loaded lesion (~2-10kPa)[101], [102]. Atherosclerosis is
also a flow-based pathology, as lesions lead to perturbed flow at vascular junction points[103].
YAP/TAZ (mechanotransducer) activation aids in atherogenesis in the presence of disturbed flow,
while YAP/TAZ knockdown reduces inflammatory characteristics of endothelial cells[104], as
knockdown of YAP/TAZ in leukocytes reduced expression of VCAM-1 and limited

leukocyte:endothelial cell adhesion[105].
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Proteomic study of aortic degeneration found an association with the cytoskeleton
(calponin, actin, Pfn)[106], and recent findings support a role for the actin cytoskeleton in
atherosclerosis. For instance, deletion of calponin 2, an actin filament-associated protein, in
macrophages may lead to an attenuated phenotype of atherosclerosis, as calponin 2 deletion
attenuates release of inflammatory cytokines present in atherosclerosis (M-CSF, IL3, ILa and
VEGF)[107]. Indeed, BMP-2 overexpression increased VSMC migration and induced myosin
expression[108], and enhanced proliferation and migration of hypoxic VSMCs via the
actin/CD44/MMP-2 pathway[16]. Additionally, elevated membrane cholesterol content increased
VSMC stiffness and adhesion, while cholesterol-depleted VSMCs and those cultured on soft
substrate produced reduced stiffness and adhesion, as well as cytoskeletal disorganization[17].
Thus, as the arteries and surrounding matrix stiffen with age, atherosclerosis may develop
further[109].

Emerging data has shown a specific role for Pfn in inflammation. For instance, Pfnl
expression increases under chronic inflammatory conditions[110]-[112]. In an in vitro assay, flow
induces cytoskeletal stress within endothelial cells[113]. Specifically, homocysteine (elevated in
atherosclerosis) in HUVEC subjected to flow conditions led to elevated expression of Pfn1, though
only in the presence of homocysteine[114]. Interestingly, Pfn1 is highly overexpressed in human
atherosclerotic plaques as compared to the normal adjacent vessel wall, with serum levels of Pfnl
correlating with disease severity[111]. This is observed in stromal cells, where presence of
extracellular Pfnl increases DNA synthesis and chemotaxis in VSMCs, supporting a role for
extracellular Pfn1 as an atherogenic mediator[111]. This elevated Pfnl expression also correlated
with the F4/80 macrophage marker[112]. Promising data shows that this trend can be reversed by

attenuating Pfn expression. PfnHet (single allele expression in all cell types) LdIr”- mice fed a high
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cholesterol diet (HCD) showed reduced atherosclerotic lesion size, macrophage accumulation, and
CD36 (fatty acid import) expression and oxLDL uptake macrophages[110]. Additionally, eNOS

activation and NO signaling were apparent in PfnHet mice, displaying preserved endothelial

function[110].
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Figure 2. Pfnl’s role in atherosclerosis.

Atherosclerosis is typified by vascular wall hardening, plaque formation and vascular occlusion, and
endothelial dysfunction. Pfnl influences the behavior of multiple cell types by mediating vascular
permeability, angiogenesis, NO signaling, among others. Briefly, hypoxic conditions promote HIFl1a
production and thus VEGF stimulation. VEGF facilitates actin:Pfnl interaction, which can then lead to stress
fiber formation, endothelial dysfunction, and vascular permeability. Actin:Pfnl interaction also promotes
angiogenesis, potentially from the vasa vasorum, leading to further nutrient delivery to, and growth of, the
plaque. The specific mechanism of action of Pfnl in atherosclerosis is unclear. Extracellular release of Pfnl
may lead to uptake of Pfnl by ECs or leukocytes, enabling immune homing and invasion at sites of vascular
permeability. This may be mediated by a specific or non-specific cell-surface receptor for Pfnl. Following

VSMC death, elevated Pfnl may contribute to medial degeneration by blocking VSMC autophagy.
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1.5.2 Hypertension

Hypertension (high blood pressure) has a mortality rate of 20 in 100,000 in the form of
hypertensive heart disease[99]. Primary causes of hypertension are typically age[98], general
adiposity[115], and salt intake. In 1959, a large population study in Framingham, MA, US
determined some correlation between cardiovascular disease and hypertension[116] and an
increase in cardiovascular events are observed in patients with increased blood pressure upon
follow-up[117]. Specifically, systolic hypertension correlated with older and elderly patients,
while diastolic hypertension predominated in the under 45 age group[118]. Large artery stiffness
in the elderly is supported as a risk factor for cardiovascular disease, and further findings showed
that antihypertensive therapy reduced cardiovascular morbidity in elderly patients with systolic
high blood pressure[119].

Similar behavior of the actin cytoskeleton and Pfn is present in pulmonary hypertension,
where upregulation of Pfnl, cofilin, and LIMK2 (regulates actin remodeling) lead to remodeling
of actin filaments, and increased vascular resistance, as well as enhanced VSMC invasion[76].
Stress fiber formation has also been observed, suggesting a role for triggering vascular remodeling
through some internal mechanical stress[120]. Elevated Pfnl expression significantly correlates
with untreated hypertensive patients[121]. This finding has been supported in spontaneous
hypertensive rats (SHR) injected with adenoviral Pfn1 vector, where higher Pfnl expression in the
thoracic artery led to increased systolic blood pressure and vascular wall thickening[122]. Further,
endogenous Pfnl is elevated in the hypertrophic myocardium of SHR rats[123]. Adenoviral
overexpression of Pfnl induces cardiomyocyte hypertrophy[124], while myocardial hypertrophy
is limited by Pfnl silencing[125]. Indeed, ouabain increased Pfnl expression in Sprague-Dawley

rats[126], and in a rat model of ouabain-induced hypertension, blockade of Pfnl expression
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reduced cerebral vascular damage[127]. Pfnl1 is primarily present in the cytoplasm, particularly
near the nucleus of cardiomyocytes, with moderate expression within VSMCs[123]. This appears
to indicate association of Pfnl with cardiac vasculature, particularly in dysfunction.

A significant increase in arterial remodeling was observed in Pfnl overexpressing SHR
rats[128]. Pfnl transgenic mice demonstrate contractile dysfunction specific to the left
ventricle[129]. Pfnl overexpressing transgenic mice likewise had increased Rho/ROCK Il
signaling in mesenteric arteries, inhibited eNOS signaling, vascular hypertrophy and high blood
pressure[130]. Elevated Jnk kinase offers further support for upregulation of hypertrophy[30]. It
is also important to note that in acute myocardial infarction (potential complication of
hypertension), an elevated level of Pfnl is secreted when platelets aggregate in the coronary
thrombus, with the amount of Pfnl increasing the longer the thrombus is occluded[131]. Given its
role in cardiovascular ailments of several varieties, this research suggests a role for Pfnl
throughout disease pathogenesis.

It is postulated that Pfn1 expression is increased in in hypertension through angiotensin |1
(Angll), potentially via JAK2/STATS3 signaling pathway[132]. Angll-induced aortic inflammation
increased Pfnl expression, which is enhanced following ACE2 deficiency[133]. Interestingly,
knockdown of Pfnl reduces Angll-induced VSMC proliferation, in addition to blocking ERK1/2
phosphorylation and superoxide production[134]. Overexpression of Pfnl or R88L-Pfnl in
vasculature led to elevated phosphoERK1/2 and increased systolic and mean blood pressure in
FVB mice[120]. Increased Pfnl expression also reduces eNOS Ser1177 phosphorylation and NO
release in SHR rats[123], indicating impaired endothelial function[125]. Other research has found
that Pfnl overexpression promotes phosphorylation of p38, oxidative stress and

hypertension[128]. This would suggest that Pfn1 is upregulated in hypertension through activation
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Angll-mediated inflammatory pathways and can be mediated either by an Angll or some
downstream inhibitor, such as one against Pfnl. Potential contributing mechanisms of action of

Pfnl in hypertension are presented in Figure 3.
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Figure 3. Pfn1’s role in hypertension.

Hypertension is characterized by VSMC migration, proliferation, and hypertrophy. Angiotensin Il induction
may lead to elevated Pfnl expression and facilitate overactivation of hypertrophic signaling pathways.
Increased Pfnl increases actin polymerization and thus activation of ERK, p38, and ROCKII, that promote
VSMC proliferation and contraction. Activation and transport of Pfnl to the leading edge by Abi/cortactin is

mediated through PPI interaction, causing VSMC migration.

1.5.3 Diabetes

Diabetes and dyslipidemia are major risk factors for atherosclerosis. Approximately one
third of the adult population (both male and female) in the United States is considered obese
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(BMI>30)[135], and 12-14% of the U.S. adult population may be afflicted by diabetes[136].
Diabetes, given its endothelial and vascular abnormalities, predisposes patients towards
atherosclerosis-related mortality and morbidity[137]. Alongside atherosclerosis, endothelial
dysfunction is a contributing factor to diabetic vascular disease. For instance, type 2 diabetics with
no history of heart attack have the same likelihood as a non-diabetic who has suffered a heart
attack[138]. Additionally, insulin has an anti-atherogenic effect in ApoE”- mice, as insulin reduces
peroxide and cholesterol production by macrophages[138].

Indeed, Pfn may be a factor contributing to development of diabetes[139]. Profilin-like
protein may be involved in blood glucose regulation[140]. Further, obese women observed in a
proteomic study of protein content of adipose tissue had elevated Pfnl expression, specifically in
elderly patients[141]. In mesangial cells, exposure to high glucose leads to an increase in Pfnl
expression[142]. In an in vivo diabetic study, high fat diet (HFD) in C57BL/6J mice led to elevated
Pfnl expression in epididymal and white adipose tissue[112]. PfnHet mice fed HFD had blunted
inflammatory cytokines, decreased accumulation of macrophages in adipose tissue, and preserved
regulatory T cells[112]. These data provide preliminary evidence for a role mediated by Pfnl in
diabetes, specifically in blunting inflammatory response.

An early indicator of both forms (type I and I1) of diabetes is diabetic retinopathy[53]. Pfn1
is elevated in the diabetic retinal or aortic endothelial cells[54]. In this capacity, elevated Pfnl
contributes to proliferation of microvessels in the retina, which may be balanced by preventing
onset of elevated Pfn1 expression[143]. In rats with diabetic retinopathy, angiopoietin-like protein-
4 (ANGPTL-4; a regulator of inflammation and angiogenesis) is elevated, leading to activation of
the Pfnl-signaling pathway and induction of diabetic retinopathy[55]. 7-ketocholesterol

(oxysterol) was used to stimulate endothelial cells, eliciting Pfn1 expression as well as recruitment
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of STAT3 and other coregulatory factors to the profilin promoter at the oxysterol sensitive
site[144], [145].

Additionally, a key cause of mortality and morbidity in diabetes, diabetic cardiomyopathy,
may be regulated in part by Pfn1[146]. Pfn1 overexpression triggered elevated ICAM-1 expression
and reduced VASP phosphorylation, as well as endothelial cell apoptosis in cultured rat aortic
cells[147]. While LDL and oxysterols lead to Pfn1 overexpression, inhibiting Pfn1 synthesis limits
LDL-mediated ICAM-1 expression[147]. Exogenous AGEs (influence inflammation and
endothelial dysregulation) delivered to Sprague-Dawley rats initiated cardiac dysfunction, which
was reduced in Pfnl-knockdown rats[148]. AGEs-treated HUVEC had induction of Pfnl
expression, alongside increased activation of the RhoA/ROCK pathway[149]. RhoA appears to
further activate ROCK as well as its targets mDia and Pfnl, leading to endothelial dysfunction
observed in diabetic retinopathy[150]. Additionally, when ROCK activation is inhibited, AGE-
induced cardiac hypertrophy is mitigated, and Pfnl overexpression is reduced. These findings
suggest that Pfnl signaling pathways play an essential role in the development and perpetuation

of diabetes as per Figure 4.
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Figure 4. Pfnl’s role in diabetes is multilayered.

Elevated oxysterol present in diabetes binds OSBP-1, leading to Jak2 binding and phosphorylation of OSBP-
1 at Tyr-394. OSBP-1-Jak2 binding complex then facilitates binding, Jak-mediated phosphorylation and
activation of STATS3, and translocation into the nucleus. STAT3 is thus primed to bind the Pfnl promoter
and stimulate gene expression. In diabetic retinopathy, high glucose and HIF-1a activation lead to
angiopoietin-like protein-4 (ANGPTL-4) elevation and Pfnl signaling pathway activation. Pfnl activation
may then reduce PKC activation, blocking VASP phosphorylation and activation. Reduced VASP
phosphorylation and reduced NO signaling may facilitate elevated vasodilation, ICAM-1 binding and
macrophage accumulation, though the specific mechanism is not yet clarified. Inflammation also plays a key
role in diabetes. Production of AGE enables ROS production and Rho/ROCK activation. Aberrant
Rho/ROCK/mDia signaling perturbs actin cytoskeleton assembly, causing vascular permeability and
endothelial dysfunction. AGE also stimulates ICAM-1 expression, providing a potential mechanism for
increased ICAM-1 expression present in diabetes. As AGE both promotes and is promoted by Pfnl

expression, a feedforward signaling loop is likely present, though the specific mechanism is not clear.
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1.6 Hypothesis and Specific Aims

Pfnl has been revealed as a key regulator of pathogenic response in cardiovascular disease,
solid tumors, and neurological disorders[53], [54], [65], [88], [110], [111], [151]-[153]. While
there is an established correlation between variable Pfnl expression and disease development,
further research is required to investigate the mechanistic role of cell-type specific Pfnl expression
in pro-inflammatory and immunomodulatory regulation. Specifically, preliminary findings in a
postnatal endothelial Pfnl depleted model showed dramatic reduction in vascularization, offering
a promising target to limit aberrant vascularization in heavily vascularized disorders (solid tumors,
cardiovascular diseases). Previous research from our lab has investigated constitutive single-allelic
endothelial cell-specific Pfnl depletion, and existing research on the role of Pfnl in the chronic
inflammatory condition of atherosclerosis does not clarify a cell-type specific role[110], [154]. An
immunomodulatory role for Pfnl is supported in vascular disorders [47], [110]-[112], [155],
though the role of a total KO endothelial-cell in vivo model requires further investigation in both
an acute (short term Pfnl depletion) and chronic (long-term Pfnl depletion paired with
inflammatory stimulus) setting. It stands to reason that reduced Pfnl in vascular cells such as
endothelial cells would promote an anti-inflammatory response. However, the role of endothelial
Pfnl depletion in acute and chronic inflammatory settings is not clear. As such, I hypothesize that
endothelial Pfnl is a regulator of inflammatory response.

Specific Aim 1: Investigate the immunomodulatory role of vascular endothelial loss of
Pfnl in adult mammals.

Specific Aim 2: Determine the consequence of vascular endothelial loss of Pfnl on

atherosclerosis development.
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The aims specified in this dissertation will illuminate a cell signaling role for endothelial
Pfnl in vivo that has not yet been elucidated. By investigating the role of endothelial Pfnl in acute
(10-18 days post-gene deletion) and pathogenic (atherosclerosis progression) settings, we will
unveil a key function of endothelial Pfnl at the molecular level. These studies will provide a
molecular understanding of Pfnl’s regulatory role in endothelial: immune cell interaction, and
further existing knowledge of vascular endothelial Pfnl as an immunomodulatory protein.
Additionally, studies conducted in the atherosclerotic setting provide a preliminary basis for
endothelial-specific Pfnl loss in the pathogenic context in vivo. Understanding a cell-type specific
function for Pfnl also underscores its utility as a potential therapeutic modality and will support
future investigation into pharmaceutical remediation measures for Pfnl in cardiovascular diseases.
Research that has been published are noted in this dissertation (Chapter 1, 3), with preliminary

studies conducted in Chapter 4 under review.
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2.0 Materials and Methods

2.1 Cell Culture

Generation and culture conditions of hTERT-immortalized mouse EC bearing floxed-Pfn1 alleles
have been described recently (25). For Pfnl gene deletion, ECs were infected with either Ad-GFP
(control) or Ad-Cre (also has a GFP reporter: Vector Biolabs, Malvern PA) at 400 MOI. Media
was changed 24hr after infection, and ECs were used for experiments 5-6 days after initial
infection. ECs were serum-starved for 24 hours prior to CM collection. Murine VHL-deleted
variant of RENCA (referred to as RVN cells) [8] cells were cultured in DMEM with 10% (v/v)
FBS and antibiotics. Human VHL-negative 786-0 cells (source: ATCC) were cultured in RPMI-
1640 media supplemented with 10% (v/v) FBS and antibiotics. HmMVEC-1, a widely used
immortalized human dermal microvascular EC line (ATCC; CRL-3243 — referred to as VEC),
were cultured in MCDB-131 (Life Technologies; Carlsbad, CA) growth medium supplemented
with 10% (v/v) FBS, antibiotics, 10 ng/mL EGF, 1pg/mL Hydrocortisone and 10 mM L-
Glutamine. For adenovirus infection, cells were plated, allowed to attach and then infected with
adenovirus encoding either GFP (Ad-GFP) or Pfnl (Ad-Pfnl) at a MOI of 500 for 24h, before
further incubation for an additional 48h in fresh culture media prior to use. For knockdown studies,
cells were transfected with 50 nM of either smart-pool control or Pfnl siRNA for 72h as previously
reported [9].

Primary bone marrow derived monocytes (BMDM) were centrifuged out of long bone
collected from C57BL6/J mice at maximum speed (>8000g) for 3 minutes and collected bone

marrow was filtered and plated overnight in MEMa without nucleosides supplemented with 10%
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v/v fetal bovine serum (FBS) (Corning, Corning NY), and 100U/mL Penicillin, 100pg/mL
Streptomycin (Sigma- Aldrich, Burlington MA). Non-adherent cells were collected the next day
and stimulated with 10ng/mL mCSF (R&D Systems, Minneapolis MN) for 7 days to produce MO
macrophages. After 7 days, macrophages were replated and exposed to the CM derived from EC

with or without additional stimulation of 100ng/ml IFNy (Peprotech, Cranbury NJ) for 24 hrs.

2.2 Cell Migration

For transwell migration experiments, 25,000 RVN cells were plated in triplicate in the
upper chamber of 8.0 uM transwell plates in the serum-free media, and allowed to migrate either
towards a 10% FBS gradient or VEC-conditioned media established in the lower chamber for 20h
(control wells contained serum-free media in the lower chamber as well). Non-migrating cells in
the upper chamber were removed by swabbing; transmigrated cells were fixed in 3.7%
formaldehyde and then stained with DAPI. Images were acquired at 10 random fields at 10X
magnification for enumeration of nuclei using ImageJ. For cell proliferation assay, one-thousand
RCC cells were plated per well in 96-well plates using quadruplicate determinations, with
proliferation assessed by time-course analyses of DAPI-stained nuclei based on images acquired

over 3 to 5 random fields per well.
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2.3 Animal Studies

Pfn1flodflox mice (kindly provided by Dr. Reinhard Fassler, Max Planck Institute) were crossed
with CDH5-Cre-ERT2 mice (kindly provided by Dr. Ralf Adams, Max Planck Institute) to
generate Pfn1flo¥flox.Cre-ERT2 mice. Cdh5-Cre- ERT2:Pfniflo¥flox mice, as described in our
previous study[151], were backcrossed into BALB/C background for 6 generations prior to
experimental studies. Pfnl gene excision was performed by intraperitoneal injection of 100 pl
TMX (dissolved in peanut oil at a concentration of 10 mg/ml) daily over a course of five days in
5-6 week-old mice. Details of genotyping primers and PCR-based genotyping details to confirm
floxed alleles of Pfn1, Cre, and Cre- mediated excision of Pfnl were previously described[154].
Animals were euthanized for whole blood isolation by cardiac puncture and harvesting of various
organs of interest (lung, liver, kidney, heart, and spleen). All animal experiments were conducted
in compliance with an approved IACUC protocol according to University of Pittsburgh Division
of Laboratory Animal Resources guidelines. Pups were subjected to daily intragastric injection of
50ul of 2 mg/ml tamoxifen (to excise Pfnl gene in Cre-positive animals) over a course of 3 days
(from either PO-P2 or P2-P4) and kidneys (P8-P10) were collected from age-matched wild-type
(WT) and homozygous pfnl knockout mice for histological staining.
CDH5-Cre-ERT2:Pfn171oWT mice, as described in our previous study[54], [156], were
backcrossed into C57BL6/J background for experimental studies in a pro-inflammatory
background. Partial Pfnl gene excision and ablation was performed by intraperitoneal injection of
100ul tamoxifen (dissolved in peanut oil at a concentration of 10 mg/ml) daily over a course of
five days in 5-6 week old mice. Details of genotyping primers to confirm floxed alleles of Pfn1,

Cre, and Cre- mediated excision of Pfn1 are described in [154]. One month after gene excision,
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mice were subjected to intraperitoneal injection of 2x10* PFU AAVS encoding constitutively
active mutant (D377Y) form of mouse PCSK9 (Proprotein convertase subtilisin/kexin type-9;
referred to as AAV8-mPCSK9 from hereon; Vector Biolabs, Malvern PA) and fed a high-
cholesterol diet (HCD - D12336i, Research Diets, New Brunswick NJ) for 3 months to develop
atherosclerosis[157], [158]. Animals were euthanized for whole blood isolation by cardiac

puncture and harvesting of various organs of interest (liver, heart, spleen, and long bone).

2.4 Cytokine and Lipid Analysis

Mouse serum (prepared from whole blood and further diluted with PBS at a 1:1 ratio) and mouse
EC CM were probed for cytokine/chemokine expression levels by Luminex analysis by service
provided by Eve Technologies (Calgary, AB Canada) using the MD32 (32-analyte murine
discovery panel) panel. For mouse serum analyses, analyte values were normalized to the average
of wild-type animals across litters. For CM analyses, analyte values were normalized to the
corresponding average WT CM values per analyte basis.

Conditioned media were collected from the culture dishes following overnight incubation
of cells in serum-free media. The collected media were filtered (0.45 uM size) and concentrated
using a 10-kDa cutoff filter. The concentrate was reconstituted with 2x Laemmli sample buffer
and boiled before being analyzed by gel electrophoresis.

Mouse serum (prepared from whole blood and further diluted with PBS at a 1:1 ratio) were
probed for cytokine/chemokine expression levels by Luminex analysis by service provided by Eve
Technologies (Calgary, AB Canada) using MD32 (32-analyte murine discovery panel) panels. For

mouse serum analyses, analyte values were normalized to the average of wild-type animals within
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litters. Lipid panel analysis was conducted for LDL, HDL, total cholesterol, and triglycerides by
University of Pittsburgh Division of Laboratory Animal Resources (DLAR) (ldexx #6290,

Westbrook ME) to confirm lipid elevation in atherosclerotic mice.

2.5 Flow Cytometry Analysis

Whole blood or spleen was passed through a 70um cell strainer, treated with 1X RBC lysis
buffer to reduce red blood cell contamination, and incubated with Brilliant Stain Buffer (BD
Biosciences, San Jose, CA) to prevent signal overlap between blue and ultraviolet markers.
Samples were stained with either a full panel of immune-cell specific antibodies or buffer only for
30 minutes at 40C, spun, and fixed in fixation/permeabilization buffer overnight, followed by next-
day intracellular factor staining for 30 minutes at room temperature (See supplementary table S3A
for immune panel antibody and the respective dilution information). Samples were run on a
Fortessa FACS Aria Il and the data were analyzed by FlowJo (FlowJo Inc., Ashland, OR) software.

Whole blood, spleen, bone marrow, or thoracic aorta was passed through a 70uM cell
strainer, treated with 1X RBC lysis buffer to reduce red blood cell contamination, and incubated
with Brilliant Stain Buffer (BD Biosciences, San Jose, CA) to prevent signal overlap between blue
and ultraviolet markers. Samples were stained with either full panel of immune-cell specific
antibodies or buffer only for 30 minutes at 40C, spun, and fixed in fixation/permeabilization buffer
overnight, followed by next-day intracellular factor staining for FOXP3 for 30 minutes at room
temperature (Table 1 for immune panel antibody and the respective dilution information). Samples
were run on a Fortessa FACS Aria Il and the data were analyzed by FlowJo (FlowJo Inc., Ashland,

OR) software.
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Table 1. Flow cytometric antibodies and dilutions. Source company and catalog number, along with

preferred fluorophore, are provided.

Antigen Fluorophore | Dilution Catalog Cat#

CD45.2 R718 1:50 BD Biosciences 567585
MHC Class II (IA/IE) | BV510 1:200 BD Biosciences 743871
CDI11b BV421 1:400 BD Biosciences 562605
F4/80 APC-Cy7 1:25 Biolegend 123118
Ly6G BV786 1:200 BD Biosciences 740953
CDI19 BUV395 1:100 BD Biosciences 563557
CDll1c BV650 1:100 BD Biosciences 564079
Ly6C PE/Cy7 1:100 BD Biosciences 560593
CD8 FITC 1:200 BD Biosciences 553030
CD3 APC 1:100 BD Biosciences 565643
FOXP3 PE 1:50 BD Biosciences 560408
CD4 PerCP 1:100 BD Biosciences 553052

2.6 Immunohistochemistry and TEM Analysis

For CD31 immunostaining, paraffin-embedded tissue sections were deparaffinized by
heating to 60°C for 20 min, cleared via xylene and dehydrated in 100% ethanol. Sections were
blocked for 10 minutes using Protein Block included in rabbit-specific HRP/DAB (ABC)
Detection IHC kit (Abcam, ab64261) and slides were incubated overnight at 4°C with primary
anti- CD31 antibody (clone D8V9E, catalog no. 77699, Abcam, dilution 1:100). This was followed
by incubation with a biotin-labeled anti-rabbit secondary antibody for 10 min, washing with PBS-
Tween, and incubation with streptavidin-peroxidase for 10 min. The staining was then detected
with DAB substrate by incubation for 5-6 min. Slides were counter-stained with hematoxylin for
2 min before dehydration, mounting, and imaging.

For IHC staining of kidney, tissues were paraffin embedded, sectioned, and stained using

an antibody against CD31 as previously published[159]. In brief, tissue sections were blocked and
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then incubated with CD31 primary antibody (catalog #553370, BD Biosciences) overnight. An
anti-Rat ABC kit (catalog # PK-6104, Vector Laboratories) was utilized to visualize the stain, with
sections then counterstained with hematoxylin. For Pfnl IHC of RCC TMA, tissue sections were
deparaffinized and rehydrated tissue sections were incubated overnight with the primary anti-Pfnl
antibody (clone EPR6304, catalog #ab124904, Abcam, dilution 1:100). For immunodetection of
the primary antibody, a secondary biotin-labeled anti-rabbit antibody (catalog #ab97049, Abcam)
and streptavidin-peroxidase conjugates (catalog #11089153001, Roche) were used. The staining
was detected with the Pierce DAB Substrate Kit (catalog #34002, ThermoFisher). The slides were
counterstained with hematoxylin before dehydration and mounting.

For hematoxylin and eosin (H&E) staining, the same initial steps were adopted before
incubation of histosections with Mayer’s hematoxylin (Lillie’s modification) for 2-3 minutes.
Slides were washed in deionized water, color adjusted with 5% glacial acetic acid, incubated with
bluing reagent for 10-15 seconds, washed in DI, and stained with eosin for 2-3 minutes before
dehydration and mounting. For apoptotic cell analysis, Click-IT TUNEL colorimetric Kkit
(Invitrogen, Waltham, MA) staining was performed according to manufacturer-supplied protocol.
Masson’s Trichrome staining was performed by the McGowan Institute of Regenerative Medicine
Histology Core at the University of Pittsburgh. Masson’s trichrome staining of aortic root sections
were conducted by the Children’s Hospital of Pittsburgh histology core.

For TEM, tissues were harvested and immersion fixed in 2.5% glutaraldehyde, 2%
paraformaldehyde in PBS overnight at 4°C. Following fixation, tissue were washed 3x in PBS then
post-fixed in aqueous 1% OsO4, 1% K3Fe(CN)6 for 1 hour. Following 3 PBS washes, the tissue
was dehydrated through a graded series of 30-100% ethanol, 100% propylene oxide then infiltrated

in 1:1 mixture of propylene oxide:Polybed 812 epoxy resin (Polysciences, Warrington, PA) for 1
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hr. After several changes of 100% resin over 24 hrs, tissue was embedded in molds, cured at 37°C
overnight, followed by additional hardening at 65°C for two more days. Ultrathin (60 nm) cross-
sections of liver or kidney were collected on copper grids, stained with 1% uranyl acetate for 10
minutes, followed by 1% lead citrate for 7 min. Sections were imaged using a JEOL JEM 1400
Flash transmission electron microscope (Peabody, MA) at 80 kV with a bottom-mount AMT 2k
digital camera (Advanced Microscopy Techniques, Danvers, MA).

Histology services were performed by University of Pittsburgh McGowan Institute for
Regenerative Medicine histology core. Briefly, cardiac tissue was fixed overnight, maintained in
30% sucrose, and excess cardiac tissue was cut up to the aortic root and cleaned of excess tissue
and embedded in OCT for sectioning. 5-10uM sections were cut until the aortic root could be
appropriately visualized. These sections were stained for Oil Red-O to visualize lipid
accumulation, and Masson’s trichrome to visualize the fibrous cap and collagen deposition. These
services were performed by the University of Pittsburgh histology core. Total plague was
identified by dark-red area present in Oil Red O staining. Fibrous cap was identified as darkly

stained layer present around necrotic core (situated between vascular wall and fibrous cap).

2.7 Immunoblot

Total cell lysate (TCL) was collected using a modified RIPA buffer (25 mMTris- HCI, pH
7.5, 150 mM NaCl, 1% (v/v) Nonidet P-40, 5% (v/v) glycerol), 1 mM EDTA, 50 mM NaF, 1 mM
sodium pervanadate, along with 6x sample buffer with SDS diluted to 2% in final buffer. TCL was

run on an SDS-PAGE and immunoblotted using antibodies specific for Pfnl (Abcam, ab124904;
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1:3000)), IRF7 (Cell Signaling Technology, Danvers MA, 72073; 1:1000), p-IRF7 (Cell Signaling
Technology, 24129; 1:1000), STAT1 (Cell Signaling Technology, 9172; 1:1000), p-STAT1 (Cell
Signaling Technology, 9167; 1:1000) and GAPDH (Sigma-Aldrich, G9545; 1:2000).

Isolated liver was cut, digested, and sonicated in lysis buffer for 1 min and spun for 30 min
at >8000g. Total tissue lysate was collected using a modified RIPA buffer (25 mMTris- HCI, pH
7.5, 150 mM NacCl, 1% (v/v) Nonidet P-40, 5% (v/v) glycerol), 1 mM EDTA, 50 mM NaF, 1 mM
sodium pervanadate, along with 6x sample buffer with SDS diluted to 2% in final buffer. Liver
protein lysate was run on an SDS-PAGE and immunoblotted using antibodies specific for LDLR
(BioLegend, ab124904; 1:200), GFP (Living Colors, Takara Biotech, San Jose CA, 632375;

1:2000), and GAPDH (Sigma-Aldrich, G9545; 1:2000).

2.8 Gene Expression Analysis

For assessing Pfnl expression in ECs in vivo, single cell isolate was collected by collagenase-
mediated kidney digestion and labeled with MACS mouse CD31 magnetic beads (130-097-418,
Miltenyi Biotec; Gaithersburg MD) prior to isolation using magnetic LS columns according to
manufacturer’s recommended protocol. Unlabeled effluent was collected as a negative control. To
assess gene expression in circulating myeloid populations, whole blood was labeled with MACS
mouse F4/80 beads (130-110-443, Miltenyi Biotec) and isolated using LS columns. Cellular RNA
was extracted using Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA) as per the manufacturer’s
protocol. Complementary DNA (cDNA) synthesis from the extracted RNA was then performed
using the Qiagen QuantiTect Reverse Transcription kit (Qiagen, Germantown MD) using the

Applied Biosystems Veriti Thermal Cycler (Applied Biosystems, Waltham MA) following the
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manufacturer’s instructions. Collected cDNA was amplified using SYBR Green Gene Expression

Master Mix on the StepOnePlus real-time PCR system (Applied Biosystems) using primers for

specific genes of interest. For product amplification, the plate was ramped to 50°C for 4 min,

followed by 2 min at 950C pre-amplification cycling. Cycling conditions of 95°C for 20s, 49.7°C

for 25s, and 95°C for 50s were used for 60 cycles (see Table 2).
Table 2. Primer sequences for qRT-PCR analyses of genes of interest.

Gene Primer sequence Amplicon size

IL6 F: 5— CTG CAA GAG ACT TCC ATC CAG—3’ 131
R: 5°— AGT GGT ATA GAC AGG TCT GTT GG—3’

Pfnl F: 5>—CGA GAG CAG CCC CAGTAGCAG C—¥ 180
R: 5>—ACC AGG ACA CCC ACC TCA GCT G—3’

18S F: 5>—GCA ATT ATT CCC CAT GAA CG—3’ 123
R: 5>—GGC CTC ACT AAACCATCC AA—3°

GAPDH | F: 5 - CGG AGT CAA CGG ATT TGG TCG TAT - 3’ 307
R: 5 - AGG CTT CTC CAT GGT GGT GAA GAC-3

2.9 RNA sequencing

Total RNA was submitted to Azenta Genewiz (Burlington, MA) for quality control

analyses, preparation of multiplexed paired-end libraries, polyA selection, and sequencing on an

Illumina platform with 20-30 million reads per sample. FASTQ data processing and downstream

analyses are described in detail in our recent study[156].
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2.10 Statistics

All statistical tests were performed using GraphPad Prism 9 software. Normality was
assessed before statistical analysis to determine use of either standard parametric or in the case of
non-normal data non-parametric statistical analysis. For experiments with small sample size and
non-normal distribution of data, non-parametric Mann-Whitney u-test was used for statistical
comparison of data between the groups. For experiments involving a larger sample size and normal
sample distribution, an unpaired t-test was used. Two-way ANOVA was used for multiple group
comparison in lipid panel analysis. A p-value less than 0.05 was considered to be statistically

significant.
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3.0 Vascular Endothelial Cell-Specific Disruption of the profilinl Gene Leads to Severe

Multi-Organ Pathology and Inflammation Causing Mortality

All research content of this section is published excluding Figure 5. Figure 6 is published
in a separate article.

Reference: Abigail Allen-Gondringer, David Gau, Christopher Varghese, David Boone,
Donna Stolz, Adriana Larregina, Partha Roy. “Vascular endothelial cell-specific disruption of the
profilinl gene leads to severe multiorgan pathology and inflammation causing mortality”, PNAS
Nexus, Volume 2, Issue 10, October 2023, pgad305
Figure 6 Reference: Abigail Allen, David Gau, Paul Francoeur, Jordan Sturm, Yue
Wang, Ryan Martin, Jodi Maranchie, Anette Duensing, Adam Kaczorowski, Stefan Duensing,
Lily Wu, Michael T. Lotze, David Koes, Walter J. Storkus, Partha Roy
“Actin-binding protein profilinl promotes aggressiveness of clear-cell renal cell
carcinoma cells”, Journal of Biological Chemistry, Volume 295, Issue 46, November 2020,
P15636-15649

Specific Aim 1: Investigate the immunomodulatory role of vascular endothelial loss of
Pfnl in adult mammals.

3.1 Introduction

Profilins (Pfn) make up a set of 14-17kDa proteins originally identified for their role in G-
actin sequestration and regulation[2], [160]. While expression level varies per isoform, only Pfnl
is ubiquitously expressed in almost all (excluding skeletal) mammalian cell types, with Pfn2
typically present in neural cells and Pfn3 and Pfn4 present in further restricted quantities[161],
[162]. In addition to Pfnl regulation of actin dynamics, Pfnl is known to interact with poly-L-
proline (PLP) domains, as well as membrane-based phosphoinositides (PPIs), even branching into

the regulation of microtubule dynamics.[163]-[166]. Outside of physiological regulation of actin,
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PLP binding, and PPIs, preliminary investigation has supported roles for Pfnl activity in health
and disease.

Chronic inflammatory conditions can lead to elevated Pfnl expression in both experimental
and clinical settings[110]-[112], [114], [147]. For example, an increase in serum Pfnl is observed
as disease severity increases in atherosclerotic patients[111]. In a global single-allele Pfn1 depleted
mouse model, features of atherosclerosis including reduced foam cell accumulation, plaque size,
and cell-adhesion molecule (CAM) expression were dramatically decreased in Pfnl depleted
mice[110]. While reduced Pfn1 expression has been shown to improve endothelial activity, barrier
function and reduce contractility in endothelial cells[50], perturbed Pfn1 expression has also been
demonstrated in diseases affecting immune cell activity[110]. Elevated Pfnl has previously been
shown as a negative regulator of cytotoxic T lymphocyte (CTL) function[155], and elevated Pfnl
expression is present in myeloid dendritic cells collected from severe aplastic anemia patients,
potentially contributing to disease severity[167]. As such, it is not clear whether reduced immune
infiltration and inflammation present in pathology is due to Pfnl depletion within myeloid cells,
reduced endothelial dysfunction due to Pfnl perturbation within the vasculature, or whether there
is some other mechanism of cellular crosstalk, such as that present between endothelial cells and
immune cells.

Previous research conducted in our lab has demonstrated that, while Pfnl is typically
localized to the cytoplasm, some amount can be exported to the extracellular space[54], [168].
Increased migration of renal cell carcinoma cells (RCC) toward Pfnl overexpressing endothelial
cells has also been detected, with the reverse observed for Pfnl depleted endothelial cells[54]. In
rat glomerular mesangial cells, elevated Pfnl expression is excreted from the cell, and may interact

with an unidentified cell-surface receptor leading to signal transduction and downstream DNA

34



synthesis[169]. These data support the possibility that cellular crosstalk may be mediated through
some paracrine mechanism, underlining the importance of a model to investigate cell-type specific
effect of Pfn1 expression.

Efforts to generate a double-allele deleted Pfn1 mouse have failed to produce viable
homozygous pups[170], either in the global deleted case or in an endothelial cell specific
model[154]. This has been observed in other models (Drosophila and Dictyostelium)[171], [172],
underpinning a need for Pfnl expression during prenatal development. Unfortunately, a
constitutive Pfnl depleted model is likely not accessible. To address this shortcoming, a novel
conditional endothelial Pfnl depleted model (CDH5 CreERT2*- Pfn1floXflox) has been used to
assess diabetic retinopathy in post-natal mouse pups[151]. Retinal vascularization was
dramatically reduced in knockout (KO) versus wild-type (WT) pups, allowing study of Pfnl loss
on post-natal vascular development[151]. However, an evaluation of endothelial and immune cell
populations in adult mice is required to advance this model’s utility in further pathologies
(cardiovascular disorders, solid cancers, and other highly vascularized diseases). A model with
conditional Pfnl KO specific to endothelial cells will help to elucidate potential mechanisms of
cellular crosstalk.

In our studies, we evaluated the overall survival, health, and metabolic profile of wild-type
(WT) versus endothelial Pfnl knockout (KO) mice. These data revealed reduced kidney and liver
function, alongside ascites production both inside and external to the peritoneal cavity.
Histological evaluation was conducted on selected tissues (kidney, liver) to investigate immune
infiltrate and endothelial and morphological characteristics of WT vs. KO mice. Based on immune
profile data, we posit that endothelial Pfn1 KO may contribute to immune cell infiltration and a

more inflammatory phenotype of myeloid cells. Preliminary studies conducted on monocytes and
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MO macrophages show an increase in pro-inflammatory characteristics in cells treated with Pfnl
depleted media, with commensurate elevation of IL-6 in both endothelial and myeloid
compartments with co-culture studies revealing a potential paracrine regulatory mechanism.
Paracrine crosstalk between Pfnl deficient EC may contribute to immune cell population
maturation with a more polarized/inflammatory phenotype, potentially due to upregulation of
IRF7/STAT1 signaling. These studies pave the way for a potential mechanism of action of EC

Pfn1l loss, influencing cell-cell crosstalk and immune maturation.

3.2 Results and Discussion

3.2.1 Endothelial Pfn1 Deletion Dramatically Reduces Neovascularization

To build upon existing studies utilizing a Tie2-Cre Pfn1*- heterozygous (Het) mouse
model, early investigations relevant to this project utilized a newly generated CDH5 Cre-ERT2*
Pfn1floxflox (termed Pfn1EC-XO) conditional vascular Pfn15¢-X© mouse model. CDH5 Cre-ERT2
Pfn1flodflox (termed Pfn1WT) littermate controls were utilized as controls in all experiments. To
circumvent embryonic lethality following total Pfn1 KO[170], tamoxifen (TMX) was intragastric
injected from postnatal day 0 (PO) to P2, with kidney tissue collected between P8-10. Pfnl gene
excision was confirmed by presence of 700bp excision band (Figure 5A), and total and
microvascularization were both visually (Figure 5B) and quantifiably (Figure 5C) reduced. As
such, our early postnatal model provided in vivo support for vascular EC Pfnl in regulating
vascular networks, as its deletion limited neovascularization, that may suggest reducing EC Pfnl

as a potential target in highly vascular disease (solid cancers, cardiovascular disorders, endocrine
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diseases, among others). However, pathological investigations classically require inciting
inflammatory conditions conducted over a longer period in adult animals. Thus, we elected to

conduct similar long-term studies in adult mice.
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Figure 5. EC Pfnl depletion in a post-natal (P8-10) mouse kidney model reduces total vascularization and
microvascularization.
A) Pfnl deletion at the gene expression level is validated by presence of 700bp Pfnl excision band. B) CD31
(total vasculature) and endomucin (microvasculature) staining in EC Pfn1 WT and KO mouse kidney
supports visual depletion of both vascular types. C) quantification of endomucin and CD31 staining provides

statistical support for vascular depletion in in Pfn15¢-X0 mouse pups.

3.2.2 Endothelial Pfn1 Depletion Regulates Cancer Cell Migration Through Some

Paracrine Mechanism

While an intrinsic cellular signaling role is apparent for EC Pfnl in the context of vascular
formation and regulation, a paracrine functionality for EC Pfnl is not clear. To further investigate
this possibility, a Transwell co-culture system consisting of RVN (RENCA-derive clear cell renal
cell carcinoma cell line) in the upper well, with conditioned media collected from either Pfn1 OE

(Figure 6A) or Pfn1 KD (Figure 6B) cultured ECs present in the lower well. Following overnight
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transmigration, total cellular migration events were either elevated in the Pfnl OE setting or
reduced in the Pfnl KD setting. This direct correlation between elevated Pfnl and an activated
migratory phenotype in renal cancer cells was intriguing, however, it did not directly support a
regulatory role for extracellular Pfnl or unveil its extracellular regulatory capabilities. To improve
our understanding of the paracrine signaling function of EC Pfn1, we needed not only to improve
our understanding of its function in the context of secreted factors, but also to investigate
interaction potential in the context of other stromal cells (i.e. immune cell populations). While our
available Transwell co-culture model illuminated a potential regulatory phenotype for EC Pfnl, it
did not allow the opportunity to delve into heterogenous cell population analysis, secreted factors,
tissue-specific and circulatory variation, and other parameters most effectively investigated in an
in vivo model. Paired with our vascularization findings in vivo, as well as our preliminary in vitro
findings in the Transwell setting, we elected to extend our studies to Pfn1E¢-KO in adult mice to
provide a complete picture of the inflammatory, immune, and tissue-specific setting present in the

context of EC Pfn1 depletion.
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Figure 6. Effect of modulating Pfnl expression in VEC on RCC cell migration.

A-B) Effects of conditioned media of Pfn1 overexpressing (A) and KD (B) cultures of VEC on chemotactic
migration of RVN cells (migration data normalized to control adenovirus transduction or siRNA transfection
condition). Pfnl1 and GAPDH (loading control) immunoblots in panels C and E confirm Ad-Pfnl- and Pfnl-
siRNA-mediated overexpression and KD of Pfnl, respectively (data summarized from 3 experiments). In the

bar graphs, * and ** denote p<0.05 and p<0.01, respectively.

3.2.3 Endothelial Pfnl is Effectively Depleted at the Gene Expression and Protein Levels

To substantiate EC Pfnl depletion in an adult mouse in vivo model, we investigated Pfnl
depletion at the gene expression and protein levels in primary-derived endothelial cells collected
from novel Pfn1WT and Pfn1E¢-KC mice. CD31+ bead isolation of a single cell kidney isolates from
mice 8-10 days following completion of 5-day TMX-injection course was conducted, with lysates
collected for either RNA or total protein. qRT-PCR analysis revealed significant reduction of Pfnl
gene expression specifically in CD31+ sorted ECs as compared to effluent (CD31-) sorted controls
(Figure 7A). This finding was further supported by Western blot analysis of CD31- effluent lysate
versus CD31+ EC lysate, showing that Pfn1 is also specifically reduced at the protein level (Figure

7B). While incomplete EC Pfnl depletion (at approximately 60% reduction) may seem
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incongruous with complete gene KO expected for a Cre-flox model, this aligns with the expected

level of gene depletion in kidney-specific tissue[173].
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Figure 7. CDH5-CreERT2-driven Pfnl depletion is selectively induced in endothelial cells.
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A) Quantitative PCR-based evaluation of Pfnl gene expression in CD31+ vs and CD31- (effluent sorted)

single cell isolates from the kidney of Pfn15¢-%© mice relative to those from Pfn1"WT™ mice. Each data point

represents a single mouse. B) Immunoblot-based validation of downregulation of Pfnl expression at the

protein level in CD31+ but not in CD31- kidney cell isolates in Pfn15¢-K° mice (GAPDH blot serves as the

loading control). The numbers indicate GAPDH-normalized Pfnl band intensity in KO relative to the WT

group for a given cell type.

3.2.4 Animal Survival is Dramatically Reduced Upon Endothelial Pfnl Deletion

Prior to initiating long-term studies, we elected to observe general health markers, activity,

and weight in our Pfn1WT vs. Pfn1E¢-KO mice. We conducted a five-day time course of TMX

injection, with first day of observation denoted as D1 (one day after completion of TMX injection).
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From D1 onward, we attempted to collect weight data and general observations for up to 30 days.
General observations of Pfn1E¢-KO mice included scruffy coat, labored breathing, limited mobility
in some cases requiring compassionate euthanasia only up to the 18-20 day mark. Intriguingly, at
time of necropsy, Pfn1WT mice presented with normal size and coloration while Pfn15¢-X0 mice
presented jaundiced coloration and enlarged abdomen (Figure 8A) paired with elevated weight
gain in Pfn1E¢-XO mice up to approximately day 15 (Figure 8B). However, survival is dramatically
reduced around 15 days post-TMX injection course (Figure 8C), in contrast to the apparent
elevated weight gain and enlarged size of Pfn15¢-X® mice. At necropsy, gross observation of the
extraperitoneal space revealed abdominal fluid accumulation indicative of ascites build-up and
potential lipolysis[174], as well as hemorrhage (contributing factors to weight gain) in the thorax
of Pfn1ECKO mice in addition to cutaneous vascular bed perturbation (Figure 8D). Peritoneal
cavity, Gl tract, and liver were also notably reduced in size. While pathological features were clear,
contributing tissue sources required further investigation. Isolation of liver from Pfn1WT and
Pfn1EC-KO animals revealed significantly reduced liver weight, hemorrhage (Figure 8E-F, E right
inset) alongside white threaded coloration and 3 to 5mm diameter yellow nodules (Figure 8E-F, E
left inset), symptomatic of portal hypertension when paired with enlarged spleen. Similarly, kidney
size was reduced in Pfn15¢-KO mice as compared to Pfn1WT, supporting impaired kidney function
(Figure 8E-F). As a result of these findings, a comprehensive metabolic panel was conducted on
Pfn1WT and Pfn1EC-KO mice to unveil potential functional and metabolic defects in Pfn15¢-KC mice.
A decrease in albumin, total protein, and globulin (metabolites contributing to kidney and liver
function) support impaired function in Pfn15¢-X0 mice as compared to Pfn1WT, potentially due to

reduced liver and kidney function (Figure 8G). Collectively, these findings suggest liver and
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kidney as targets for deeper investigation and demonstrate an essential role for EC Pfn1 in retaining

normal physiology and survival.
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Figure 8. Loss of endothelial Pfnl results in gross multi-organ pathology and compromises survival of mice.
A) Representative images of Pfn1EC-KO and littermate control Pfn1WT mice on d18 following the last
tamoxifen administration showing abdominal enlargement (indicative of ascites) in Pfn15¢-KO mice. B)

Relative weight gain profiles of Pfn1WT (n=18) and Pfn15¢-%% (n=20) mice until the day of sacrifice. C)

Kaplan-Meir overall survival curves of Pfn1WT (n= 7) and Pfn15¢-X© (n=9) mice. D) Necropsy of mice on d18
revealing presence of peritoneal fluid (yellow) accumulation (arrow) in Pfn15¢-KO mice. E) Liver, spleen,

kidney, harvested from Pfn1EC-X0 and littermate control Pfn1"WT mice. The liver of Pfn15¢-X° mouse is smaller

than the one dissected from the littermate and presents pale nodules of 2-4 mm (left inset), which alternate
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with areas of vascular congestion and sub-capsular hemorrhage (right inset). Middle panels show increase in
size and congestion of the spleen from Pfn15¢-KO mouse compared to that from the littermate. Right panels
show a reduction in size of the kidney of Pfn15¢-KO mouse compared to that from the littermate. F) Bar
diagram illustrating the weight (means + std. dev) of livers, spleens and kidneys from Pfn1E¢K° and
littermate control Pfn1"T mice (n= 3 mice/genotype). G) Relative abundance of various serum analytes of
Pfn1WT and Pfn15¢-%® mice based on the results of 1dexx serum metabolic panel analyses. *“p<0.01,

p<0.001, "p<0.0001.

3.2.5 Histological Evaluation of EC Pfnl KO Lung and Cardiac Tissue Reveals Mild

Pathological Defects

In the gross histological analyses displayed in Figure 8, the main pathological features of
Pfn1EC-KO mice were observed in the heart, lung, liver, and kidney. Lung and cardiac tissue samples
were collected between days 15 to 18 for Pfn15¢-X© mice in comparison to their littermate controls.
In Pfn1EC-KO mice, lung tissue harvested on day 18 after the last TMX injection showed significant
decrease of the airspaces, alveolar edema with extravasation of erythrocytes, capillaries filled with
blood and cellular protrusion into the alveoli lumen without evident fibrosis (Figure 9A). Chronic
disease features were more apparent in heart as compared to lung. In particular, the hearts from
Pfn1EC-KO mice showed areas of chronic infarcts by Masson’s trichrome staining, with
inflammatory infiltrate composed of mononuclear cells and extensive fibrosis apparent by way of
H&E staining (Figure 9B). While cardiac tissue presented some sclerosis in Pfn15¢-%° developed
histopathological features were not obvious in either tissue. It follows that more developed
histological investigation was conducted in kidney and liver tissues due to metabolic panel results

and gross histological evaluation.
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Figure 9. Histopathological findings in mouse lungs and hearts lacking endothelial Pfnl.

A) Upper panels are representative images of H&E staining sections from the lungs of Pfn18¢-<0 and

littermate control Pfn1"'T mice harvested on d18 showing decrease of the airspace, alveolar edema (arrows),

extravasation of erythrocytes and alveolar capillaries filled with blood and protruding in the alveoli (inset,

arrowheads) in Pfn15¢-K° lung. Lower panels are lung sections stained with Masson trichrome showing lack

of fibrosis. B) Upper panels are representative images of H&E staining sections of the hearts of a littermate

control Pfn1WT mouse (left) showing healthy heart muscle, and a Pfn15X°© mouse (right), with an area of

chronic infarct (dotted line) with mononuclear cell inflammatory infiltrate (arrows). Lower panels are

sections of the heart stained with Masson trichrome showing extensive fibrosis in the area of the heart infarct

(arrows).

3.2.6 Histological Evaluation of Kidney Supports Late-Stage Perturbation of Tissue

Function, Structure, and Immune Infiltration in EC Pfn1 KO Mice

Preliminary evaluation of gross histological features paired with reduced liver and kidney

metabolites in Pfn1EC-KO offered liver and kidney as tissues of interest for further investigation.

First, H&E and Masson’s trichrome histological analysis was conducted on kidney tissue. By H&E

staining, histological analyses of the kidneys from Pfn1E¢-XO mice showed smaller glomeruli,
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proliferation of mesangial cells and abundant deposit of mesangial matrix (Figure 10A) with no
evidence for fibrosis (Figure 10B). Although relevant histopathological features are present, lack
of sclerosis as evidenced by Masson’s trichrome staining suggests later-stage or secondary defects
in the Pfn1EC-KO kidney. CD31 immunostaining revealed a lack of capillaries in the cortical areas
of the kidneys in Pfn15¢-KO mice; additionally, the glomeruli of Pfn1E¢-KO kidneys showed a
significant reduction in capillaries, and those that were present had the characteristics of immature
neovessels (Figure 10C). To obtain a more granular understanding of endothelial cells and relevant
stromal cells, transmission electron microscopy (TEM) was conducted to assess cellular
characteristics. TEM analyses showed apoptosis of endothelial cells and podocytes, collapse of the
urinary filtration space, and further confirmed increased number of mesangial cells and thickening

of basal membranes observed by H&E staining (Figure 10D).
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Figure 10. Histopathological findings in mouse kidneys lacking endothelial Pfn1.
A) H&E-stained sections of the kidneys of a littermate control Pfn1WT (left) and a Pfn15-%° mice (right). The glomeruli of Pfn15¢-%O mice were smaller
than those of the littermate controls (arrows), and the tubules showed apoptotic epithelial cells, edema and erythrocytes (arrowheads). Lower panels at

higher magnification show proliferation of mesangial cells (arrowheads), eosinophil deposits and dead EC (arrows) in Pfn15-%° mice. B) Masson
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trichrome staining of kidney sections show absence of fibrosis. C) CD31 staining of kidney sections show normal vascularization of glomeruli (arrows)
and surrounding the tubules (arrowheads) in littermate control Pfn1"T mouse (upper left panel). Upper right panel shows lack of mature capillaries in
the glomeruli (arrows) and between tubules (arrowheads) in sections of kidneys from Pfn1E¢-°mice. Lower panels are high magnifications of glomeruli
showing presence of mature blood vessels in the glomerulus of a Pfn1™WT mouse (left) contrasting scarce endothelial cells with immature characteristics
in the glomerulus of a Pfn1E¢-XOmouse (right). D) Upper left: cartoon of a normal glomerulus (generated using the BioRender illustration software).
Upper right panels are TEM images (X 5000) of a glomerulus from a Pfn1"T mouse showing normal endothelial cells (E), podocytes (P) and mesangial
cells (Mc). Lower panels are images of a glomerulus from a Pfn15¢-K° mouse showing a high number of mesangial cells (arrows) and deposits of

mesangial matrix (Mc) surrounding a collapsed capillary (dotted area). Lower right shows a capillary lined by apoptotic endothelial cells, thickening of

the basal membrane (asterisk) and apoptotic podocytes.
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3.2.7 Early Histopathological Features, Immune Infiltration, Sclerosis, and Necrosis

Present in EC Pfnl KO Liver

Following evaluation of cardiac, lung, and kidney tissue, liver offered an intriguing target
of investigation for Pfn15¢-KO mice due to 1) dramatic reduction in liver weight, 2) developing
portal hypertension, and 3) reduction in functional liver metabolites. In the liver, the
histopathological changes were observed only 10 days after the last TMX administration by H&E,
which progressed significantly by day 18. On day 10, Pfn1E¢KO Jivers showed distorted acinar
architecture (characteristic hexagonal portal vein structure) and collapsed sinusoids lacking both
EC lining and Disse spaces. The hepatocytes were small and most of them presented cytoplasmic
fat vesicles. There were areas of necrosis with inflammatory cellular infiltrates composed of
mononuclear cells (Figure 11A). On day 18, EC Pfnl KO livers showed extensive infarcts
surrounded by fibrosis, vascular disturbance, and abundant centers of extramedullary
hematopoiesis indicative of immature immune cell development (Figure 11A-B). There was a
general defect in sinusoid development with several CD31-positive cells distributed throughout
the hepatic functional tissue in a disorganized pattern and some of them with characteristics of
immature vessels (Figure 11C). TEM analysis showed the presence of necrotic hepatocytes with
cytoplasmic fat vesicles, extensive deposits of collagen, and isolated immature neovessels (Figure
11D). TUNEL staining further confirmed extensive apoptosis throughout the liver in Pfn18¢-K0
mice (Figure 11E). Together, these microscopic and histological findings in Pfn15¢-KO mice
demonstrate a severe defect in the development, expansion, and maturation of blood vessels. The

expected defective blood circulation is consistent with pathological features including infarcts,
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portal hypertension, neovessel formation, and inflammatory infiltrates, likely contributing to

impaired liver and kidney function.
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Figure 11. Histopathological findings in mouse livers lacking endothelial Pfn1.

A) Representative images showing normal liver histology (left) or the histopathological changes observed 10 d (center) or 18 d (right) after tamoxifen
administration in Pfn15¢-KO mice. Upper left is a section of the liver from a littermate control Pfn1WT mouse illustrating the characteristic acinar units
composed of the central vein, portal tracts and hepatocytes arranged radiating towards the central vein. Upper middle is a section of the liver of a

Pfn15¢-KO mouse 10 d after administration of tamoxifen showing disruption of the acinar architecture, with areas devoid of central veins. Upper right is
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a section of the liver of a Pfn1E¢X°mouse 18 d after administration of tamoxifen showing ample areas of infarcts (dotted lines) with inflammatory
infiltrates composed of mononuclear cells surrounded by angiectasias (arrow). Lower images at higher magnification. B) Representative sections
stained with Masson trichrome of the livers in A, showing the presence of fibrosis in the liver of Pfn15¢-XO mouse. C) Upper left, immunostaining with
CD31 of a liver section from a littermate Pfn1"T mouse showing the normal vascular architecture. Upper right immunostaining with CD31 of a liver
section of a Pfn1E¢-X° mouse showing a disarrayed pattern that lacks the typical sinusoidal shape. Lower right is higher magnification of showing
immature blood vessels without branches and lack of sinusoids. D) Upper left is a TEM image of the liver from a littermate Pfn1"'™ mouse showing a
sinusoid lined by EC and surrounded by alive hepatocytes. A higher magnification shows the nucleus of one endothelial cell, the space of Disse (arrow).
Center is a TEM image of a liver from a Pfn1E¢-K9mouse showing necrotic hepatocytes and microvesicular fat accumulation. Right panels shows an
isolated immature neovessel in the liver from a Pfn15¢-K° mouse. E) TUNEL staining of day 18 liver tissue sections show extensive apoptotic cell death in

Pfn1EC-KO liver (Scale bar — 100 mm) CV: central vein, D: Disse space, E: endothelial cells, H: hepatocyte, I: infarct, PT: portal tract, S: sinusoid
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3.2.8 Examination of a Broad Immune Cell Population Panel Reveals Pro-Inflammatory

Profile Following Late-Stage EC Pfnl Depletion

Next, to determine potential global immunological impact of endothelial Pfnl ablation in
vivo, we performed comprehensive analyses of various immune cell subtype populations in
peripheral blood and spleen harvested from mice at either the mid-stage (10-11 days after last
TMX injection, generally normal histological findings) or the late-stage (18 days after last TMX
injection, abnormal histopathology and maximum length of time for humane use) of EC Pfnl-
depletion. A broad panel of immune cells (Table 1, further detail in methods) was used to assess
immune cell development and maturation, granulocyte and T cell differentiation, and myeloid
populations. When assessing total cell population levels, mid-stage immune profiling showed
evidence for dramatically (up to ~10-fold) elevated total leukocytes, lymphocytes and monocytes
in the peripheral blood but not spleen of Pfn1E¢-XO relative to Pfn1WT mice (Figure 12A-B). End-
stage immune profiling revealed a significant decrease in the total splenic counts of leukocytes
and various sub-types of immune cells including neutrophils, macrophages, anti-inflammatory
Lys6C'> monocytes, B cells and T-helper cells (Figure 12C), a finding that is consistent with portal
hypertension and splenic dysfunction as observed in Figure 8. Although the total circulating
leukocyte count normalized between the two groups in late-stage immune profiling, the total
counts of Lys6C'° monocytes and adaptive immunity-associated cells (B cells and various T cells)

showed a decline in Pfn15¢-XO animals (Figure 12D).
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Figure 12. Flow cytometry-based assessment of total count of leukocytes and various immune cell
subpopulations in the spleen and peripheral blood of Pfn1WT vs. Pfn1EC-KO mice at the indicated time-

points (‘n’ indicates the number of animals in each group).

To compare across Pfn1WT and Pfn15¢-XO immune populations, individual immune cell
subtype populations were normalized to total leukocytes quantified per mouse. When we
specifically analyzed various subtypes of immune cells as a percent of total leukocytes, late-stage
Pfn1EC-KO animals exhibited higher relative abundance of splenic monocytes (specifically Ly6CM
pro-inflammatory subtype) and circulating macrophages compared to Pfn1WT animals in a

statistically significant manner (Figure 13). A greater proportion of pro-inflammatory Lys6CM
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splenic monocytes, with concurrent reduction of anti-inflammatory Lys6C' pool in circulating
monocytes alongside elevated macrophages, is further indicative of skewing of myeloid-derived
sub-population of immune cells toward a pro-inflammatory phenotype in Pfn1E¢-KO animals.
Given intriguing variation in myeloid population in Pfn15¢-X0 mice as compared to Pfn1WT, we
next elected to conduct a broad pro-inflammatory cytokine panel to investigate contributing

inflammatory factors.
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Figure 13. Effect of endothelial Pfnl depletion on immunological profile in vivo.

Flow cytometry- based quantification of various subtypes of immune cells expressed as a percent of total
lymphocytes in either spleen or peripheral blood of Pfn1WT vs Pfn1EC-KO mice either 8-10 days (mid-stage,
panel A) or 15-18 days (late-stage, panel B) after last tamoxifen administration. Data representative of at
least three separate litters with ‘n’ representing the total number of mice in each group pooled from different

litters. The ‘p’ values, when significant (or close to being significant), are indicated above the comparison bar.
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3.2.9 Cytokine Profiling Supports Elevated Levels of Pro-inflammatory Cytokines in the

Circulation of Pfn1E¢-KO Mice with Elevated IL-6 in ECs and Myeloid Cells

Immune population findings led us to query whether endothelial Pfnl depletion perturbs
circulating levels of immunomodulatory cytokines and chemokines in vivo to promote immune
cell population development. To address this question, we profiled serum of Pfn1WT and Pfn1E¢
KOanimals for a panel of 32 immunomodulatory cytokines and chemokines using a Luminex-based
assay at either mid-stage or late-stage of endothelial Pfn1 depletion. Based on these analyses, mid-
stage Pfn15¢-KO mice showed a statistically significant 2.45-fold increase in the circulating level
of pro-inflammatory cytokine IL6 (p=0.015) relative to Pfn1"WT mice (Figure 14A). Pfn1EC-KO
animals also presented a general increase in the circulating levels of GM-CSF, M-CSF,
KC/CXCL1, and RANTES/CCLS5 but these changes did not reach statistical significance due to
large animal-to-animal variations observed. Changes in the immunomodulatory factors were more
prominent at the late-stage evaluation. In addition to continued elevation of IL6 (increased by ~5
fold; p=0.00016), circulating levels of several other factors including VEGF, G-CSF, IL1j, IL9,
IL10, IP10/CXCL10 and MCP-1/CCL2 increased in a statistically significant manner in late-stage
Pfn1 EC-KO relative to Pfn1WTanimals (Figure 14B). A few additional cytokines including IL2,
RANTES/CCLY5, and LIF also exhibited a similar trend, but these changes did not reach statistical
significance due to animal-to-animal variations. IL1a was the only circulating cytokine that
appeared to show a reduction in both early and late-stage Pfn15¢-XO animals relative to Pfn1WT
controls.

While several immunomodulatory factors were disrupted in circulation of Pfn1E¢-KO mice,

contributing cellular sources are not clear from Luminex-based serum analysis. To address these
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findings, we asked whether EC could be a potential cellular source for some of these elevated pro-
inflammatory factors as seen in Pfn15¢-XO mice. To address this question, we transduced 2D
cultures of our recently generated human telomerase reverse transcriptase (hnTERT)-immortalized
EC isolated from Pfn1flodflox F\/B mice (mouse endothelial cells, termed MEC) [152] with
adenovirus encoding either Cre (Ad-Cre) or GFP (Ad-GFP) as control, and performed matched
Luminex analyses of collected conditioned media (CM). Ad-Cre mediated acute loss of Pfnl
expression in cultured MEC cells was confirmed by both gRT-PCR and immunoblot analyses
(Figure 14C-D). Although our in vitro experiments with cultured EC did not perfectly reiterate the
in vivo findings, likely due to secretion of immunomodulatory factors from multiple different cell
types in vivo, we were able to see some degree of qualitative concordance between our in vitro and
in vivo results. For instance, similar to our findings in Pfn1E¢-X0 mice, secreted levels of IL-6,
CXCL10, RANTES/CCLS5 and IL1p were also elevated upon Pfnl gene KO in EC (Figure 14E).
However, a contrasting finding included detection of prominent elevation of CXCL9/MIG9 in
Pfnl1-depleted EC, that differed from a modest reduction of this chemokine in Pfn15¢-KO relative
to Pfn1WT mice. Overall, these results suggest that EC could at least partly contribute to elevated
levels of some of the circulating pro-inflammatory factors as seen upon loss of Pfnl expression in
Vivo.

Although several immunomodulatory cytokines were upregulated in Pfn15¢-KOmice at the
late-stage collection point, IL-6 was not only consistently and reproducibly upregulated at both
mid- and late-stage collection points in a statistically significant manner but was also one of the
most robustly elevated cytokines. Although our in vitro studies qualitatively recapitulated I1L6
elevation in EC in response to loss of Pfnl expression, the fold-change was not commensurate

with that seen in vivo. As such, this begged the question of whether other types of cells could

57



further contribute to IL6 elevation in response to endothelial Pfnl loss in vivo. Given macrophages
are one of the major sources of circulating IL6[175], we next analyzed IL6 expression in bead-
isolated F4/80+ circulating monocytes/macrophages populations isolated from Pfn1WT and Pfn1E¢
KOmice by qRT-PCR analyses. Although the p-value (=0.09) did not reach statistical significance
due to animal-to-animal variation, monocytes/macrophages from Pfn15¢-XO mice retained a trend
of higher IL6 expression relative to those harvested from Pfn1WT mice (Figure 14F). To further
determine whether loss of Pfnl in EC could promote upregulation of IL6 expression in
macrophages, we performed indirect co-culture experiments. Specifically, MO macrophages
derived from primary bone-marrow derived mouse monocytes (BMDMs) were exposed to
conditioned media derived from Ad-GFP- vs Ad-Cre transduced MEC, either in the absence or
presence of IFNy stimulation (mimics a pro-inflammatory milieu). These indirect co-culture
experiments showed that endothelial Pfnl depletion potentiates IFNy-dependent IL6 induction in
macrophages (Figure 14G). These data further support a scenario that depletion of Pfnl may
enhances the ability of EC to crosstalk with myeloid lineage populations and upregulate IL6

expression through some paracrine mechanism requiring further cellular signaling validation.
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Figure 14. Endothelial Pfnl depletion leads to increased levels of circulating pro-inflammatory cytokine/chemokines in vivo.
Relative abundance of the indicated cytokines/chemokines circulating in the serum of PfnIWT vs Pfn1EC-KO mice collected either A) 8-10 days or B)
15-18 days after last tamoxifen administration. Data representative of at least three separate litters with ‘n’ representing the total number of mice in

each group pooled from different litters. Validation of Pfnl depletion following Ad-Cre infection (versus Ad-GFP control) at either the C) gene
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expression or D) protein level in kidney-derived MECs. E) Ad-Cre infected MEC KO cell supernatant partially concurs with secreted
cytokine/chemokine profile present in circulation-derived serum sample from EC Pfnl KO mouse. F) IL-6 gene expression is elevated in EC Pfnl KO-
derived myeloid cells. G) IL-6 gene expression is elevated in EC-Pfnl KO primary-derived circulatory myeloid cells following IFN-g stimulation.

“p<0.05, “p<0.01.
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3.2.10 STAT1 and IRF7 Signaling is Activated Following Endothelial Pfn1 Deletion

While co-culture studies, immunomodulatory findings, and immune subtype population
profiling support a regulatory role for endothelial Pfnl in paracrine regulation of myeloid cell
behavior, the regulatory mechanism is not clear. To gain mechanistic insights into biological and
signaling pathway perturbation in EC upon loss of Pfnl expression, we performed RNA-
sequencing analyses to transcriptionally profile Ad-GFP vs Ad-Cre transduced EC in an acute
setting ensuring that cell viability was not compromised. To elucidate a specific mechanism of
action, RNA was isolated from AdGFP and AdCre MEC and processed for RNAseq preparation
and analysis. Gene expression profiles were dramatically perturbed between AJGFP and AdCre
MEC samples, and even with the absolute fold-change in expression and the false-discovery rate
(FDR) set to >1.5 and <0.05, respectively, we found a total of 1035 differentially expressed genes
(DEGs - 789 upregulated and 246 downregulated) in Pfnl KO relative to control MEC (Figure
15A). When specifically probed for expression changes in immunomodulatory factor-encoding
genes (specifically interleukins, CXC- and CC-family chemokines, and colony-stimulating factors
(CSFs)), G-CSF/CSF3, CXCL10 and CCL5 were found to be robustly elevated (indicated by
asterisks in Figure 15B) in Pfn1 KO MEC in agreement with our serum and/or CM Luminex data.
Upstream Regulator Analysis (URA) of EC Pfnl-responsive genes in IPA predicted inhibition and
activation of a wide range of transcriptional regulators as shown in the form of a volcano plot
(Figure 15C). As per these analyses, transcription factors STAT1 and IRF7 (interferon regulatory
factor 7) were predicted to be the most robustly activated transcription factors in EC under Pfnl-
depleted condition (Figure 15C). Interestingly, TRIM24 (tripartite motif 24 — an inhibitor of

STAT1 transcription[176]) was predicted to be most inhibited transcription factor in Pfnl depleted
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MEC. TRIM24-chromatin binding activates estrogen-associated genes, supporting a role for
TRIM24 in sex-specific variability. While cytokine secretion was elevated in female as compared
to male mice, there was not sufficient data collected from male mice to quantitatively assess against
female mice. To validate gene expression-level findings, we investigated STAT1 and IRF7
activation and total protein levels. As an experimental validation, elevated total protein levels of
both IRF7 and STAT1 were observed in Pfnl KO MECs, with comparable or elevated
phosphorylation (indicative of activation) in IRF7 and STAT1, respectively (Figure 15D). Overall,
these results are consistent with a well-established role of IRF/STATL1 signaling in induction of
pro-inflammatory cytokine/chemokine genes and classical activation of macrophages through

some paracrine mechanism[177].
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Figure 15. Impact of Pfnl depletion on EC transcriptome.

A) Heat plot showing differentially expressed genes between Ad-GFP- and Ad-Cre-infected EC (genes color
coded by blue and yellow denote transcriptionally downregulated and upregulated genes in Ad-Cre relative
to Ad-GFP-infected cells; data summarized from three biological replicates). B) Heat plot showing
transcriptionally altered cytokines/chemokines as a result of Pfnl depletion in EC (numbers alongside
indicate the average fold change in Ad-Cre relative Ad-GFP groups; asterisks denote robustly altered
cytokines/chemokines that are in agreement with serum and/or CM Luminex data). C) A volcano plot (P-
value vs Z score) displaying IPA-predicted activated and inhibited transcriptional regulators in Ad-Cre-vs
Ad-GFP-infected cells. Top IPA-predicted activated transcription factors (based on the absolute Z score and
negative log P-value) are outlined by a green oval. D) Representative immunoblots showing the relative levels
of the total as well as phosphorylated forms of STAT1 and IRF7 between Ad-GFP- and Ad-Cre-infected cells
(GAPDH blot serves as the loading control; Pfnl blot confirms Ad-Cre—induced suppression of Pfnl
expression). RNAseq fastq analysis conducted by Dr. David Gau, with additional Western blot data collected

by Christopher Varghese.
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3.3 Conclusions

Originally identified as an actin shuttling protein, Pfnl’s role in a variety of pathologies
have been unveiled[18], [54], [110], [111], [111], [112], [145], [156]. While inhibitors are effective
to study Pfnl:actin interaction[54], [151] a conditional Pfn1 KO model specific to EC can expand
beyond this case. Loss of function (LOF) animal models, both constitutive and inducible, are a
common tool in pathological studies. Though essential, LOF models are not always compatible
with life. Efforts to generate a double-allele deleted Pfnl mouse have failed to produce viable
homozygous pups, either in a global deleted case[170] or in an endothelial cell specific
model[154]. This has been observed in other models (Drosophila and Dictyostelium[171], [172]),
underpinning a need for Pfnl expression during prenatal development. To address this
shortcoming, a novel conditional endothelial Pfn1 depleted model (CDH5 CreERT2*- Pfn1flox/flox)
has been used to assess diabetic retinopathy in post-natal mouse pups[151], [152], with retinal
vascularization dramatically reduced in Pfn1E¢-KO versus Pfn1WT pups, allowing study of Pfn1 loss
on post-natal vascular development. Though mice were used effectively in short-term post-natal
experiments, long-term viability was not assessed.

In our current study, we reported three novel findings. First, loss of endothelial Pfn1 over
an extended period leads to dramatic reduction in animal health and mortality, underpinning the
essential need for endothelial Pfnl in long-term animal health and viability. This contrasts with
existing conditional Pfn1 KO models that supported loss of Pfnl in select cell-types and tissues
while retaining animal viability. These findings will be critical to future studies on endothelial
Pfnl in vascularized disease, including cardiovascular disorders and solid cancers. Second,
endothelial Pfnl deletion promotes a pro-inflammatory response, including elevated

immunomodulatory cytokine secretion in Pfn1E¢KO mice that in part promote elevated pro-
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inflammatory myeloid populations. Collectively, these findings support a causative role for
endothelial Pfnl deletion in perturbing immune cell populations. Third, loss of endothelial Pfnl
leads to dramatic upregulation of pro-inflammatory IRF7/STAT1 signaling components
specifically in ECs, while also promoting an inflammatory response (elevated IL-6 expression) in
myeloid populations collected both in vitro and in vivo. These data suggest a paracrine regulatory
mechanism mediated through endothelial Pfnl factor secretion to promote pro-inflammatory

macrophage activation, as schematized by Figure 16.
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Figure 16. Schematic representation of potential mechanism of action of endothelial Pfnl in regulating pro-
inflammatory activation.

Endothelial intracellular signaling via Pfnl deletion may promote activation and phosphorylation of IRF7
and STATL. Inflammatory signaling activation in endothelial cells may directly promote cytokine and
chemokine release leading to myeloid cell activation or may activate some unknown paracrine signaling
mechanism due to IL-6 induction that leads to pro-inflammatory activation of myeloid cells, or some

combination of both. Created with biorender.com.

66



Chronic inflammatory conditions can lead to elevated Pfn1 expression in both experimental
and clinical settings[110], [111], [114]. For example, an increase in serum Pfnl is observed as
disease severity increases in atherosclerotic patients[111]. In a global single-allele Pfn1 depleted
mouse model, features of atherosclerosis including reduced foam cell accumulation, plaque size,
and cell-adhesion molecule (CAM) expression were dramatically decreased in single-allelic Pfnl
depleted mice[110]. Classically, these features appear to be attributed to restoration of endothelial
function. This would be expected alongside previous findings from our group, indicating that Pfnl
loss leads to improved endothelial barrier and function. Though at first contradictory, impaired
vascular integrity and function agrees with in vitro Pfnl depletion experiments, as reduced
proliferation and improved barrier junctions are observed in HUVEC[50]. While ideal in a static
culture model, these conditions are not ideal to growth and proliferation in maturing vessels and
capillaries.

Salient pathological features of Pfn15¢-KO mice at the organ level found in this study are
disrupted vasculature, stunted weight gain and development, tissue infarct, fibrosis, sclerosis and
immune cell infiltration. Disrupted vasculature in organs (most notable in kidney and liver) in
Pfn1EC-KO mice is consistent with endothelial Pfn1-dependency for angiogenesis previously shown
by our group in early post-natal developmental setting[151], and more recently, in a renal cancer
model of tumor angiogenesis[152]. In the latter study, pro-angiogenic factor serpinE1l was most
heavily downregulated in the tumor microenvironment in response to loss of endothelial Pfnl1. In
the current study, prominent tissue infarct is suggestive of severe defect in circulation due to
impaired vascularization, which are expected to directly lead to some of the other observed
histological changes including fibrosis and mononuclear immune cell infiltration. One of the

striking features of Pfn15¢-X© mice is abnormal peritoneal fluid accumulation and abdominal
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hemorrhage, the most likely cause of which is increased vascular permeability (supported by
qualitatively elevated VEGF in late-stage Pfn15¢-KO animals).

Endothelial barrier function requires integrity of actin cytoskeleton and intact junction
tethering to the underlying cytoskeleton. A previous study showed that loss of Ena/VASP family
of F-actin elongating proteins compromises cell-cell junctions, endothelial barrier dysfunction and
hemorrhage in mice[178], similar to the phenotypes we observed in Pfn1E¢-KO mice. Ena/VASP
proteins bind to Pfnl to augment actin polymerization ability of Ena/\VVASP[179]. Therefore, Pfn1-
Ena/VASP interaction may contribute to vascular leakiness in Pfn15¢-X0 mice due to cytoskeletal
defects. Interestingly, we previously showed that acute silencing of Pfnl expression in vascular
EC stabilizes adherens and tight junctions conferring protection to VEGF-induced junctional
disruption[50]. Another group also reported improved retinal vascular barrier function in mice
when subjected to intravitreal administration of Pfnl-shRNA encoding adenovirus[143]. We
attribute the apparent contradictions between those results and the in vivo phenotype of Pfn1EC-KO
mice to at least two possible reasons. First, gene silencing of Pfnl in EC reduces but does not
eliminate Pfnl expression and does not cause cell death, unlike the effect of total absence of Pfnl
expression. Second, we saw a robust systemic elevation of VEGF (a key vascular permeability-
inducing factor) in Pfn15¢-KO mice. Therefore, VEGF upregulation (compounded by apoptotic cell
death) could be a major driver for inducing vascular leakiness in Pfn1E¢-K0 mice.

A key question derived from this study is whether the pro-inflammatory consequence of
loss of endothelial Pfnl is specific to some particular function of EC Pfnl or a generic feature as
could be expected due to loss of any other key actin polymerization regulatory proteins. Disruption
of endothelial barrier function may contribute to local inflammation and cell death and could signal

a common phenotypic consequence of disruption of actin polymerization regulators. However, our
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cell culture-based studies showed that loss of endothelial Pfnl leads to upregulation of pro-
inflammatory factors not only in an EC-intrinsic manner but also in macrophages through a
paracrine mechanism, supporting a direct interaction in our selected cell types. Furthermore, our
RNAseq studies revealed that many of the biological pathways that are predicted to be activated
in EC upon Pfn1 depletion are related to immunological functions. Therefore, we reason that there
are additional cellular consequences capable of impacting immune response that are unique to the
loss of Pfnl.

The most prominent immunological consequence of endothelial Pfnl depletion is
expanded pro-inflammatory myeloid-derived population of immune cells. This finding is
consistent with the systemic elevation of several pro-inflammatory cytokines in Pfn1E¢-KO mice.
In the context of these data, it is interesting to note that in atherosclerosis setting, global
heterozygous deletion of the Pfnl gene reduces inflammation and macrophage activity conferring
partial protection from the severity of atherosclerosis[110]. While those data may appear
contradictory, a direct comparison cannot be made because 1) global heterozygous KO mice have
attenuation (but not complete loss) of Pfnl expression in all cell types, and so a direct
immunological consequence of Pfnl heterozygous mice cannot be directly tied to endothelial Pfnl
expression, 2) there is prior evidence for altered immune cell behavior (specifically cytotoxic T-
cells) in response to perturbation of Pfnl expression[155] and 3) cell death and necrosis, features
of Pfn1EC-K0 put not of global Pfnl heterozygous knockout mouse model, could be direct triggers
of an inflammatory response in vivo.

Inflammatory macrophages with M1-like phenotype are characterized by high expressions
of IL1B and IL6[180]. A recent study also supports IL1{ signaling in transcriptional upregulation

of VEGF in macrophages[181]. Macrophage-secreted IL6 can also stimulate the production of
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CXCL10 (a potent chemokine for macrophages and T cells) in an autocrine manner suggesting a
positive feedback loop[182]. Our cytokine profiling data show elevated levels of IL1j3, IL6, VEGF
and CXCL10 (M1-macrophage associated marker) in Pfn1E¢KO mice, with in vitro studies
providing evidence for both EC and macrophages as potential sources of these factors. Though
IL6 expression was moderately (1.4x) overexpressed specifically in endothelial cells, large animal-
to-animal variability in IL6 expression was also present in primary-isolated myeloid lineage cells
(Figure 14). While these findings support consistent upregulation of IL6, we must consider
additional secretors of IL6. IL6 is produced by innate immune cells, B and some T cells, with
expression of IL6 receptor (IL6R) predominantly restricted to hepatocytes and leukocytes[183].
As such, IL6 may interact directly with hepatocytes, supporting accelerated pathological features
present in liver. Additionally, lung pneumocytes are a major secretor of IL6, and IL6 neutralizing
antibody treatment ameliorates features of lung fibrosis[184]. Investigating IL6 expression profile
in the lung and the liver tissues of Pfn1"WT vs Pfn1E¢-KO mice may reveal additional tissue secretion
source of IL6. Additionally, STAT1 and IRF7 are key mediators of type | interferon response,
regulated in a positive feedback loop controlling each other’s expression in addition to acting as
major transcriptional regulators of several pro-inflammatory factors (e.g. CXCL10, CCLS5,
CXCLY9) that are elevated either in vitro or in vivo upon endothelial Pfnl loss [185], [186].
Therefore, increased STAT1/IRF7 activation could offer a molecular basis for pro-inflammatory
gene induction in EC triggered by loss of Pfnl. Interestingly, we recently reported suppression of
STAT1 expression in a tumor microenvironment when Pfnl is overexpressed in EC[152].
Although this study did not discern which cell type reflects Pfnl-induced suppression of STAT1
expression in vivo, elevated STAT1 expression in Pfn1E¢-KO as demonstrated herein underpins

these findings. How loss of Pfnl increases STAT1/IRF7 expression/activation remains to be
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elucidated, and future studies can be used to explore whether TRIM24 inactivation, DNA damage,
and/or toll-like receptor signaling by certain damage-associated molecular patterns are responsible

for hyper-activation of IRF-STAT signaling in EC when depleted of Pfn1.
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4.0 Haplo-insufficiency of Profilinl in Vascular Endothelial Cells is Beneficial but Not

Sufficient to Confer Protection Against Experimentally Induced Atherosclerosis

Content in this chapter is currently under review for publication
Reference: Abigail Allen-Gondringer, Partha Dutta, Partha Roy. “Haplo-insufficiency
of Profilinl in vascular endothelial cells is beneficial but not sufficient to confer protection
against experimentally induced atherosclerosis”, (under review)

Specific Aim 2: Determine the consequence of partial vascular endothelial loss of Pfnl on
atherosclerosis development.

4.1 Introduction

Cardiovascular diseases are a leading cause of death world-wide, contributing to
approximately 17.9 million deaths a year [187]. The most common form, ischemic heart disease,
remains the leading cause of cardiovascular-related death, and develops due to atherosclerotic
plaque formation [188]. Atherosclerosis begins with fatty streak deposition, appearing in clinically
relevant locations including aortic, coronary, and cerebellar arteries as early as age 30-40 years in
humans [97]. Over time, fatty streaks develop into fibrotic plagues composed of extracellular
matrix and necrotic cellular deposits, smooth muscle cells (SMCs) and immune cells. Immune cell
sub-populations are characterized by infiltration of lipid-rich macrophagic foam cells, cytotoxic T
lymphocytes, granulocytes, and other antigen presenting cells (APCs) [96], [97]. An early
contributor to fatty streaks and plague development is EC dysfunction. In the healthy endothelium,
atheroprotective nitric oxide (NO) released by constitutive endothelial nitric oxide synthase

(eNOS)[189] regulates expression of endothelial cell adhesion molecules (CAMs, i.e. VCAM-1,
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ICAM-1), while eNOS dysfunction in the vasculature (signified by a decrease in bioavailable nitric
oxide (NO))[190] may enhance levels of VCAM-1 and ICAM-1, inciting local immune invasion
and inflammation[191].

Actin cytoskeleton plays an important role in various aspects of atherosclerosis. For
example, remodeling of actin cytoskeleton is largely responsible for pro-atherogenic
morphological changes and dysfunction (characterized by impaired barrier function) of ECs in
response to turbulent flow[192], [193]. Actin regulatory proteins control EC stiffness, in turn
impacting clustering of cell surface adhesion molecules and transendothelial migration of immune
cells [194]. Other aspects of atherosclerosis, such as polarization and lipid processing by
macrophages, are sensitive to the state of actin cytoskeleton in immune cells [195], [196].
Overexpression of actin-binding protein Profilinl (Pfnl - an important promoter of actin
polymerization in cells) in atherosclerotic plaques as well as increased circulating level of Pfnl in
the serum are features of human atherosclerosis[111]. In atherosclerotic plaques, Pfnl abundance
is elevated in both intracellular and extracellular spaces, and in vitro studies provide evidence for
Pfn1’s ability to stimulate vascular smooth muscle cell migration and proliferation (features of
atherosclerosis) utilizing an extracellular mode of action. High-fat diet induced atherosclerosis in
low-density lipoprotein receptor (LDLR) knockout (LDLR”) knockout mice also leads to a trend
of Pfnl expression increase in atherosclerotic blood vessels mimicking the human disease.
Furthermore, in the same mouse model of atherosclerosis, when Pfnl expression is partially
depleted globally in all cell types by heterozygous gene deletion, it results in reduced severity of
atherosclerosis marked by smaller plaque size, lower VCAM-1 expression, and diminished
vascular infiltration by macrophages [110]. However, since atherosclerosis involves altered

activities of a number of different cell types including vascular EC, immune cells
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(monocytes/macrophages, neutrophils and various subpopulation of T cells) and vascular smooth
muscle cells Pfnl downregulation in which specific cell type is primarily responsible for
atheroprotective effect in Pfn1* mice remained unclear. Our recent studies show that triggering
complete loss of vascular EC Pfnl has a profound immunological consequence providing evidence
for Pfnl as an important mediator of vascular EC-immune cell crosstalk[156]. Given these
findings, we sought to investigate whether haplo-insufficiency of Pfnl in vascular ECs alone has

any beneficial effect in experimentally induced atherosclerosis.

4.2 Results and Discussion

4.2.1 Atherosclerosis Progression Following PCSK9 Loss is Not Impeded Due to Partial EC

Pfnl Depletion

To assess the impact of EC-specific partial Pfn1 reduction (Pfn1*-(EC)), we backcrossed our
available CDH5-CreERT2*- Pfn1floXflox BAL BC/J mice onto the C57BL6/J background for use in
atherosclerotic experiments. To evaluate the impact of EC-specific Pfnl depletion on
atherosclerosis, we used Pfn1*-(E€) C57BI/6 mice for two reasons. First, mortality is observed in
total Pfnl depleted mice, either globally[170], endothelial constitutive[154], or 3-weeks after
conditional endothelial Pfnl gene ablation[156], and since it takes several months to develop
atherosclerosis in mouse models, Pfn17-(E%) mice are not suitable for atherosclerosis development
studies. Secondly, use of Pfn1*-(EC) animals (which are completely viable) allows for a direct
evaluation of EC-specific partial depletion of Pfnl vs previously published global Pfnl

heterozygous knockout mouse model-based findings in atherosclerosis setting[110]. Additionally,
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ECs harvested from Pfn1*-(EC) have ~50% downregulation of Pfn1 expression at the protein level
and are morphologically indistinguishable from those harvested from Pfn1** mice (Figure 17A-
B). As such, we elected to use an EC-partially depleted Pfn1 (Pfn1*-(E%)) mouse model to retain
sufficient EC Pfnl for survival while probing partial EC Pfn1 depletion in a chronic inflammatory
setting.

Since generating LDLR” mice harboring additional cell-type-specific conditional
knockout of gene of interest requires extensive breeding and is time consuming, we adopted use
of AAV8-mPCSK9 combined with HCD to induce atherosclerosis[157], [158]. PCSK9 directly
binds to hepatic LDLR promoting its degradation in the lysosomes, and consequently, induces
hyperlipidemia[197]. To initially confirm the efficacy of AAV8-mPCSK9-induced depletion of
hepatic LDLR, we probed for expression of LDLR in the liver in both Pfn1**and Pfn1*-(%) mice
3.5 months after a single intraperitoneal injection of AAV8-mPCSK9 vs AAV8-GFP (as control).
Immunoblot analyses of liver extracts showed near complete depletion of LDLR in both Pfn1**
and Pfn1*-(C) mice following administration of AAV8-mPCSK9 (Figure 17C). Lipid panel
analyses of serum showed significant elevation of both total cholesterol and LDL (but not
triglycerides and HDL) in HCD-fed Pfn1** and Pfn1*-(%) mice which were administered with
AAV8-mPCSKO relative to those receiving AAV8-GFP (Figure 17D). However, we did not find
any significant difference in the serum level of either total cholesterol or LDL between Pfn1**and
Pfn1*-E animals (Figure 17D) suggesting that partial loss of EC Pfn1 does not impact the severity
of hyperlipidemia. Oil Red-O staining of aortic roots revealed presence of atherosclerotic plaques
in both Pfn1** and Pfn1*-&%) mice (Figure 17E). However, when we compared multiple features
of atherosclerosis including the areas of total plaque, fibrous cap and necrotic core measured at the

aortic root, we did not find any statistically significant difference in any of these parameters
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between the two Pfnl genotypes of mice (Figure 17F). These data further suggest that partial
depletion of Pfnl in vascular EC alone is not sufficient to confer overall protection against
experimentally induced atherosclerosis in vivo. Based on these findings, we elected to investigate
the immunomodulatory profile present in both Pfn1** and Pfn1*-®® mice in both the

atherosclerotic and non-atherosclerotic settings.
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Figure 17. Pfnl haplo-insufficiency in vascular EC is not sufficient to induce atheroprotection.

A-B) Immunoblot analyses of Pfnl (panel B — GAPDH: loading control) and phase-contrast images (panel A)
for CD31+ mouse kidney ECs isolated from Pfn1**and Pfn1*-E®) mice. C) Immunoblot anlsyses of liver
extracts prepared from mice of indicated Pfnl genotypes showing loss of LDLR expression in reponse to

AAV8-mPCSK9 administration (samples from AAV8-GFP injected mice serve as control; GAPDH-loading
control). D) Relative serum levels of total cholesterol, LDL, HDL and triglycerides in AAV8-mPCSK9 vs
AAVS8-GFP injected mice of indicated Pfnl genotypes maintained on a high cholesterol diet. The number of

animals for various groups for lipid panel analyses were: Pfn1**/PCSK9 (n=5); Pfn1*-EC)/PCSK9 (n=5);
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Pfn1**/GFP (n=5); Pfn1*-E9/GFP (n=3) E-F) Representative images of aortic roots prepared from
atherosclerotic Pfn1** and Pfn1*(E® mice stained with Oil Red-O and Masson’s trichrome staining (panel E)
along with quantifications of various atherosclerosis-related parameters (data normalized to the mean values
of Pfn1** mice (panel F). Data were summarized from 6 Pfn1** and 8 Pfn1*(E® atherosclerotic mice pooled

from multiple experiments; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns — not significant.

4.2.2 Broad Immune Cell Panel Reveals Reduced Cytotoxic T Cells and Elevated B Cells in

EC Pfnl Depleted Mice

Although our studies showed that partial depletion of EC Pfnl alone does not ameliorate
either hyperlipidemia or the severity of atherosclerosis, we asked whether haplo-insufficiency of
vascular EC Pfn1 has any favorable immunological consequence in the setting of atherosclerosis.
Therefore, we performed flow cytometric analysis to obtain immunological profile of spleen, bone
marrow, thoracic aorta and whole blood isolated from atherosclerotic Pfn1** and Pfn1*-() mice
and compared the findings from these studies to those obtained in a similar manner for non-
atherosclerotic mice (these animals did not receive AAV8-mPCSK9 and were maintained on a
normal diet). As summarized in Figure 18, we noticed a statistically significant decrease in
circulatory cytotoxic CD8* T cell abundance in atherosclerotic Pfn1*-&C) vs Pfn1** mice. A
similar trend was also observed in the aortic CD8" T cell population in atherosclerotic mice
although the difference did not reach statistical significance likely because of large animal-to-
animal variability. Given that this trend was not observed in splenic and bone marrow CD8* T cell
population, it is likely that CD8" T cell mobilization from lymphoid organs rather than their

development was negatively impacted in atherosclerotic Pfn1*-(E€) mice.
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Figure 18. Immuneprofiling of atherosclerotic Pfn1** and Pfn1*-&C) mice.
Flow cytometry-based analyses of the relative abundance of various immune cell subtypes (as % of total
leukocytes) in the circulation (whole blood) and various organs/tisssues (spleen, aorta and bone marrow) of
atherosclerotic Pfn1** and Pfn1*(© (‘n’ indicates the number of animals in each group pooled from mutiple

experiments; ‘p’ values when significant or close to being significant are indicated).

It is important to note that non-atherosclerotic mice did not show any effect of partial loss
of EC Pfnl on circulatory and aortic CD8* T cell abundance (Figure 19). When analyzed for

relative content of B cells between the two groups of animals, both splenic and aortic B cell content
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in atherosclerotic Pfn1*-(E%) mice showed signs of elevation relative to Pfn1** animals although
the difference did not reach statistical significance because of large animal-to-animal variability
(Figure 18). Somewhat consistent with these findings, non-atherosclerotic Pfn1*-(E€) mice also
exhibited a sign of elevated circulating B cells relative to Pfn1** mice with the p-value close to
being significant (p=0.07); however, a reverse trend was found when splenic B cell content was
compared between the two groups of animals in non-atherosclerosis setting (Figure 19). We
recently showed that complete loss of vascular EC Pfnl induces a selective bias of myeloid-
derived cells (monocytes/macrophages) toward a pro-inflammatory phenotype in vivo[156].
Consistent with these findings, anti-inflammatory Ly6C'® monocytes were present at a lower level
in atherosclerotic bone marrow and non-atherosclerotic spleen isolates of Pfn1*-(E©) relative to
Pfn1** mice; however, these changes were not preserved in the aortic immune cell compositional
analyses (Figure 18). In summary, these immunological profiling studies demonstrate that the most
noteworthy changes in the immune cell composition of the aorta (the main pathologic tissue of
interest) elicited by partial loss of EC Pfnl in atherosclerosis setting are trends of diminished and

elevated CD8* T cells and B cells, respectively.
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Figure 19. Immuneprofiling of non-atherosclerotic Pfn1** and Pfn1*-(&%) mice.

Flow cytometry-based analyses of the relative abundance of various immune cell subtypes (as % of total

leukocytes) in the circulation (whole blood) and various organs/tisssues (spleen, aorta and bone marrow) of

non-atherosclerotic Pfn1** and Pfn1*-&X (‘n’ indicates the number of animals in each group pooled from

mutiple experiments; ‘p’ values when significant or close to being significant are indicated).
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4.2.3 Limited but Specific Depletion of Pro-inflammatory Cytokines in EC Pfnl Depleted

Mice

To gain further mechanistic insights into how partial loss of EC Pfnl may alter
circulating/aortic composition of select immune cell sub-types in atherosclerosis setting, we
performed a broad assessment of circulating cytokine/chemokines in the two groups of animals
utilizing a Luminex assay probing for a panel of 32 immunomodulatory factors. As per these
analyses, IP-10/CXCL10 and IL7 are the only two immunomodulatory factors that were
differentially abundant within statistical significance with the average circulating CXCL10 and
IL7 levels being ~40% and ~70% lower, respectively, in Pfn1*-(EC) relative to Pfn1**
atherosclerotic animals. (Figure 20A-B). Similar Luminex analyses performed with serum of non-
atherosclerotic animals did not reveal any significant difference in circulating level of either
CXCL10 or IL7 between the two groups, suggesting that the effect of partial loss of EC Pfnl on

these cytokines is specific to atherosclerosis setting (Figure 20A-B).
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atherosclerotic (panel A) and non-atherosclerotic (panel B) mice of indicated genotypes (data for each analyte
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normalized to the corresponding mean value calculated of Pfn1** mice; immunomodulatory factor(s) that are
differentially abundant within statistical significance are indicated by asterisk. B) Relative serum abundance
of CXCL10 and IL7 between the two groups of animals in atherosclerosis vs non-atherosclerosis settings (‘n’

indicates the number of animals in each group pooled from mutiple experiments; ns — not significant).

4.3 Conclusions

In the current study, the role of partial EC Pfnl depletion was probed in the context of the
atherosclerotic and non-atherosclerotic settings. Our findings validated the utility of an AAVS8-
mPCSK9 mediated Pfn1*-(EC) atherosclerotic model as elevated LDL and total cholesterol profile
and elevated plague accumulation were present in both Pfn1*-&%) and Pfn1** mice (Figure 17).
Although plaque formation was indistunguishable between Pfn1*-(E©) and Pfn1** mice (Figure
17D), we posited that Pfn1*-(E) mice may still present some broader immunomodulatory changes.
Of the assayed cytokines/chemokines, CXCL10 and IL7 were the only significantly reduced
cytokines specifically in the atherosclerotic setting (Figure 18C). Comparable change in depletion
of cytotoxic lymphocytes and elevated B cell populations in the atherosclerotic setting are
supported in part by CXCL10/IL7 findings, as these cytokines regulate T lymphocytes and
myeloid populations, respectively (Figure 18, Figure 19).

Vascular infiltration of both innate and adaptive immune cells is a key feature of
atherosclerosis. In particular, presence of pro-inflammatory M1 macrophages exacerbates disease
progression[198], [199]. The role of cytotoxic CD8* T cells in atherosclerosis has been debatable
in the literature. CD8" T cell activity induces growth and promote instability (i.e. rupture-prone)
of atherosclerotic lesions through lysis of EC and smooth muscle cells[200]. These findings

correlate with increased abundance of CD8* T cells in advanced atherosclerotic lesions[201], and
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higher circulatory level of CD8* T cells linked to atherosclerosis development[202] in humans.
These results support a pro-atherosclerotic role of CD8* T cells. However, an inverse correlation
between CD8* T cell and macrophage content in human atherosclerotic aortas, taken together with
preclinical evidence for antibody-mediated depletion of CD8" T cells resulting in reduced plaque
stability and increased necrosis and macrophage content in advanced-stage LDLR-atherosclerotic
animals support a protective role of CD8" T cells in late-stage atherosclerosis [203]. In general,
immunosuppressive action of regulatory T cells (Tregs) inhibits atherosclerosis[204].
Furthermore, B cell-driven antibody response to oxidized LDL (driver of chronic inflammation),
and cooperation between B and T cells have been demonstrated to contribute to athero-protective
immunity in ApoE” mouse model of atherosclerosis [205]. These findings support moderate
athero-protective effect in Pfn1*-(E%) mice due to reduced cytotoxic T cell populations.

Further, CXCL10 is associated with pro-inflammatory immune cell activation, specifically
playing a prominent role T cell recruitment in chronic inflammation [206], [207]. A previous study
found that genetic ablation of CXCL10 leads to reduced CD8* T cell accumulation and enhanced
Treg activity resulting in a prominent two-fold reduction in atherosclerotic lesion formation in
ApoE" mice [206]. Reduced circulating CXCL10 level in Pfn1*-C) relative to Pfn1** animals
specifically in atherosclerosis setting may partly explain diminished circulating and aortic CD8*
T cell abundance as a consequence of partial loss of EC Pfnl. Interestingly, these CXCL10-
associated data diverges from our recently published findings of prominent CXCL10 elevation in
response to complete loss of EC Pfnl in vitro and in vivo[156]. While at first confounding, some
part of the pro-inflammatory effect present in the aforementioned study may be due to cellular and
tissue death not present in Pfn1*-(E€) mice, leading to elevated CXCL10 secretion in total EC Pfn1l

depleted mice. Separate from CXCL10, IL7, a cytokine that triggers Th1l and Th17 response [208],
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has pro-atherogenic function[209]. Interestingly, IL7 is downregulated in both a totally and
partially EC Pfnl depleted setting[156], underscoring its potential as a target for further
investigation in vascular disorders in which Pfnl plays an essential role. Overall, these cytokine
profiling data demonstrate that partial depletion of EC Pfnl leads to reduction of select pro-
atherogenic cytokines and chemokines in atherosclerosis setting.

Several lines of investigation are revealed based on the current study. First, though not
significant, quantification of plaque components in Pfn1*-E%) mice as compared to Pfnl1** at
minimum supports probing of alternative stromal cells present in/near the atherosclerotic plaque
(i.e. VSMCs) as a separate target of investigation. Pfnl depletion in VSMCs may be especially
promising, as Pfnl KD reduced VSMC proliferation and migration[134], and a small molecule
Pfnl:actin interaction inhibitor also presented with similar reduction in VSMC proliferation[210],
offering a potential therapeutic option for further investigation. In addition to VSMCs, future
studies to investigate Pfnl reduction specific to either myeloid or lymphoid lineage immune cells
is supported in part by reduced pro-atherogenic factors IL7 (myeloid associated) and CXCL10 (T
lymphocyte associated) (Figure 20) as well as reduced cytotoxic T lymphocytes observed in flow
cytometric analyses (Figure 18). Prior research has specifically investigated EC Pfnl and global
Pfnl depletion[110], respectively, so alternative stromal cells may offer a promising point of
investigation for Pfnl depletion in future in vitro and in vivo studies (Figure 21). We must also
consider sex-specific differences in atherosclerosis progression, as limited sample number did not
reveal significant reduction of disease features in Pfn1*-(E®) mice following male-female
bifurcation of data. Future studies with increased sample number may reveal a sex-specific
contribution in atherosclerotic Pfn1*-(E%) mice. Second, while partial EC Pfnl depletion only

moderately impacts inflammatory and pathogenic features of atherosclerosis, further investigation
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to create a viable Pfn15¢-XO mouse model may lead to dramatic change in atherosclerotic disease
features. In Pfn15¢-KO mice, IL-6 was consistently upregulated in both endothelial and myeloid
compartments following Pfnl loss, though the precise paracrine mechanism is not clear[156].
Antibody-mediated IL-6 blockade may then offer a potential target to limit mortality as a
consequence of EC Pfnl depletion. We must also consider extending use of a Pfnl:actin interaction
inhibitor into an in vivo atherosclerosis model, as small molecule treatment not only offers a
potential therapeutic treatment modality, but will also facilitate granular study of Pfnl:actin
abrogation by scaling supplied dosage of the inhibitor itself in the disease setting. Third,
generation of an adenoviral-inducible Pfn1fo¥floxmodel (no nascent Cre expression) paired with
myeloid-specific, lymphocyte-specific, or VSMC-specific Ad-Cre-mediated Pfnl gene KO may
offer an easy-to-use model to investigate the effect of Pfnl loss in specific cell-types and
compartments without extensive backcrossing needed. As such, the current study offers many

potential opportunities to further investigate the cell-type specific role of Pfnl in atherosclerosis.
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Reduced levels of pro-atherogenic cytokines IL7 and CXCL10 may reduce activation of myeloid (blue) and
lymphoid (green) lineage cells, respectively. Further investigation of Pfnl depletion in myeloid and lymphoid
lineage cells, as well as in VSMCs (orange), may reveal some atheroprotective effect,. Created with

biorender.com.

In conclusion, this study for the first time investigates the impact of cell-type-specific
partial loss of Pfnl expression on atherosclerosis development. Although changes in EC play a
key role in the initiation of atherosclerosis, our studies show that partial loss of Pfnl expression

selectively in ECs has certain beneficial effects (such as dampening of select pro-atherogenic
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cytokines/chemokines with concomitant reduction in cytotoxic T cell abundance) but is not
sufficient to confer atheroprotection in vivo (Figure 21). In light of these findings, we conclude
that previously reported atheroprotective phenotype of global Pfn1*- mice [110] is attributed to
combined effects of Pfnl depletion in additional cell types that are relevant for atherosclerosis
progression. Therefore, it will be interesting to investigate in the future whether attenuated Pfnl
expression in monocytes/macrophages and/or smooth muscle cells offer additional benefits that

could potentially explain atheroprotection conferred by global Pfnl haplo-insufficiency.
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5.0 Conclusions

Functional vascular structure and integrity is critical to tissue regulation on both the micro
(cellular) and macro (tissues, whole organism) levels. While vascular regulation is tightly
controlled by cell-cell interaction, as well as by intracellular protein and tissue regulation,
dysregulation can lead to development of various pathologies. A contributor to this dysfunction is
the actin-binding protein Pfnl. Actin cytoskeletal dysfunction can perturb cellular function not
only on the level of vascularized disease (cardiovascular, endocrine disorders), but other Pfn
isoforms can also contribute to other diseases, such as neurological disorders. In the context of
endothelial dysfunction, the contributing role of Pfnl is not clear. An in vivo model fully
investigating total endothelial Pfnl KO is not available, stunting development of a suitable model
for further studies and improved clarification of the role of endothelial Pfn1 in pathology. Given
our focus on vascularized diseases, we elected to further investigate endothelial Pfnl in the acute
(non-atherosclerotic, only EC Pfnl KO) and chronic (atherosclerotic) settings. In this dissertation,
we proposed that endothelial Pfnl deletion will regulate pro-inflammatory response in both non-
atherosclerotic and chronic inflammatory studies. This hypothesis was partially supported in
Chapter 3 in the non-atherosclerotic setting by dramatic upregulation of pro-inflammatory
cytokines both in vitro and in vivo following endothelial Pfn1 depletion as well as elevated pro-
inflammatory myeloid cell populations. Gene expression analyses supported a role for IL-6
upregulation in myeloid cells, potentially tied to STAT1/IRF7 pathway activation in endothelial
cells. Chapter 4 offered some additional support, as lymphocyte and myeloid specific factors

(CXCL10, IL7, lymphocyte populations) were driven to a less inflammatory phenotype.
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This work, while of importance in illuminating the mechanism of action of EC Pfnl in
inflammatory activation and signaling, also raises the question of how EC Pfnl depletion
influences the chronic inflammatory setting. Given mortality of Pfnl depletion in the bi-allelic
setting in all cell types[170], in a constitutive endothelial setting[154], and in an inducible
endothelial setting[156], we elected to use a single-allelic deleted EC Pfnl model in Chapter 4. In
Chapter 4, we investigated partial EC Pfnl depletion in the chronic inflammatory setting of
atherosclerosis. Prior research has supported a role for Pfnl depletion in abrogating the progression
of atherosclerosis in a pre-clinical model[110]. However, this model was a single-allelic depleted
Pfnl model due to bi-allelic mortality at embryonic level[170], and did not reveal a cell-type
specific effect for Pfnl in atherosclerosis progression. While lipid profile and plaque development
were not significantly impacted in the partial EC Pfnl depleted setting, we see concurrence in
depleted IL-7 and CXCL10 cytokines in the EC partial depleted setting for both non-
atherosclerotic and chronic-collected samples. We also see some perturbation in Ly6c'® in both
settings, as well as in T and B cell lineages. To parse a role for myeloid versus endothelial Pfn1,
we conducted static co-culture studies that show elevated adhesion in Pfnl depleted macrophages
(indicative of early/late stage disease progression). This study demonstrated that EC Pfnl may
have a role in chronic inflammation, though further investigation in the context of myeloid,

lymphoid and VSMC populations as well as in a total EC Pfnl depleted model is required.
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6.0 Future Directions

While several Pfnl depleted models have been found successful in maintaining viability
and facilitating the study of select genes of interest[42], [153], [211]-[215], this dissertation
revealed that this approach is not necessarily relevant to all cell types and compartments, in
addition to revelations related to an immunomodulatory and cell-signaling specific role for EC
Pfnl. In addition to a technical standpoint, further work is needed to understand the role of
endothelial Pfnl in a variety of pathological conditions. Promising new targets of investigation

have been revealed by the current findings of this dissertation, that are further illuminated below.

6.1 Determine a Role for Cell-type Specific Pfnl in Chronic Inflammation

While we were able to conduct a preliminary investigation into EC Pfnl in an acute (non-
atherosclerotic) and chronic (atherosclerotic) setting, a greater understanding is required at both
the 1) cellular signaling level and 2) in the chronic inflammatory setting. However, Pfn1*-(EC)
depletion in the chronic atherosclerotic setting revealed CXCL10 and IL7 downregulation and
depleted lymphocyte/myeloid populations paired with a trend of upregulated B cell populations.
Though of limited utility in their current form, perturbations in secreted cytokines and immune
populations offer several targets of investigation. Namely, future studies can be conducted in an
optimized in vivo model utilizing adenoviral-mediated Pfnl deletion in cell types of interest.
Specifically, an adenoviral vector targeted to the bone marrow or specific to the hepatocytic

vascular lineage (most histologically perturbed in Chapter 4) would allow utilization of our fully
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backcrossed C57BL6/J Cre* Pfn1flo¥flox to immediately probe these factors without need for
additional backcrossing. Available Ad(MBP) and Ad(RGD) adenoviral vectors could be modified
and extended for in vivo use to target immune cell populations including myeloid cells[216], [217].
Following induction of atherosclerosis and disease progression, similar evaluation measures
(lipids, plaque development, and immunomodulatory profile) can be used to assess potential
remediation of atherosclerosis in mice with Pfnl depletion in cell compartments of interest. Prior
to these studies, additional extensive static and flow-based adhesion studies with Pfn1 WT or KO
ECs exposed to Pfn1 WT or KO macrophages and lymphocytes (CD8* and CD4* subtypes) will
aid in streamlining future atherosclerosis studies. Further investigation of pathway signaling may

also provide a method to stunt pro-inflammatory signaling.

6.2 Investigate Cell-Type Specific Role of Pfnl in Cellular Signaling

While current studies have conducted a preliminary investigation into cellular signaling,
we do not yet have an understanding of cellular signaling in the single and multi-cellular context.
Current findings support an intracellular signaling role for Pfnl KO ECs in upregulating
IRF7/STAT1 signaling. However, it is not clear whether this directly promotes a pro-inflammatory
phenotype in myeloid derived populations, if secreted factors promote IL6 signaling in
macrophages leading to pro-inflammatory activation, or some combination of both. Additional
studies to assess the impact of Pfnl depletion in myeloid lineage cells are required. In part, RNA
isolation and RNAseq pathway analysis will illuminate pathways perturbed following Pfn1 KO in
monocytes/macrophages. To improve the resolution of this study, we would investigate Pfnl

depletion in a mono-culture setting containing only WT and Pfn1 KO myeloid cells, in myeloid
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cells incubated with conditioned media isolated from WT or Pfn1 KO ECs, as well as WT or Pfnl
KO myeloid co-cultured with WT or Pfnl KO ECs in direct contact (total lysate collected).
Significantly perturbed pathways can then be validated at the protein and RNA levels and used as

potential signaling targets in developing a later stage therapeutic approach.

6.3 Elucidate a Role for Pfnl in Other Endothelial-Derived Pathologies

We found that EC Pfnl contributed to pro-inflammatory activation in the non-
atherosclerotic setting, with some tempering of chronic inflammation in the partial EC Pfnl
depleted atherosclerotic setting. It would be of interest to conduct further investigations in the
context of EC Pfn1 depletion with some moderator to reduce pro-inflammatory signaling. We saw
major contributions of IL-6 in non-atherosclerotic total EC Pfnl deletion, which could be due to
inflammatory signaling due to IL-6 activation. Delving into a method that can reduce pro-
inflammatory signaling would pave the way to use our total EC Pfn1 depleted model to specifically
and selectively delete EC Pfnl to elucidate its role in chronic inflammation. One possibility is to
employ an endothelial cell-specific adenoviral Cre construct that can be targeted to our cell type
and tissue of interest. A more directed model would not only limit off-target effects due to total
vascular EC Pfnl deletion as observed in Chapter 4, but it would also offer the opportunity to
investigate specific tissues in different pathological contexts, opening the door to investigate a

wide range of vascular and other endothelial-derived disorders in a targeted manner.
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6.4 Utilize an Available Pfnl:actin Interaction Inhibitor in Atherosclerosis Studies

While not investigated in our studies, a Pfnl:actin interaction inhibitor (termed Pfnli)
developed in our lab offers an interesting tool for future pathological studies. Pfnli has proven
effective in reducing tumor size in an in vivo renal cell carcinoma model[54], and diminishes
retinal neovascularization in an in vivo model of diabetic retinopathy[218]. Preliminary
investigations of novel structural perturbations to the base structure of Pfnli suggest even greater
promise of these novel Pfnli in limiting endothelial vascularization. Future studies utilizing either
continuous mini-pump facilitated Pfnli delivery or injection and microbubble-mediated delivery
of Pfnli will allow us to tune Pfnli delivery and response effectively and specifically and unveil

possible therapeutic effect.
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