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Abstract

Activation of nucleic acid sensors in endothelial cells (ECs) has been shown to drive
inflammation across pathologies including cancer, atherosclerosis and obesity. Here we show
that activation of a cytosolic RNA sensor, Retinoic acid Induced Gene 1 (RIG-I) diminishes EC
survival, angiogenesis and triggers tissue specific gene expression programs. We discovered a
RIG-I dependent 7 gene signature that affects angiogenesis, inflammation and coagulation.
Among these, we identified the thymidine phosphorylase TYMP as a key mediator of RIG-I
induced EC dysfunction via its regulation of a subset of interferon stimulated genes. Our RIG-I
induced gene signature was also conserved in the context of human diseases — in lung cancer
vasculature and herpesvirus infection of lung endothelial cells. Pharmacological or genetic
inhibition of TYMP rescues RIG-I induced EC death, migration arrest and restores sprouting
angiogenesis. Interestingly, using RNAseq we identified a gene expression program that was
RIG-I induced but TYMP dependent. Analysis of this dataset indicated that IRF1 and IRF8
dependent transcription is diminished in RIG-I activated cells when TYMP is inhibited.
Functional RNAi screen of our TYMP dependent EC genes, we found that a group of 5 genes -
Flot1, Ccl5, Vars2, Samd9l and Ube2I6 are critical for endothelial cell death mediated by RIG-I
activation. Additionally, we identified a role for RIG-I depletion in vascular function. Analysis of
RIG-I (-/-) tumors and lungs showed a significant decrease in blood vessels, accompanied by an
increase in VegfA, Ccl5, and myeloid cells in the tumor. We also see an increase in Vegfr1 in
lung ECs in RIG-I (-/-) mice. RNAseq identified changes in membrane and transport function
between WT and RIG-I (-/-) tumors, leading to a working hypothesis that RIG-I depletion leads
to membrane/transport dysfunction. This causes EC dysfunction, leading to a feedback loop
causing an increase in angiogenic chemokines and myeloid cells. This informs our overall
model that homeostatic RIG-I signaling is critical for vascular function. This work identified a
novel function for RIG-I in ECs, as well as describes a method of using RIG-I both as an

immunotherapy and as a therapy for vascular normalization.
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Chapter 1- Prologue
Blood vessel formation and function

Developmental Angiogenesis

The cardiovascular system is the first functional organ system that develops in
vertebrates, as embryonic growth and differentiation require the transport of nutrients and waste
(Risau and Flamme 1995). Understanding how and why blood vessels form is critical to
understanding how they can become dysfunctional in pathogenesis. Vasculogenesis is the
formation of new blood vessels de novo (Drake 2003). Vasculogenesis is stimulated by the
rapid growth of new tissues and organs and involves the release of angiogenic growth factors

and the degradation of extracellular matrices (Patan 2004; Risau and Flamme 1995).

This process begins in the yolk sack, in which blood islands containing hemangioblasts,
the precursor cells to hematopoietic and endothelial cells (ECs), form within the embryonic and
extraembryonic mesoderm (Risau and Flamme 1995; Kolte, McClung, and Aronow 2016).
Hemangioblasts give rise to angioblasts, which express VEGFR2, and eventually transform into
ECs that line blood vessels (Risau and Flamme 1995; Eichmann et al. 2002). A primordial
vascular network is formed by connecting the blood islands via migrating angioblasts (Risau and
Flamme 1995). These networks connect during development to form a simple vascular network,
which is later remodeled through sprouting angiogenesis, which creates arteries and veins
(Czirok and Little 2012). This process involves the formation of new vessel branches, the
pruning of excess branches, and the enlargement and fusion of endothelial tubes to form major
vessels (Risau and Flamme 1995). Critical to this phase is the recruitment of supporting cells
such as pericytes and smooth muscle cells. These cells stabilize the vascular network and are

necessary for the structural integrity of the vasculature (Risau and Flamme 1995).
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Signaling pathways in vasculogenesis

The formation of new blood vessels is a tightly controlled process involving a multitude
of factors, and it is critical for nearly every organ system. Some of the major signaling pathways
that govern blood vessel development are reviewed in detail elsewhere (Risau and Flamme

1995; Goldie, Nix, and Hirschi 2008).

Hemangioblasts are marked by vascular endothelial growth factor receptor-2 (VEGFR-
2), the major receptor for VEGF-A (Chung and Ferrara 2011; Melincovici et al. 2018).
Angioblasts, in a process regulated by VEGF-A, Sonic hedgehog (SHH), and Notch signaling,
aggregate directly into the dorsal aorta or cardinal vein (Coultas, Chawengsaksophak, and
Rossant 2005). Platelet-derived growth factor B (PDGF-B), angiopoietins, and transforming
growth factor  (TGF-f3) signaling facilitate the remodeling and stabilization of the nascent
vessels through the recruitment of mural cells and pericytes (Jain 2003; Chung and Ferrara

2011).

Sprouting Angiogenesis

In contrast to developmental angiogenesis, sprouting angiogenesis is the formation of
blood vessels from a preexisting capillary bed, and it is just as complex and critical as
vasculogenesis (Folkman 1984). Sprouting angiogenesis typically occurs following hypoxia,
injury, or due to signaling from angiogenic growth factors due to oncogenesis (Folkman 1984;
Chung and Ferrara 2011). Sprouting angiogenesis typically follows tightly regulated steps: 1)
the basement membrane is locally degraded 2) ECs migrate in parallel, forming a slit-like lumen
and sealed by intact inter-endothelial junctions 3) the basement membrane is deposited
continuously by polarized ECs so only the tip of the growing capillary bed lacks a basement
membrane 4) proliferating pericytes migrate along the capillary bed, completely covering the

new vessel (Figure 1) (Folkman 1984; Laschke, Gu, and Menger 2022).
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Figure 1. The process of angiogenesis. The process of angiogenesis can be subdivided in
several well-characterized steps, which involve i) the angiogenic activation of micro vessels
by growth factors, ii) the detachment of stabilizing pericytes and the degradation of the basal
membrane by MMPs, iii) the migration of endothelial tip cells towards an angiogenic stimulus
and iv) the proliferation of following endothelial stalk cells, which results in v) the formation of
angiogenic sprouts. These sprouts develop a lumen and vi) finally interconnect with each
other to new blood-perfused microvascular networks, which are stabilized by the formation of
a new basement membrane and the recruitment of perivascular cells. From Laschke et al,
Frontiers 2022. Open access distributed under Creative Commons Attribution License
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Signaling pathways in sprouting angiogenesis

The VEGF signaling pathway is a master regulator of angiogenesis (Figure 2). ECs
express Vascular endothelial growth factor 2 (VEGFRZ2), a tyrosine kinase receptor that
positively drives the mitogenic and chemotactic responses of ECs to Vascular endothelial
growth factor (VEGF) (Risau 1997; Ferrara, Gerber, and LeCouter 2003; Leung et al. 1989).
The expression of VEGF induces sprouting angiogenesis and promotes EC proliferation and
migration through the activation of VEGF receptors on ECs (Risau 1997; Ferrara, Gerber, and
LeCouter 2003; Leung et al. 1989). VEGF supports most of the steps of angiogenesis and it has
concentration-dependent activity to induce EC proliferation, as well as gradient-dependent
activity to promote migration (Ferrara, Gerber, and LeCouter 2003; Takahashi and Shibuya
2005). During this process, specialized ECs called pathfinding tip cells use metabolic
angiogenic factors and proteolytic features to dissolve the ECM (Risau 1997). Pathfinding tip
cells use specialized polarized membrane protrusions called dactylopodida and filopodia to
assist with sprouting angiogenesis (Risau 1997). Initially blood vessels are leaky and immature
but will eventually deposit a new extracellular matrix (ECM) that attracts pericytes to stabilize

them. (Risau 1997)

On the other ‘side’ of the endothelial sprouts are the perivascular cells aka pericytes and
smooth muscle cells that support the nascent blood vessels. It has been proposed that
Angiopoietin signaling pathway is important in stabilizing nascent blood vessels (Augustin et al.
2009). Ang1 stabilizes vessels induced by VEGF by recruiting pericytes. In contrast, Ang2
blocks Ang1 and destabilizes vessels. The balance between Ang1 and Ang2 and its receptors
(Tie-1 and Tie2) is a critical mediator of vascular maturation and sprouting angiogenesis

(Fagiani and Christofori 2013).

Platelet-derived growth factor (PDGF) signaling is critical for pericyte and smooth muscle cell

proliferation and migration (Hellberg, Ostman, and Heldin 2010). Arterial and capillary
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endothelial cells secrete PDGF-B, while smooth muscle cells and pericytes express its receptor
PDGFR-B (Betsholtz, Karlsson, and Lindahl 2001). Growth of the developing vessel relies on

reciprocal interactions between endothelium and support cells(Gerhardt and Betsholtz 2003).
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Figure 2. Schematic diagram showing the VEGF/VEGF receptor pathway Ligand binding
to the extracellular domain induces dimerization and autophosphorylation of VEGFR2,
activating downstream pathways and inducing angiogenesis. Created with biorender.

Outside of the receptor tyrosine kinases VEGFR, Tie-1 family and the Notch receptors,
interactions with the ECM also contributes to sprouting angiogenesis. For instance, the integrin
family is an extensive group or ECM proteins that promote intracellular signal transduction, cell

migration, and survival. A number of EC integrins, including a181, a2B1, o431, a5B1, a9p1,
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aVB3, aVB5 and a6p4 have been implicated in several specific functions in developmental and

pathological angiogenesis (Avraamides, Garmy-Susini, and Varner 2008; Brooks 1996).

Signaling in angiogenesis is an intricate dance between a wide variety of growth factor
ligands (VEGF, FGF) guidance receptors (Notch, Semaphorins) ECM-integrin interactions,
mechanical forces/shear stress and interactions with perivascular cells (Weis and Cheresh
2011; G. Wang et al. 2020). The tiniest shift in any of these proteins, or the external forces that

drive expression of these proteins, can impact vascular function and lead to pathologies.

ECs have distinct tissue specific homeostasis roles

After formation, ECs continue to play critical and active roles in organismal health. Blood
vessels supply nutrients, oxygen, and other critical molecules to the entire body, which requires
ECs to maintain tightly regulated pathways in diverse tissue contexts. For instance, in the brain,
ECs form a highly selective barrier composed of specialized tight junctions to limit toxic
molecules from entering the brain(Goldstein and Betz 1986). In the lungs, EC differentiate
alongside epithelial cells to form gas exchange units that are in contact with the environment,
requiring a rapid immune response from ECs(Niethamer et al. 2020; Gebb and Stevens 2004).
In the heart, ECs are specialized to ensure a ready supply of fatty acids to cardiomyocytes,
which rely on them as fuel necessary for cardiac contraction(Hsieh et al. 2006; Lother et al.
2018). In the liver, specialized ECs known as liver sinusoidal endothelial cells (Isecs) form a
permeable barrier with high endocytotic capability. Lsecs regulate hepatic vascular tone and
maintain hepatic stellate cell quiescence (Poisson et al. 2017; Sgrensen et al. 2015). In the
kidneys, multiple specialized ECs support glomerular filtration, as well as metabolite secretion
and reabsorption(S.-J. Chen et al. 2020). This highlights the highly specialized nature of ECs in
various tissues. Given the variety of signaling pathways described earlier, the tissue specific

specializations of ECs add another layer of complexity to vascular function. Therefore,
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understanding the specific signaling pathways involved as well as the tissue specific context of

EC roles will help us understand vascular dysfunction and pathologies.

ECs play a wide variety of roles in development, homeostasis, and disease. ECs are
responsible for oxygenating tissue, regulating vascular tone, and controlling the transfer of
molecules between circulation and tissue. In addition to these functions, ECs play several
immune functions including acting as gatekeepers for immune and inflammatory cells, recruiting
effector immune cells, and in some instances, present antigen. In this next section, | will focus

on the immune and inflammatory roles of ECs.

Vasculature as an immune gatekeeper

Endothelial Activation and inflammation

ECs become activated following inflammatory or growth signals, such as under the
stimulation by interleukin 1, tumor necrosis factor (TNF), or other cytokines (Pober 2002).
Activated ECs experience a loss of vascular integrity, expression of leukocyte adhesion
molecules, prothrombotic phenotypes, cytokine production, and upregulation of HLA

molecules(Hunt and Jurd 1998).

There are two stages of EC activation. The first phase involves EC stimulation or
E activation type I. This phase includes the retraction of ECs, the expression of P selectin, and
the release of von Willebrand factor, the glycoprotein involved in blood and EC homeostasis
(Bach et al. 1995). This phase occurs very rapidly. The second phase, EC activation type II,
causes selective upregulation of inflammatory gene transcription programs and protein
synthesis of adhesion molecules and cytokines (Hunt and Jurd 1998). This phase occurs more
slowly, as it requires time for the stimulating agent to induce transcription and protein synthesis

(Hunt and Jurd 1998).
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ECs as regulators of immune cell trafficking

ECs have been known to modulate inflammation by regulating immune cell trafficking,
activation, and function(Rita and Young 2012). ECs orchestrate the migration of immune cells
between circulation and tissue. For example, ECs are critical for the movement of neutrophils,
T-cells, and dendritic cells (DCs) during immune surveillance (Wilhelmsen et al. 2012; Salsman
et al. 2011). ECs have been proposed to be innate immune cells due to expression of features
typical of immune cells. These features include the expression of co-stimulatory and co-
inhibitory receptors, the capacity to induce apoptosis in other cells, and the secretion of
cytokines (Pober and Sessa 2007). ECs can control tissue and lymph node inflammation
through differential expression of adhesion molecules (VCAM1), selectins, and chemokines
(Pober and Sessa 2007). During immune homeostasis, ECs allow patrolling immune cells to
extravasate into tissue (Langer and Chavakis 2009). During inflammation, ECs become
activated and can recruit effector immune cells (Pober and Sessa 2007; Hunt and Jurd 1998).
Some EC subtypes are also considered semi-professional antigen presenting cells (APCs) as
they express genes involved in antigen capture, processing, and presentation. ECs can express
the MHC-II molecule HLA-DR, which allows them to present antigens to CD4+ T cells
(Hirschberg, Bergh, and Thorsby 1980). However, unlike professional APCs, ECs generally to
not express the surface receptors CD80 and CD86 (Vandenberghe et al. 1993). ECs are
exposed to shear stress, often higher in sprouting blood vessels such as the tumor
vasculature(Givens and Tzima 2016), which increases the expression of ICAM1(Chiu et al.
2004). ICAM1 binds to T cell integrins, which increases T cell receptor signaling(Jankowska et

al. 2018).

Endothelial dysfunction and immune mediated pathologies
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Endothelial dysfunction is a functional and reversible alteration of ECs that leads to a
shift in properties of ECs towards reduced vasodilation, a pro-inflammatory state, and

proliferative and prothrombotic properties(Endemann and Schiffrin 2004).

Atherosclerosis:

Chronic inflammation and immune dysregulation play an important role in the
development of atherosclerosis (Q. Huang et al. 2021; Mussbacher et al. 2022). Specifically,
disturbed endothelial homeostasis facilitates the permeation and trapping of lipoproteins in the
subendothelial space, which then is sensed as danger-associated molecular patterns (DAMPs)
(Mussbacher et al. 2022). Some ECs may undergo the EndoMT process and differentiate into
mesenchymal cells as well (Q. Huang et al. 2021). This leads to a loss of cell-cell contacts and
the deposition of extracellular matrix (ECM) (Q. Huang et al. 2021). This leads to cell death and
necrotic core formation, which thickens the vascular wall and limits blood flow and oxygen
supply. Consequently, constrictions of the arterial wall cause turbulent flow and EC activation.
Lipid-rich plaques are prone to rupture, which exposes thrombogenic material to circulation and
initiates atherothrombotic occlusion, which is potentially life-threatening (Q. Huang et al. 2021;

Mussbacher et al. 2022).

Arthritis:

Cytokines synthesized by ECs including TNF-q, IL-1, and IL-6 have all been implicated
in the progression of Rheumatoid Arthritis (RA) (X. Yang, Chang, and Wei 2016). VEGF has
also been found to be highly expressed in RA patients (Taylor 2002). These cytokines can
induce the VEGF receptors or directly bind VEGF receptors resulting in angiogenesis at the site
of inflammation (Taylor 2002). Newly formed vessels offer entrance for inflammatory cells into
the synovial membrane, perpetuating inflammation and leading to eventual cartilage and bone

destruction (Taylor 2002). Despite new vessel formation, high levels of proliferation lead to the
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synovial joint being hypoxic. This causes a cycle of hypoxia, inflammation, and tissue

destruction (X. Yang, Chang, and Wei 2016; Taylor 2002).

Tumors as a model ecosystem for aberrant angiogenesis

In order to support the high proliferation rate of cancer cells, tumors need to rapidly
develop new vascular networks (Folkman 1971; Folkman et al. 1971). However, the abnormal
levels of angiogenic growth factors such as VEGF leads to immature and poorly formed blood
vessels (Lugano, Ramachandran, and Dimberg 2020). Because of this abnormal growth, tumor
vasculature is characterized by disorganized and immature vessels that lead to excessive
permeability, poor perfusion, increased hypoxia that often drives tumor cells to acquire more
drug resistant and metastatic phenotypes (Baluk, Hashizume, and McDonald 2005) (Figure 3).
Tumors also display high levels of vascular heterogeneity, with regions of both
hypervascularization and hypovascularization highlighting the challenges of understanding the

role of angiogenesis in tumor progression (Lugano, Ramachandran, and Dimberg 2020).

Alternative Methods of Tumor Neovascularization

Even though sprouting angiogenesis is the primary mean of new vessel formation,
tumors exploit alternative mechanisms to produce a vascular network (Lugano, Ramachandran,
and Dimberg 2020). One of these, intussusceptive angiogenesis, allows new vessels to
generate more quickly and with fewer metabolic needs (Burri and Tarek 1990; Wilting et al.
1996). Intussusceptive angiogenesis, or splitting angiogenesis, is characterized by the insertion

of interstitial tissue pillars into the lumen of preexisting vessels that split them into two new
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vessels. A large variety of tumors use intussusception to grow (Burri and Tarek 1990; Wilting et

al. 1996).
Normal Angiogenesis Tumor Angiogenesis
-Normal network length -Aberrant network length
-Normal branching patterns -Aberrant branching patterns
-Structurally sound vessels -Leaky vessels and poor perfusion

Figure 3. Normal vs tumor angiogenesis. Normal angiogenesis involves vessels that
are structurally sound, well organized, and generally lined with pericytes. In contrast tumor
angiogenesis involves aberrant, tortuous vessels that are leaky and lack pericyte coverage.
This leads to a decrease in oxygen perfusion, drug delivery and immunosensing. Created
with biorender

Another alternative method for tumors to form vessels is vasculogenic mimicry, which
refers to tumor cells that behave like ECs (Upile et al. 2011). Vasculogenic mimicry is
characterized by tumor cells co-expressing endothelial and tumor markers and forming perfused
channel structures (Fausto 2000). These tumor cells can express vascular markers such as VE-
cadherin, which maintains channel integrity through the establishment of cell-cell connections
(Fausto 2000; Folberg and Maniotis 2004). Tumor cells can also be integrated into the walls of

tumor-associated vessels, forming mosaic vessels (Fausto 2000; Folberg and Maniotis 2004;
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Maniotis et al. 1999). Tumor cells lining the inner surface of channels are directly exposed to
blood flow, which can lead to the detachment of tumor cells lining these channels and their
circulation into the bloodstream (Maniotis et al. 1999). Cancer stem cells (CSCs), which
possess the capacity to self-renew, can express endothelial markers and participate in

vasculogenic mimicry (Bussolati et al. 2009).

Tumor cells can also grow without neovascularization by hijacking preexisting vessels in
the surrounding normal tissues. Cancer cells grow alongside existing vessels and integrate

them into the tumor (Winkler 2017).

Vessel Permeability

Tumor blood vessels are often much more permeable than “normal” blood vessels
(Lugano, Ramachandran, and Dimberg 2020). This is in part due to impaired connection
between perivascular cells, the basement membrane, and ECs. Tumor vessels display
decreased pericyte density as well as abnormal pericyte morphology(Morikawa et al. 2002;
Bergers and Song 2005). Increased EC proliferation, along with dysfunctional pericyte coverage
and function, lead to vessel wall instability(Greenberg et al. 2008). Barrier integrity is also
disrupted by loss of VE-cadherin function. Tumor cells release proteolytic enzymes such as
MMPs to promote VE-cadherin cleavage(Dejana, Tournier-Lasserve, and Weinstein 2009).
These factors also alter the immune engagement with the tumors by allowing more immune cell
infiltration into tumors as well as tumor cell extravasation at distal sites (Gerhardt and Betsholtz

2003).
Poor Perfusion

Following the uncontrolled cell growth of tumors, surrounding host tissue restricts tumor
expansion. This in turn compresses and collapses intratumoral vessels, suppressing blood flow

(Jain 1987). Increased vessel permeability reduces perfusion even further by causing blood to
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leak in upstream vessels and causing an increase in fluid flux from the vascular to the interstitial
space (Jain 1987; Jain, Martin, and Stylianopoulos 2014). These factors all limit perfusion,
limiting drug delivery and decreasing oxygen and nutrient supply (Hobbs et al. 1998). This leads
to a hypoxic microenvironment, which causes selection for tumor cells that can resist the

hypoxic conditions(Jain, Martin, and Stylianopoulos 2014).
Hypoxia

Hypoxic tumor cells are often more aggressive and migratory, activating oncogenes and
undergoing the “epithelial to mesenchymal transition” (EMT), which increases metastatic
potential (Reymond, d’Agua, and Ridley 2013). Under normal oxygen levels, prolyl hydroxylase
domain protein 2 (PDH2) uses oxygen to hydrolyze hypoxia inducible factors (HIF), which
targets them for ubiquitination and leads to their degradation by the proteosome (Giaccia,
Simon, and Johnson 2004; Mazzone et al. 2009). However, during hypoxia, PHD2 becomes
inactive. This allows HIF1 to escape degradation. Increased levels of HIF proteins lead to the
transcription of genes involved in cellular adaptation against hypoxia(Marin-Hernandez et al.

2009).

Thus, altered permeability, adaptation to poor perfusion and resultant hypoxia act as a
deadly trifecta that drives tumor progression. However, while immune cell infiltration is
heterogenous across tumor types, there is a strong correlation with the vascular density that

could be exploited for immunotherapies.
Dysfunctional tumor vasculature as a barrier to treatment responses

Immature blood vessels can have a direct impact on anticancer treatment efficacy.
Radiotherapy exposes cancer cells to ionizing radiation, leading to the generation of reactive
oxygen species (ROS) in an aerobic microenvironment. This ultimately leads to DNA damage

and tumor cell death (Ahmad et al. 2012). However, radiation sensitivity is correlated with
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oxygen levels, and treatment efficacy is lowered in hypoxic conditions(Horsman and Overgaard
2016). Chemotherapy is also affected by tumor vessel immaturity, as poor perfusion and vessel
collapse can prevent chemotherapeutic drugs from reaching large regions of tumors (Jain,
Martin, and Stylianopoulos 2014). Hypoxic cells are also often quiescent, making
chemotherapeutics that target proliferating cells ineffective. As many chemotherapeutics require
oxygen for their tumor cell-killing, these drugs will lose efficacy in hypoxic regions of the tumor

(Cosse and Michiels 2008).

Immunotherapies, which uses the host immune system to target and kill tumor cells, also
show decreased therapeutic efficiency because of poor vessel perfusion (Y. Huang et al. 2013;
Emblem et al. 2013). Dysfunctional tumor vessels can prevent immune cells from infiltrating the
tumor (Y. Huang et al. 2013). In addition, suppressive immune cells have been shown to
preferentially accumulate in tumors (Curiel et al. 2004). This may be due to the fact that tissue-
resident macrophages migrate to hypoxic and necrotic tumor areas, where they switch to a
tumor-associated macrophage (TAM) phenotype (Curiel et al. 2004). In addition, regulatory T
cells (Treg), which are immune-suppressive, are preferentially recruited to tumors via the
expression of chemotactic factors in hypoxic areas of the tumor (Curiel et al. 2004). Altogether,
impaired tumor vessel function contributes to an abnormal and immunosuppressed tumor
microenvironment, which is a major hurdle to successful immunotherapy treatments(Y. Huang

et al. 2013; Curiel et al. 2004).

Anti-Angiogenic Therapy The notion of anti-angiogenic cancer therapy relies on the idea
that removing tumor vasculature will prevent nutrients from entering the tumor, leading to an
effective therapy. Conventional anti-angiogenic drugs often target agents that promote blood
vessel formation and are overexpressed in tumors, such as VEGF-A. Bevacizumab, a
humanized anti-VEGF-A antibody, is approved by the Food and Drug Administration (FDA) to

target neovascularization(Crawford and Ferrara 2009; Leung et al. 1989; Senger et al. 1983).
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However, anti-angiogenesis treatment cannot eradicate the tumor on its own. The use of
chemotherapy or immunotherapy in conjunction with anti-angiogenic treatment can provide a
more effective strategy. Additive or synergistic effects of bevacizumab with conventional
therapies has been evaluated in a variety of tumor types(Jayson et al. 2016). In patients with
gastric cancer, the combination of bevacizumab with chemotherapy significantly improves
progression-free survival and overall response (Ohtsu et al. 2011). Patients with non-small cell
lung cancer or metastatic breast cancer also see positive results when bevacizumab is
combined with conventional chemotherapeutics(Miller et al. 2007; Reck et al. 2009). In addition,
inhibitions targeting VEGFRs, including sunitinib or sorafenib, are approved by the FDA for the
treatment of renal cell carcinoma (Escudier et al. 2007). The efficacy of VEGF blockade is
dependent on tumor type. Prostate and pancreatic cancers are less sensitive to angiogenesis
modulators, where renal-cell carcinoma is more sensitive (Jayson et al. 2016). Studies have
shown that chronic exposure of tumor cells to VEGF inhibitors can increase the expression of
VEGF molecules, leading to an increase in tumor cell migration, invasion, and metastatic
potential(Fan et al. 2011). Though anti-VEGF therapies are generally well tolerated,
complication such as venous thromboembolism are among the adverse effects(Widakowich et
al. 2007). The several complications with anti-VEGF therapies have lead to the concept of

alternative methods of targeting tumor angiogenesis.

Vascular normalization

The concept of vascular normalization suggests that VEGF inhibitors can lead to
maturation of tumor blood vessels. As tumor cells are immature and lack pericyte coverage,
careful dosage of VEGF inhibitors can normalize levels of angiogenic signals. This is thought to
decrease vessel permeability through the tightening of cell-cell junctions and pericyte
recruitment(Tolaney et al. 2015). However, a major challenge with using VEGF inhibitors to

obtain vascular normalization is achieving the “window of opportunity”, which is the time frame
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and dosage of VEGF inhibitor administration required to normalize tumor blood vessels. The
“‘window of opportunity” is narrow and depends on tumor type, schedule, and type of VEGF
inhibitor used(Jain 2014). Normalization is typically short-lived (7-10 days) but can last for up to
four months depending on the drug used and tumor type(Batchelor et al. 2007). High doses or
prolonged exposure to VEGF inhibitors can cause vascular normalization to be replaced by
vascular regression, leading to an increase of tumor hypoxia(Graeber et al. 1996; Ebos and
Kerbel 2011). As prolonged maintenance of vascular normalization is necessary to enhance the
therapeutic index of radiotherapy, chemotherapy, and immunotherapy, it is critical to identify

strategies that lead to long-term stabilization of tumor blood vessels(Y. Huang et al. 2012).

Alternative methods to restore vascular normalization

There are several problems with conventional anti-VEGF therapies: 1) risk of
hemorrhage or venous thromboembolism are increased with conventional anti-angiogenic
treatments (Nalluri et al. 2008; Hapani et al. 2010), 2) severe vascular regression is associated
with an increased risk of tumor metastasis(Graeber et al. 1996), 3) anti-VEGF therapies exhibit
transient benefits and are often followed by an increase in tumor growth due to adaptive
resistance (Bergers and Hanahan 2008). For these reasons, alternative methods of normalize

tumor blood vessels is necessary to improve therapeutic efficacy.

One of the alternative methods for vessel normalization is the improvement of pericyte
coverage. Several pathways can be exploited to modulate pericyte coverage. One of these,
angiopoietins, play a critical role in the formation and remodeling of blood vessels. Angiopoietins
act by binding to Tie2, a tyrosine kinase receptor expressed on ECs and subsets of
macrophages(Thomas and Augustin 2009). The angiopoietin Ang1, which is produced by
perivascular cells, promotes vessel maturation. Ang2, which is produced by ECs, is an
antagonist for Tie2 activity and is involved in the destabilization of the EC/pericyte

association(Augustin et al. 2009). Therefore, Ang2 is an interesting therapeutic target for vessel
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normalization. Several inhibitors targeting the angiopoietin pathway have been developed and
are being investigated in preclinical and clinical studies (Holopainen et al. 2012; Leow et al.
2012). The anti-Ang2 inhibitor MEDI3617 has been shown to reduce tumor angiogenesis,
improve chemotherapy, and decrease lung metastasis in several preclinical models (Monk et al.
2016). Ang2 inhibition has also been shown to reduce vascular leakage by enhancing cell-cell
junction integrity. The combined inhibition of VEGFR and Ang2 has been shown to improve
survival in murine glioblastoma models through vascular normalization and macrophage
reprogramming (Monk et al. 2016). In a phase 3 clinical trial, an inhibitor of the Angiopoietin-
Tie2 interaction (trebananib) was shown to improve progression-free survival in epithelial
ovarian cancer (Monk et al. 2016). Activation of Tie2 using a phosphatase inhibitor VE-PTP
increased pericyte coverage, vessel diameter, vascular density, and tumor perfusion as well as

reducing metastasis in breast cancer(Monk et al. 2016).

Another pathway that modulates pericyte coverage is the PDGF axis. ECs, particularly
tip cells, secrete high levels of PDGF-B, which binds to PDGFRA/B and promotes pericyte
recruitment (Heldin 2013). Studies have shown that anti-angiogenic resistance is due to active
proliferation of mural cells and high PDGF-B expression (J. Huang et al. 2004). This shows that
VEGEF inhibition may be more efficient in combination with agents blocking the PDGF pathway.
One such drug, SU6668, has been shown to have a synergistic effect with a VEGFR inhibitor
and enhanced efficacy of local irradiation (Bergers et al. 2003; Erber et al. 2004; Timke et al.
2008). However, loss of perivascular coverage caused by such inhibitors increases vessel
immaturity and enhanced metastasis (J. Kim et al. 2016). This led to the notion that promoting
PDGF signaling may achieve vascular normalization. PDGF-B overexpression was shown to
inhibit tumor growth in preclinical colorectal and pancreatic cancer models(McCarty et al. 2007).
While PDGF-B overexpression appears to promote tumor growth, its use in conjunction with

chemotherapy may enhance drug delivery and efficacy (J. Liu et al. 2011).
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Enhancing cell-cell junctions is another method of normalizing tumor vessels. Sac-1004
is a compound that strengthens the endothelial barrier through upregulation of adherens
junctions such as VE-cadherin (Maharjan et al. 2013). In preclinical models, SAC-1004 reduced
vascular leakage through increasing junctional integrity. SAC-1004 reduced metastasis and

tumor hypoxia, and synergizes with cisplatin (Maharjan et al. 2013; K. Lee et al. 2014).
Immunotherapy and ECs

Treatment of tumors using immunotherapies and anti-VEGF therapy is a potentially
useful way to normalize vasculature and promote antitumor immunity. VEGF can have
immunosuppressive functions. Through the inhibition of the NF-kB signaling pathway and the
upregulation of programmed death-protein ligand 1 (PD-L1), VEGF can inhibit dendritic cell
(DC) antigen-presentation function which further suppresses the activation and expansion of T-
cells(Oyama et al. 1998; Dikov et al. 2005; Gabrilovich et al. 1996). In addition, VEGF can also
induce the upregulation of immune checkpoint molecules including PD-1, TIM-3, and CTLA-4,
leading to cytotoxic T-cell exhaustion. At the same time, VEGF promotes the proliferation of

regulatory T-cells (Tregs), which inhibit anti-tumor immunity(Wada et al. 2009).

Based on the role VEGF plays in the tumor microenvironment (TME), inhibition of VEGF-
induced signaling, or other angiogenic signaling, is a promising avenue to suppress tumor
growth through dual mechanisms: suppressing angiogenesis and through promoting anti-tumor
immunity (Gibson et al. 2007; Oestreich et al. 2008; Voron et al. 2015; Lapeyre-Prost et al.
2017). Several studies are addressing the effect of combination anti-VEGF therapy with immune

checkpoint inhibitors (ICl) (Table 1).
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NCT Number Study Status Conditions Interventions Start Completion
Date Date
NCT04137588 | UNKNOWN Advanced Non-squamous Antiangiogenesis Agents, Immune 3/3/21 6/1/22
Non-small Cell Lung Cancer checkpoint inhibitor
NCT05688046 | COMPLETED NSCLC Immune checkpoint inhibitors plus 1/1/19 12/31/22
angiogenesis inhibitors
NCT03890952 | ACTIVE_NOT_RECRUITING | Recurrent Adult Brain Tumor Nivolumab, Bevacizumab 10/1/18 8/1/23
NCT04670107 | COMPLETED NSCLC Anlotinib in combination with 6/1/18 11/1/20
Immune checkpoint inhibitors
NCT04393506 | COMPLETED Oral Cancer Camrelizumab| Apatinib 4/23/20 11/10/23
NCT04872582 | ACTIVE_NOT_RECRUITING | Metastatic Nasopharyngeal PD-1 Immune Checkpoint Inhibitor 7/29/21 2024-10
Carcinoma Combined With Bevacizumab
NCT05273814 | NOT_YET_RECRUITING Non-Small Cell Lung Cancer Tislelizumab|: Pemetrexed|: 8/1/22 2/1/124
Bevacizumab
NCT05193188 | RECRUITING Chondrosarcoma Anlotinib hydrochloride| PD-1 2/6/23 3/31/26
inhibitor
NCT04493203 | RECRUITING Advanced Melanoma Nivolumab, Axitinib 12/18/20 | 2025-12

Table 1. Inmunotherapy + antiangiogenic therapy clinical trials.

Status according to https://clincialtrials.gov/, accessed on 1 December 2023.
Immunotherapy drugs: Anti-PD-1: Pembrolizumab, nivolumab, sinitilimab; anti PD-L1:
Atezolizumab, avelumab; anti-CTL4: Ipilimumab. Anti-angiogenic therapies: Anti-VEGF:

Bevacizumab; anti-VEGFRs: Axitinib, sunitinib, regorafenib, cabozanitib
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Vascular contributions to pathology in Infectious diseases

Adapted from: Baris, A.M.; Fraile-Bethencourt, E.; Anand, S. Nucleic Acid Sensing in the Tumor

Vasculature. Cancers 2021, 13, 4452. https://doi.org/10.3390/cancers13174452

Vascular endothelial cells line the inner surface of blood vessels and provide a barrier
between organ systems and blood vessels. This makes them critical during viral infections. Viral
infection of endothelial cells gives the virus an opportunity to disperse to other organs, as well
as a reservoir for long-term persistence. In addition, viral replication and the immune response
in the endothelium leads to an increased tissue permeability as well as inflammation. Altogether
these changes drive vascular and pulmonary disease that further exacerbates the viral
disease(Goodrum and Bughio 2015). Endothelial activation and dysfunction have been shown
to serve a necessary mechanistic role in the pathology of severe influenza(lwasaki and Pillai
2014; Armstrong, Darwish, and Lee 2013). For example, RIG-I like receptors (RLRs) and Toll-
like-receptor 7 (TLR7) signaling have been shown to be necessary for cell survival and for
restricting virus growth in mice(Koyama et al. 2007). RLRs, as well as other aspects of the
innate immune system, were found to induce an antiviral innate and adaptive immune response.
Interestingly, in some cases influenza virus has been shown to co-opt signaling of TLR7 and

RIG-I(Pang, Pillai, and Iwasaki 2013).

Other viruses rely on endothelial cells for their replication and host response. Particularly
relevant of late, endothelial cells have hypothesized to be essential mediators of pathology in
SARS-CoV-2 infections(Teuwen et al. 2020). After the initial phase of infection, some patients
experience an overactive inflammatory response which leads to lung damage and increased
disease severity. It was proposed that SARS-CoV-2 may cause pulmonary vascular changes
based on clinical observations. Thus, endothelial cell injury and dysfunction caused by SARS-
CoV-2 likely contributes to COVID-19 life-threatening complications (Huertas et al. 2020).

SARS-CoV-2 infection of pericytes is also a likely cause of vascular injury. As SARS-CoV-2 co-
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opts the ACE2 receptor, which is highly expressed on pericytes, and pericytes are critical for
vascular stabilization and permeability, pericyte infection is likely to cause vascular damage
(McQuaid and Montagne 2022). While the mechanistic role of nucleic acid sensors in the
vascular pathologies induced by SARS-CoV-2 remain to be elucidated, they have been well

characterized in the vascular inflammatory response to other infectious pathogens.

ECs as sentinels for sensing danger and activating immune responses

In order to protect itself from outside pathogens and other agents, organisms have
developed two interlinked forms of defense systems: an innate and an acquired immunity. The
innate immune response reacts rapidly to an infection, which can often exponentially multiply
long before the adaptive immune response is able to take effect(Alberts et al. 2002). These
responses should be tightly regulated to prevent dysfunction and damage to the host. The
innate immune system responds to Damage Associated Molecular Patterns (DAMPs), which are
recognized by Pattern Recognition Receptors (PRRs). Activation of PRRs typically induces a

downstream type 1 interferon (IFN-1) and cytokine response (Figure 4).

Nucleic acid sensors are a specific type of PRRs that recognize pathogen-derived
cytosolic nucleic acids and activate downstream signaling cascades, which produces a
proinflammatory response(Ori, Murase, and Kawai 2017). This response is critical to the ability
of nucleic acid sensors to stop pathogens in their tracks. Nucleic acid sensors are unique in that
they can recognize and differentiate exogenous and endogenous nucleic acids(Takeuchi and
Akira 2010). A number of nucleic acid sensors (NAS) play a prominent role in
inflammation(Shahanshah Khan, Godfrey, and Zaki 2019). Recent studies have shown that
NAS play a large role in endothelial function and dysfunction(Bhagwani, Thompson, and Farkas
2020). Endothelium regulates vascular tone and growth(LUscher and Tanner 1993) and is
critical in pathologies such as viral infections, cardiovascular disease, and cancer. A better

understanding of the role NAS play in endothelial function is key to improving our knowledge of
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tumor angiogenesis, as well as cardiovascular and infectious diseases. Several outstanding

reviews discuss the sensors outlined in Table 2
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Figure 4. Nucleic acid sensors of the innate immune system recognize unusual
DNA and RNA molecules, for example, viral genomes. This results in the triggering
of an intracellular signaling cascade that transcriptionally induces the genes encoding
type | interferons, which are subsequently secreted. Type | interferons act by binding to
their receptor, interferon-a/f3 receptor (IFNAR), which activates the Janus kinases
(JAKSs). These activate the transcription factors signal transducer and activator of
transcription 1 (STAT1) and STATZ2, leading to expression of interferon-stimulated
genes (ISGs). Created with Biorender
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(Takeuchi and Akira 2010; Emming and Schroder 2019; Vanpouille-Box, Hoffmann, and
Galluzzi 2019; Jiao et al. 2020; Schlee and Hartmann 2016)._ This introduction will focus on the
viral RNA sensor Retinoic Acid Inducible Gene | (RIG-I).

In addition to DNA, PRRs can also recognize RNA in the cytoplasm. The RIG-I like
receptor family (RLR) contains three RNA sensors: Retinoic Acid Inducible Gene-l (RIG-I),
Melanoma Differentiation-Associated protein 5 (MDAS) and Laboratory of Genetics and
Physiology gene 2 (LGP2). These three proteins share a C-terminal domain (CTD) and a
helicase domain (HD), but only RIG-I and MDAS5 bear the effector domain known as caspase
activating and recruiting domain (CARD) in the N-terminal. Therefore, only RIG-1 and MDA5
trigger the IFN-I response through interactions with mitochondrial antiviral signaling proteins

(MAVS) (Figure 5) (Brisse and Ly 2019; Kell and Gale 2015; B. Wu and Hur 2015).

It has been shown that endothelial RIG-I activation leads to endothelial dysfunction. In
wild-type mice, activation of RIG-I leads to endothelial stress, damage, and vessel impairment.
After injection with a RIG-I agonist (dsRNA with a triphosphate at the 5° end), mice experienced
an increase in endothelial cell dysfunction, as seen by an increase in vascular oxidative stress
and circulating EMP numbers. In addition, after stimulation with a RIG-I agonist, both human
coronary endothelial cells (HCAEC) and endothelial progenitor cells (EPC) showed increased
reactive oxygen species formation, and HCAES increased production of proinflammatory
cytokines (Asdonk et al. 2012). Similarly, stimulation of MDAS led to endothelial apoptosis,
formation of reactive oxygen species, and the release of pro-inflammatory cytokines. MDA5
activation in mice similar to RIG-I, leads to vascular oxidative stress and an increase in
circulating endothelial microparticles and endothelial progenitor cells. In addition, chronic MDA5

stimulation exacerbated atherosclerosis (Asdonk et al. 2016). Similar to these pathways, the
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activation of another RNA sensor, Toll-Like Receptor 7 also leads to vascular inflammation and

impaired vascular growth(Krogmann et al. 2020).

Gene Protein Substrate Function
Cgas cGAS dsDNA Apoptosis
TLR9 TLR9 RNA-DNA hybrid Inflammation
TREX1 TREX1 dsDNA Immune suppression
AIM2 AIM2 dsDNA Pyroptosis
IFI16 IFI16 dsDNA Pyroptosis
IFIH1 MDAS5 dsRNA Apoptosis
DDX58 RIG-I dsRNA Inflammation
TLR3 TLR3 dsRNA Nectroptosis
ZBP1 ZBP1 B-DNA, Z-DNA Necroptosis

Table 2. Summary of nucleic acid sensor substrates and functions.

Several genes that directly recognize nucleic acids have been identified and characterized in
the human genome. A few well-characterized genes, their substrates and the mechanisms of
action due to activation with ligands in cells are shown. Adapted from Baris et al Cancers
2021.
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Figure 5. RIG-I family receptors. a }Domain architecture of retinoic acid-inducible gene | (RIG-
1)-like receptors (RLRs) and mitochondrial antiviral-signalling protein (MAVS). The three
members of the RLR family have a central helicase. Another RNA-binding fold, called the
carboxy-terminal domain (CTD), is also found in all RLRs. RIG-I and melanoma differentiation-
associated protein 5 (MDAS5) contain two caspase activation and recruitment domains (CARDs).
The signalling adaptor protein MAVS also has a CARD as well as a C-terminal transmembrane
domain (TM). B RLR signalling pathway. RIG-I and MDAS5 are activated by viral RNAs. They then
undergo conformational changes which allows homotypic CARD—CARD interactions with MAVS.
MAVS is anchored with its Tm to the the mitochondria and relays the signal to TANK-binding
kinase 1 (TBK1) and IkB kinase-¢ (IKKe). These activate interferon regulatory factor 3 (IRF3) and
IRF7, which together with the transcription factor nuclear factor-kB (NF-kB) induce the expression
of type | interferons and other genes. Created with Biorender

RIG-Iin ECs

It has been shown that endothelial RIG-I activation leads to endothelial dysfunction. In

wild-type mice, activation of RIG-I leads to endothelial stress, damage, and vessel impairment.

After injection with a RIG-I agonist (dsRNA with a triphosphate at the 5’ end), mice experienced
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vascular oxidative stress and increased circulating endothelial microparticle (EMP) numbers,
indicating endothelial dysfunction. In addition, after stimulation with a RIG-I agonist, both human
coronary endothelial cells (HCAEC) and endothelial progenitor cells (EPC) showed increased
reactive oxygen species (ROS) formation, and HCAES increased production of proinflammatory
cytokines (Asdonk et al. 2012). Similarly, stimulation of MDAS led to endothelial apoptosis,
cytokine production, and formation of ROS. MDAS activation in mice similar to RIG-I, leads to
vascular oxidative stress and an increase in circulating EMPs and endothelial progenitor cells.
In addition, chronic MDAS5 stimulation exacerbated atherosclerosis (Asdonk et al. 2016). Similar
to these pathways, the activation of another RNA sensor, Toll-Like Receptor 7 also leads to

vascular inflammation and impaired vascular growth (Krogmann et al. 2020).
Structure and function of RIG-I

RLRs are activated by cytosolic RNA. RIG-I and MDAS are similar in structure and
function, but they recognize different RNA structures. RIG-I is preferentially activated by blunt-
ended 5’ppp short RNAs which bind to the CTD (Kolakofsky, Kowalinski, and Cusack 2012;
Stok, Vega Quiroz, and van der Veen 2020). The CTD of RIG-I has a pocket that specifically
binds either a 5’-PPP or a 5’-PP. In normal conditions, CARD domain is bound to the HD in a
repressing form. Upon RNA recognition, base-paired region of RNA complexes with the HD of
RIG-I, releasing the CARD domain. Thus, stable RNA-RIG-I interaction displaces CARDs, which
causes multiple RIG-I proteins to oligomerize and become accessible for MAVS signaling. One
main player in this process is the E3 ubiquitin ligase TRIM25. TRIM25 ubiquitination is critical to
release RIG-I from autorepression. To interact with MAVS in the mitochondria, the RIG-I
complex, RIG-1/14-3-3¢/TRIM25, mediates the redistribution or “translocation” of RIG-I from the
cytosol to the intracellular membrane compartments. There, RIG-1 binds to MAVS through
homotypic CARD-CARD interaction(Rehwinkel and Gack 2020). Once activated, MAVS recruits

the tumor necrosis factor receptor associated factors (TRAFs), which are essential to activate
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interferon regulatory factors 3 and 7 (IRF3, IRF7) and NF-kB mediated response. Finally,
activation of RIG-I results in the expression of cytokines and IFN-I genes, which recruits innate

and eventually adaptive immune cells (Figure 6).

RLRs are able to recognize self-derived RNAs, leading to either enhanced or depleted IFN
response in a context dependent manner(Stok, Vega Quiroz, and van der Veen 2020). A recent
study showed that mitochondrial DNA double stranded breaks release mitochondrial RNA into
the cytoplasm, triggering the RLR dependent immune response. Moreover, following cellular
irradiation, mitochondrial DNA breaks synergize with nuclear DNA to promote the immune
response(Tigano et al. 2021). These emerging studies highlight the potential of RIG-I activation

without extrinsic pathogens and could potentially explain the ‘sterile inflammation’ in tissues.
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Figure 6. RIG-l signaling pathway. RIG-I is activated by viral RNA. Activated
RIG binds to mitochondrial antiviral-signaling protein(MAVS). This leads to the
downstream activation of interferons and NF-kB, inducing an immune response.
Created with biorender.
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While RIG-I and MDADS drive very similar signaling pathways, they do differentially
induce type 1 IFN response to different pathogens(Stok, Vega Quiroz, and van der Veen 2020).
For example, while RIG-I is activated most potently in response to negative-strand viruses such
as the influenza virus(Weber-Gerlach and Weber 2016), MDAS5 is activated in response to
positive-strand viruses such as the hepatitis D virus(Z. Zhang et al. 2018). In addition, animal
models show that RIG-I and MDA5 have functional differences in vivo, as well as distinct

molecular immune functions(Brisse and Ly 2019).

RIG-I knockout mice show a colitis-like phenotype, reduced Peyer’s patches, and show
increased effector T cells and decreased naive T cells ( Y. Wang et al. 2007). MAVS and MDA5
knockout mice lose type 1 interferon production and suffer early mortality in response to
infection with Coxsackie B virus (CVB), which has been associated with myocarditis(J. P. Wang
et al. 2010). In a study of RLRs in West Nile Virus, RIG-I x MDA5 double knockout mice lacked
the innate immune response against the virus infection. Surprisingly, they did not suffer severe
pathological damage in tissues during infection, which was similar to animals lacking

MAVS(Errett et al. 2013).

Singleton-Merten syndrome (SMS) is an autosomal-dominant disorder characterized by
aortic calcification, skeletal abnormalities, psoriasis, as well as other conditions. Jang et al
performed exome sequencing and found gain-of-function mutations in DDX58, the gene which
encodes the RIG-I protein, leads to variable manifestation of SMS, often without the typical
dental anomalies(Jang et al. 2015). In addition, gain-of-function mutations of MDA5 have been
found in SMS patients with upregulated interferon signature genes. The sustained signaling of
MDAS5 and RIG-I in SMS patients in possibly due to an increase of protein levels, to the
recognition of self-RNA or both. It is believed that excess IFN-I and other inflammatory
cytokines in the endothelial cells in aortic and mitral valves are critical for the SMS development

(Lu and MacDougall 2017).
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Conclusion and Gaps in Knowledge

The cardiovascular system is a broadly studied organ system that is well understood,
however, there are still several key questions that have gone unanswered in the field. In
particular, the role of the immune system in vascular function is still poorly understood. While it
is known that ECs are active in the immune response, it is not well understood how critical EC
activation and immune status is for vascular function and immune function. One clear example
of this is how poorly understood endothelial activation and inflammation status affect vascular
function in infectious disease. While there are several studies that have shown that infectious
disease leads to vascular dysfunction, further studies into how endothelial activation or
inflammation may contribute to disease state are necessary. We also see the lack of knowledge
on immune-EC interactions with cardiovascular disease. While several cardiovascular diseases
are known to lead to chronic inflammation, whether EC activation or EC-immune interactions

contribute to inflammation or vascular dysfunction is still unclear.

We also clearly see a need to understand the EC-immune interactions in the context of
cancer. It is abundantly clear that vascular function plays a major role in tumor development and
response to therapy. However, treatments focusing on targeting tumor vasculature have stalled
due to limited efficacy. Though tumor therapies targeting the immune system have shown
immense promise, many patients fail to respond to immunotherapy. As is clear through
numerous studies, the vascular system and immune system are intertwined, and understanding
how to improve response to one type of therapy will very likely require understanding how it
reacts with the other. For example, how immune-checkpoint blockade(ICB) alters tumor
vasculature is still poorly understood. Whether (ICB) activates tumor ECs and promotes poor
perfusion, therefore leading to hypoxia and limited drug delivery, is still unclear. On the other
hand, ICB may normalize tumor ECs and lead to improved therapeutic outcomes due to both

improved immune infiltration and normalized vasculature. However, a more likely scenario is
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that a combination of ICB and vascular normalization will provide improved therapeutic
outcomes. Despite the wealth of knowledge on the cardiovascular system and on RIG-I, there is
still very little known about how they interact with one another. While there is some evidence
that RIG-I leads to increased oxidative stress in ECs, the majority of RIG-I studies have focused
on its role in immunity and in tumor progression. As discussed above, one cannot look at the
immune system or the tumor without also understanding how vasculature is affected. Therefore,
it is critical to understand how RIG-I affects normal and pathological ECs. | hypothesize that
RIG-I signaling plays a critical role in endothelial function and angiogenesis, and that
understanding the role of RIG-I in ECs will improve our perspective on the bigger picture role of
how ECs sense inflammatory stimuli and what prevents EC activation and immune function in
cancers. Such understanding is critical to appreciate the pathology of several infectious and

autoimmune pathologies including viral infections such as COVID.
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Chapter 2: Materials and Methods

Cell culture and reagents

Human umbilical vein endothelial cells (HUVECs) (Cat: C-2519, Lonza) and dermal
human microvascular endothelial cells (HMVECs) (Cat: CC-2543, Lonza) were cultured
in EBM-2 media (Cat: NC1447083, Fischer) supplemented with bullet kit and 10% fetal
bovine serum (Cat: S11550H, Biotechne). Normal human lung fibroblasts (Cat: CC-
2512, Lonza) were cultured in FBM media (Cat: CC3131, Lonza) and supplemented
with bullet kit and 10% fetal bovine serum. All cells were maintained at 37 °C and 5%
COs.. Cells used for experiments were low passage number between 2-8. Tipiracil (TPI)
was purchased from Sigma (Cat: SML1552-10MG) and dissolved in PBS. Cell lines
were authenticated with STR profiling if maintained in the lab (not purchased). All cell
lines were routinely tested and found negative for mycoplasma contamination before

use in the assays as described.

Cell transfection

HUVECs (70% confluence) were transfected with 0.1-1 ug/mL RIG-I or control agonist
RNA (Cat: tIrl-hprna-100, Invivogen) according to manufacturers’ instructions.
Specifically, The RIG-I or control agonist was diluted in Lyovec transfection reagent

(Cat: lyec-12 Invivogen).

Cell viability and apoptosis assays

Viability and apoptosis were assessed using the Cell-Titer Glo and Caspase-Glo kits,
respectively (Cat: G9242, G8091, Promega). White walled, 96-well tissue culture
microplates (Corning) were used for luciferase-based assays. Luminescence was

measured using a Promega GloMax instrument using a 0.5 s integration time.
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RNA sequencing and gene expression

Total mMRNA was isolated from cells and tissues using the Eurx RNA isolation kit (Cat:
E3598-02, EURX). RNA sequencing was performed using the Oregon Health and
Sciences University Massively Parallel Shared Sequencing Resource (MPSSR) and
analyzed using the RANAseq pipeline and web interface with differential expression
comparisons through DESeq2 and Wald’s test for significance calculations (Prieto and
Barrios 2020; Wen 2017). Reverse transcription was preformed using High-Capacity
cDNA Reverse Transcription Kit (Cat: 4368814, Applied Biosystems) according to
manufacturer’s instructions. Gene expression was measured using real-time
quantitative PCR (qRT-PCR) with TagMan Master Mix Il no UNG (Cat: 4440048,
Thermofisher Scientific) with the following primers: human TYMP (Cat: 4453320, Assay
ID: Hs00157317_m1), human FLT1 (Cat: 4453320, Assay ID: Hs01052961_m1),
human CX3CL1 (Cat: 4448892, Assay ID: Hs01011407_m1), human IL6 (Cat: 4448892,
Assay ID: Hs03929033_u1), human PROCR (Cat: 4448892, Assay ID:
Hs00941183_g1), human SERPINE1 (Cat: 4453320, Assay ID: Hs00167155_m1),
human PLAU (Cat: 4448892, Assay ID: Hs01547050_m1), human CXCL10 (Cat:
4331182 Assay ID: Hs00171042_m1), human MX1 (Cat: 4331182 Assay ID:
Hs00895608_m1), and human GAPDH (Cat: 4331182, Assay ID: Hs02758991_g1),
mouse Vegf(Cat: 4331182, Assay ID: Mm00437306_m1), mouse Ccl5 (Cat: 4331182,
Assay ID: Mm01302427_m1), mouse Gapdh (Cat: 4331182, Assay ID:

Mm99999915 g1) according to manufacturer’s instructions.

Silencer Select Pre designed siRNA siRNA ID: s4434, s4392420, or Silencer™ Select

Negative Control No. 1 siRNA were purchased from Qiagen. Endothelial cell biology
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angiogenesis gene array was assessed according to manufacturer’s instructions (Cat:
330231 PAMM-015ZE-4, Qiagen). Specifically, the SYBR Green qRT-PCR assays were
conducted using PowerUP SYBR Green Master Mix with predetermined primers in the
array. Fold change was calculated using the 2 22Ct method relative to an internal control

(GAPDH).

Western and simple western blots

HUVECs were seeded in six well plates (2,000,000 cells/well) and transfected as
described above. In some cases, after 24 h, cells were treated with 10 nmol TPI for 24 h.
After treatment, media was aspirated and cells were washed in ice cold PBS and lysed
directly in the plate in RIPA buffer (Cat: PI89900, Fischer) containing Protease Inhibitor
Mini Tablets (1/10 mL RIPA buffer, Cat: 50-720-4060, Fisher) with phosphatase inhibitor
cocktail 2 and 3 (1:1000, P5726-1ML, P0044-1ML, Sigma). Lysates were centrifuges for
12,000 x g and 4 °C for 20 min. The supernatant was collected, and protein
concentration was determined using the Pierce BCA Protein assay kit (Cat: 23227,

Thermofisher).

For western blot, samples were mixed with 4x Protein Sample Loading Buffer (Cat: 928-
40004, Li-Cor) supplemented with 5% of beta-mercaptoethanol, denaturalized and
loaded in 4—-20% precast polyacrylamide gels (Cat: 456-1094, BioRad). Electrophoresis
was done in 1x Tris/Glycine/SDS at 200 V for 30 min. Trans-blot Turbo Transfer system
(Biorad) was used to transfer the proteins to a PVDF membrane. Blocking and antibody
dilutions were done in Intercept blocking buffer (Cat: P/N 927-60001, Licor). The
membranes were developed using Li-Cor Odyssey Clx imaging system. For simple

western blot, the samples were diluted with 1x sample buffer (Cat: DM-001,
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ProteinSimple). Protein quantification was performed using a 12-230 kDA 25 lane plate
(Cat: SM-W004, ProteinSimple) in a ProteinSimple Wes Capillary Western Blot analyzer
according to the manufacturer’s instructions. Anti-RIG-| (#3743), Anti- ISG15 (#2743),
Anti-TYMP (#4307), Anti-IRF8 (#98344) and Anti- GAPDH (#5174) were all purchased

from Cell Signaling. Anti-IRF1 (PA5-64093) was purchased from ThermoFisher.

Scratch assay

HUVECs were plated on a 12 well plate at 100% confluency and the monolayer was
scratched with a pipette tip. At 0, 4, and 8 h, the scratch area was visualized using
brightfield microscopy in an Incucyte Live Cell Analysis Platform. Area of scratch was

quantified using Image J.

3D angiogenic sprouting assay

HUVECs transfected for 24 h and were coated on cytodex-3 beads at a density of 1
million cells per 25 uL beads and incubated in suspension for 3—4 h with gentle mixing
every hour. In some cases, TPIl was added during the incubation. Beads were then
plated on TC treated 24 well dishes overnight and resuspended in 2 mg/ml fibrin gel with
200,000 fibroblasts. The gel was allowed to polymerize and complete EGM-2 media
was added. Sprouts were visualized on day 4 via confocal imaging following a 4-h
incubated with 1:200 fluorescein isothiocyanate (FITC)-labelled Ulex europaeus lectin

(Vector labs).

In vivo methods
All animal work was approved by the OHSU Institutional Animal Use and Care

Committee. WT male and female C57BI/6 N and Ddx58 (-/-) 8-10-week-old mice were
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purchased from Jackson Labs and injected subcutaneously with Growth factor reduced
(Matrigel BD) with 400 ng mL~" recombinant human bFGF (Millipore). One-week later
Matrigel plugs, as well as lung, liver, and heart, were harvested from mice and RNA was
isolated using the Eurx RNA purification kit according to manufacturer’s instructions.
Matrigel plugs were homogenized and analyzed for hemoglobin content using a
colorimetric assay kit (Sigma). In addition, RNA from tissue was used to analyze
endothelial activity using the Qiagen endothelial cell activity gRT-PCR array according

to manufacturer’s instructions.

For tumor experiments, WT male and female C57BI/6 N and Ddx58 (-/-) 8—10-week-old
mice were purchased from Jackson Labs and injected subcutaneously with 200,000
mycoplasma negative MC38 tumor cells in Geltrex (Thermofisher). Tumor growth was
measured using calipers, with volume computed as 72 x Length x Width*2. At 15 days
following injection, mice were treated with isolectin B4 and FITC-Dextran intravenously
(100 uL of 1/200 dilution in PBS). Mice were euthanized 1 hours post injection and

tumors and lungs were harvested for histology, flow and RNA analysis.
Immunofluorescence

In some experiments, tumors and lungs were harvested from euthanized mice and
directly frozen in OCT. Tissue was sectioned into slides by the OHSU histology core.
Slides were thawed in a humid chamber and blocked in blocking buffer for 30 minutes
(10% normal goat serum, 2% BSA, 0.05% saponin in PBS) Endothelial cells were
analyzed directly via isolectin 649 (l.v. injected prior to euthanasia). VEGFR1 was
imaged using a VEGF Receptor 1 Rabbit monoclonal antibody (Thermofisher MAS-

32045) at a 1:100 dilution in 2%BSA, 0.05% saponin in PBS overnight. Slides were
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washed in PBS 3 times for 30 seconds. Secondary staining was performed using goat
anti rabbit IRdye 800CW (Li-Cor, 926-32211) at a 1:200 dilution in 2%BSA, 0.05%
saponin in PBS for 1 hour. Slides were then washed 3 times for 30 seconds each and
mounted using mounting medium with DAPI (Vectorlabs H-1200-10). Imaging was
performed either by the microscopy core using the LSM 880 Zeiss Laser-Scanning
Confocal Fast Airy, or using the Apotome3-Zeiss Microscope with Grid-Based Optical

Sectioning. Analysis was done using Zen analysis software.

Flow Cytometry

In some experiments, tumors were harvested and digested into a single cell suspension
as described previously (Nelson et al paper). Cells were frozen in 10% FBS, 10%
DMSO, 80%DMEM. Cells were later thawed and checked for viability. Cells were then
split into 3 and plated on a 3 96 well plates and blocked with Fc-Block (BD Bioscience,
cas # 553142) 1:200 in FACs buffer and Live/Death NIR reagent solution 1:500 in FACs
buffer for 25 minutes on ice. Subsequently cells were stained with an antibody cocktail
mix containing the following antibodies with the indicated flourophores diluted in FACs
buffer (Tables 3-5) for extracellular markers. Following staining, cells were fixed with
Cytofix Buffer (BD Bioscience, cat # 554655). In some instances, cells were then
stained with an intracellular antibody cocktail mix containing antibodies with the
corresponding flourophores for intracellular markers. Cells were then washed and
resuspended in 200 uL of FACS buffer and stored at 4° protected from light until
analysis in a Cytek Aurora cell analyzer. Data was analyzed with FlowJo v10.8.0

software.
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Laser Channels Filters Fluorochrome  Marker 1X dilution
405-1 450/50 BVv421 MHCII 1/1000
405-2 515/20 BV510 L/D Aqua 1/1000
405-3 605/30 BV605 NK1.1 1/100
405-4 660/20 BV650 CD11c 1/100
405-5 710/50 BV711 CD24 1/200
405-6 780/60 BV785 F4/80 1/100
488-1 525/50 FITC Ly6G 1/400
488-4 710/50 PerCPCy55 CD19 1/200
561-1 582/15 PE PDL1 1/200
561-2 610/20 PE-CF594 Ly6C 1/200
561-3 670/30

561-4 780/60 PE-Cy7 CD11b 1/400
640-1 670/30 APC CD45 1/500
640-2 730/45 APCR700 CD103 1/100
640-3 780/60 APCCy7 Siglec F 1/100

Table 3. Myeloid flow panel for tumor experiments
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Laser Channels Filters Fluorochrome Marker 1X dilution
405-1 450/50 BVv421 CD3e 1/200
405-2 515/20 BV510 CD45 1/500
405-3 605/30 BV605

405-4 660/20 BV650

405-5 710/50 BV711 CDS8a 1/200
405-6 780/60 BV785

488-1 525/50 FITC Ki67 1/400
488-4 710/50 PerCPCy55

561-1 582/15 PE PD1 1/200
561-2 610/20 PE-Dazzle Lag3 1/200
561-3 670/30

561-4 780/60 PE-Cy7 CDh44 1/600
640-1 670/30 APC CD4 1/200
640-2 730/45 APCR700 CDh62L 1/400
640-3 780/60 APCCy7 LD NIR 1/1000

Table 4. Lymphoid flow panel for tumor experiments
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Statistical analysis

Laser Channels Filters Fluorochrome Marker 1X dilution
405-1 450/50 BV421 MHCII 1/1000
405-2 515/20 BV510 CD45 1/1000
405-3 605/30 BV605 NK1.1 1/100
405-4 660/20 BV650 CD11c 1/100
405-5 710/50 BV711 CD24 1/200
405-6 780/60 BV785 F4/80 1/100
488-1 525/50 FITC LyeG 1/400
488-4 710/50 PerCPCy55 CD19 1/200
561-1 582/15 PE VEGFR-2 1/200
561-2 610/20 PE-CF594 LyeC 1/200
561-3 670/30

561-4 780/60 PE-Cy7 CD11b 1/400
640-1 670/30 APC CD31 1/500
640-2 730/45 APCR700 CD103 1/100
640-3 780/60 APCCy7 LD NIR 1/1000
Table 5. Flow panel for lung experiments

All statistical analysis was performed using Prism software (GraphPad Software, San Diego,

CA). In vitro experiments were performed in biological replicates (typically N =3 unless stated

otherwise in the legends). No statistical methods were used to predetermine sample size for

mouse studies. No animals were excluded from analysis. No blinding or randomization was

used in the studies. Differences between pairs of groups were analyzed by Student’s t-test.

Variance was similar between groups. Comparison among multiple groups was performed by
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one-way ANOVA followed by a post hoc test (Tukey’s or Holm-Sidak). In the absence of
multiple comparisons, Fisher's LSD test was used. Values of n refer to the number of
experiments used to obtain each value. For mouse studies where the data was not normally
distributed, we used two-tailed Mann-Whitney U test. Values of p <0.05 were considered

significant.

Data availability

RNAseq datasets are available from GEO under the accession number GSE2048009.
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Chapter 3:

Thymidine Phosphorylase Facilitates RIG-l induced EC dysfunction

Reproduced in its entirety from: Baris, A., Fraile-Bethencourt, E., Eubanks, J. et al. Thymidine
phosphorylase facilitates retinoic acid inducible gene-l induced endothelial dysfunction. Cell

Death Dis. 2023
Introduction

The vascular endothelium is an incredibly complex, dynamic system with a variety of
functions in cardiovascular health. As such, endothelial cells (ECs) can face numerous injuries
that lead to pathogenesis, disease, and dysfunction. Understanding how ECs undergo
dysfunction and methods to target that dysfunction are critical to understanding and improving
cardiovascular disease treatment. There is emerging evidence that nucleic acid sensors
(NAS)—one of the fundamental arms of innate immunity—play a critical role in endothelial cell
function (Asdonk et al. 2012; Chelvanambi et al. 2021; Jeong et al. 2021; S. J. Lee et al. 2021;
Y. Liu et al. 2014; Pallarés et al. 2022; da Conceicao et al. 2013; Ma et al. 2011; Moser et al.

2016; Opitz et al. 2009).

Among NAS, RIG-I recognizes RNA cytosolic 5’ppp short RNAs. Upon recognition of
RNA, the base-paired region of RNA complexes with the HD of RIG-I, released the CARD,
which is normally bound to the HD in a repressing form. This interaction displaces CARDs,
which causes several RIG-I proteins to oligomerize and become accessible for MAVS signaling.
RIG-I binds to MAVS through homotypic CARD-CARD interactions. Once activated, MAVS
recruits the tumor necrosis factor receptor associated factors, which activate interferon
regulatory factors 3 and 7, and the NF-kB mediated pathway. This results in the expression of
cytokines and IFN-I genes, which recruit innate and adaptive immune cells (Kolakofsky,

Kowalinski, and Cusack 2012; Rehwinkel and Gack 2020).
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It has been shown that RIG plays a role in EC dysfunction and inflammation(Asdonk et
al. 2012). In addition, it is well known that ECs are the site of cytokine storms following infection,
and that inflammation in ECs from innate immune sensing can impact tumor growth(Teijaro et
al. 2011). Here we show that RIG-I activation using a small 5’ppp RNA diminishes EC survival
and causes EC dysfunction. We have discovered a RIG-| dependent 7 gene signature that
affects angiogenesis, inflammation and coagulation. Among these, we identified the thymidine
phosphorylase TYMP as a key mediator of RIG-I induced EC dysfunction via its regulation of a
subset of interferon stimulated genes. Inhibition of TYMP with a small molecule drug or siRNA
rescues RIG-I induced EC death, migration arrest and restores sprouting angiogenesis likely via
decrease of IRF1 dependent transcription. Our observations identify mechanisms by which RIG-
| drives EC dysfunction and define pathways that can be pharmacologically targeted to
ameliorate RIG-I induced vascular inflammation. Our studies identify novel mechanisms by
which RIG drives endothelial dysfunction and highlights potential strategies for mitigating

inflammation caused by RNA sensing.

Results

It is well understood that RIG-I can be robustly activated using a small hairpin triphosphate
containing RNAs. We have previously established a 89 base-paired RNA agonist from the
influenza virus is a potent activator of RIG-I signaling (75). To determine the effect of RIG-I
activation on ECs, we treated HUVECs and HMVECs with a control agonist (14 base paired ds
RNA) or a RIG-I agonist, validated the increase in interferon stimulated genes (Fig 7) and
evaluated EC health. We found the RIG-I agonist significantly decreased proliferation and
increased cell death in a dose responsive manner (Fig8A-8C). To further understand the
functional consequences of RIG-I agonist treatment, we used a scratch assay. We identified
significant delays in wound healing upon treatment with a RIG-1 agonist (Fig 8D). Similarly, we

found that upon transfection of the RIG-I agonist, endothelial cells were unable to form
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angiogenic sprouts in a 3D fibrin bead assay (Fig 8E). These observations suggest that

activation of RIG-I impacts EC proliferation, survival, and fundamental functional characteristics

such as migration and sprouting angiogenesis.
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Figure 7. RIG-l agonist induces activation of ISG expression.
HUVECs were treated with control agonist or RIG-I for 24h. Cell
lysates were evaluated for RIG-I and ISG-15 expression using
Simple Western Capillary based western blot system (Wes). One of
two independent experiments.
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To identify transcriptional changes involved in RIG-I activation, preformed RNA
sequencing from control or RIG-I activated HUVECs and HMVECs 24 hours post treatment. We
found that RIG-I activation with this agonist led to a robust interferon response, including an
upregulation of genes such as MX1, OAS1, and CXCL10. In addition, we also found that
DDX58, the gene that encodes RIG-I, is upregulated following RIG-I activation, indicating a
feed-forward loop (Fig 9A,9B). We performed a pathway enrichment analysis using
Enrichr(Kuleshov et al. 2016; Xie et al. 2021) and found that type | interferon signaling is highly
enriched (Fig 9C,9D). While pathway analysis inferred interferon gamma response, endothelial
cells do not make interferon gamma. The Enrichr annotation for this pathway consists of 39
genes including Akt1, IL-1B, IRF1, JAK1, STAT1, STATS3, several MAP kinases that are
common to other pathways induced by RIG-I activation. In addition to these canonical
pathways, we observed pathways that are important for vascular function such as cholesterol

homeostasis, coagulation and hypoxia were modulated by RIG-| activation (Fig 9C,9D).
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Figure 8. RIG-I activation increases EC death and decreases
angiogenesis. HUVECs or HMVECS were treated with either control agonists
or RIG-I agonists (1 ug/ml) (A-E). Viability was measured using Cell Titer glo
(A) and Cell Death was measured using Caspase 3&7 glo (B—C) assays.
Panel C used 0.1 ug/mL of agonist. D Migration was measured using a
scratch assay. E Sprouting angiogenesis was measured using a 3D tube
formation assay in a fibrin gel. Scale bar = 100 um. Image depicts 3 frames
along the same bead. Quantification of sprout area stained

using U.europaeus lectin. Dots represent individual beads. **P < 0.01,

***P < 0.005 using ANOVA or two-tailed Student’s T-test and Mann—
Whitney U-test for panel E. Bars represent mean + SEM of independent
replicates.
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Figure 9. RIG-I activation induces an angiogenic-specific gene signature in ECs. A—

C HUVECs or B-D HMVECs were treated with RIG agonists or control agonist. 24 h later RNA
was extracted and RNA sequencing was performed. Data was analyzed using RaNAseq
pipeline as described in Prieto & Barrios, Bioinformatics 2020. All genes with adjusted P-values
<0.05 are plotted and critical IFN responsive genes are colored and labeled. C-D Gene set
enrichment analysis using Enrichr. E Heatmap depicting gene expression changes in indicated
tissues from WT vs RIG-I =/- mice (n =2) from an angiogenesis gqRT-PCR array. F Schematic
depicting a 7 gene RIG-I dependent angiogenic signature. G Heatmap depicting enrichment of
endothelial RIG-I signature from F in public datasets. Left panel depicts correlation coefficients
of RIG-I with the 7 genes across four major cell types from the lung-tumor microenvironment
interactome, a dataset of sScRNA-seq from patients with squamous cell carcinoma or
adenocarcinoma of the lung. Right panel depicts normalized expression scores of RIG-I and
the 7 gene signature in human pulmonary ECs during infection with human herpesvirus 8
(HHV-8) plotted from EndoDB dataset E-GEOD-6489.

To complement our gain of function studies in human cell lines, we performed a targeted

angiogenesis gene signature evaluation from RIG-| deficient mice. We obtained a RIG-I gene

edited mouse (Figure 10) While these mice are viable and fertile, we observed that they had

more vascular leak in a bFGF Matrigel plug model (Figure 10). To identify transcriptional

changes in these mice, we harvested the Matrigel, heart and lungs from RIG-I (+/+) and (-/-)

mice. Using a qPCR angiogenesis array, we found several organ-specific angiogenic changes
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in RIG-I (-/-) mice (Fig 9E), which is indicative of RIG-I's role in angiogenesis. Finally, we
compared our human gain of function and mouse loss of function datasets and discovered a
unique gene signature that consists of 7 genes that are commonly regulated in both human and
mouse (Fig 9F). We validated our 7 gene signature using independent qPCR assays (Figure
11). These 7 genes are known to play a role in angiogenesis and coagulation. We observed that
our gene signature is also highly correlated with RIG-I expression only in the endothelial cells in
squamous cell carcinomas and adenocarcinomas of the lung based on a dataset of single cell
RNAseq from human lung cancer patients(Gentles et al. 2020) (The Lung-Tumor
Microenvironment Interactome) (Fig 9G). Similarly, analysis of a public dataset of human
Herpesvirus 8 infected pulmonary endothelial cells from EndoDB(Shawez Khan et al. 2019) also
revealed high normalized expression of RIG-I as well as the 7 signature genes. One difference
between our data and the public datasets was that the expression of PLAU — we observed
PLAU was downregulated with RIG-I activation whereas it was inversely correlated only in the

lung adenocarcinoma endothelial cells.
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Figure 10. Increased hemoglobin content in subcutaneous Matrigel
plugs in RIG-I -/- mice. A) Design of 688 bp exon 3 deletion to generate
CRISPR edited RIG-I-/- mice and validation of genotypes using tail PCR.
B) Hemoglobin content of bFGF containing Matrigel plugs from WT and
RIG-I -/- mice on day 7 after subcutaneous implantation (n=4 plugs per

group).

Thymidine phosphorylase (TYMP) and VEGFR1 are known regulators of
angiogenesis(W. Li et al. 2014; Shibuya 2006). Fractalkine and interleukin-6 and heavily
involved in inflammation(Jeong et al. 2021; Fonseca et al. 2009). A recent proteomics study
showed that patients with fatal COVID19 have enhanced expression of both TYMP and RIG-I in
lung parenchyma with TYMP being the most significantly induced gene(Russell et al. 2022). In
addition, Protein C Receptor and Serine Protease inhibitor are regulators of coagulation(Dennis

et al. 2012; Pavet et al. 2014). Interestingly, Plasminogen activator urokinase is negatively
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regulated by SERPINE1, and is downregulated by RIG-I activation. We chose to focus on TYMP

due to its high expression in human ECs following RIG-I activation.

We identified TYMP as being the most upregulated gene by RIG-I activation in HUVECs.
Notably, TYMP is strongly upregulated at the mRNA and protein levels in RIG-I activated
HUVECs (Fig 11A and Figure 12A). In addition, high levels of TYMP in tumor endothelium are
linked to increased angiogenesis and a poor prognosis(Uchimiya et al. 2002; Kikuno et al. 2003;
X. Zhang et al. 2014; S. Li et al. 2020). The TYMP inhibitor Tipiracil (TPI), is commonly used in
anti-cancer treatments to prevent the degradation of 5-FU and has been shown to prevent

thrombosis(Belcher et al. 2021)
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Figure 11. Validation of TYMP as a RIG-l induced gene in ECs. A) Gene expression
changes of indicated genes 24h after RIG-I agonist or control agonist treatment in HUVECs
as measured by gRT-PCR. B) Western blot depicting increase in TYMP protein levels after
RIG-I agonist treatment.C. Western blod depicting siTYMP mediated decrease in RIG-|
agonist induced TYMP expression



To evaluate the role of TYMP in RIG-I induced EC dysfunction, we tested the impact of
TPI treatment on RIG-I induced phenotypes. We found that TPI prevents RIG-I associated
apoptosis in a dose-dependent manner (Fig 12B). We observed increase in Annexin V staining
as early as 8h post RIG-I activation. This increase in Annexin staining was also diminished by
TPI treatment (Fig 12C). In contrast to the caspase and Annexin readouts of apoptosis, we did
not observe any appreciable effect of RIG-I on necrosis (Fig 12D). To complement the effects of
pharmacological TYMP inhibition, we used siRNA to knockdown TYMP. We first confirmed that
siRNA was able to diminish TYMP levels even during the robust induction with the RIG-I agonist
(Fig 13). Similar to our TPI studies, TYMP siRNA decreased the induction of caspases 3 & 7
(Fig 12F). In addition, we found that TPI reverses RIG-I induced migration arrest (Fig 12G-H).
This indicates that TYMP may have specific roles in disrupting EC viability, and migration
downstream of RIG-I activation. Therefore, pharmacological inhibition of TYMP might mitigate

endothelial dysfunction.
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Figure 12. TYMP inhibition reverses RIG-l induced phenotypes A TYMP induction
was measured using gqRT-PCR. B HUVECs were treated with a control or RIG-I agonist
in combination with Tipiracil. B Cell Death was assessed using a Caspase Glo assay
(C) Annexin V luminescence assay and (D) Necrosis assay. E-F HUVECs were
transfected with either a control siRNA or TYMP siRNA and treated with a control
agonist or RIG-I agonist at the indicated doses. E mRNA levels showing efficient
knockdown of TYMP 24 h post transfection. F Cell death was measured using
Caspase-Glo assay. G—H Migration was assessed using a scratch assay in a 6-well TC
plate. Scale bar =100 uM. *P<0.05, **P <0.01, ***P < 0.005, ****P <0.001 using
ANOVA or two-tailed Student’s T-test. Bars represent mean + SEM of independent
replicates. One of two independent experiments.
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Figure 13. Silencing of TYMP with siRNA partially rescues RIG-I|

induced migration defects in HUVECs. A) HUVECs were transfected with
siRNAs as indicated. 16h later, HUVECs were stimulated with either a control
agonist or RIG-I agonist as described in Fig 3. Migration was assessed using a
scratch assay in a 6-well TC plate. Scale bar = 500 uM. B) Scratch area from

images were quantified using Image J. Representative images from one of two
independent experiments is shown.
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Identification of putative TYMP dependent genes and pathways that regulate RIG-I

function

To identify the mechanism behind TPIs reversal of RIG-I activation phenotype in
HUVECSs, we performed RNA-seq on control and RIG-I activated HUVECs with and without TPI
treatment (Fig 14A-B). We identified 19 genes that were differentially regulated (at least 2-fold)
in TPI RIG-I activated HUVECs compared to RIG-I activation alone (Fig 14C-D). We further
evaluated the transcription factor motif enrichment in our RNAseq data and found that IRF1 and
IRF8 motifs were diminished in the RIG-I agonist + TPI treated cells compared to the RIG-I
agonist treatment alone (Fig 14E). We evaluated whether the gene signatures were
representative of a direct effect on IRF levels. We observed that RIG-I treatment led to
increased expression of IRF1 and not IRF8 in HUVECs (Fig 15). The induction of IRF1 was lost
upon TPI treatment. We assayed for the expression of three known IRF1 target genes —
CXCL9, CXCL10 and CXCL11. While TPI decreased RIG-I induced CXCL9 and CXCL11, there
was a robust increase in the levels of CXCL10 upon RIG-I activation combined with TPI
treatment. These observations suggest that although IRF1 is induced by RIG-I and suppressed
by TPI, there are complex interactions either in terms of nuclear localization, engagement with
other transcription factors/co-factors etc. that dictate which subset of IRF1 transcribed genes

are RIG-I/TYMP dependent.
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Figure 14 TYMP inhibition induces specific gene expression patters in RIG-I
activated ECs. A, B HUVECs were treated with control agonist or RIG-I agonist in
combination with Tipiracil or vehicle (PBS). RNAseq was performed 24 h after
treatment. A Volcano plot depicting differentially expressed genes (B) Gene set
enrichment analysis (Enrichr) is depicted. C, D 19 genes were identified as
differentially expressed (ie up with RIG-I but down with RIG-I + TPI or vice-

versa). E Consensus transcription factor analysis from ENCODE and ChEA (Enrichr)
(F) HUVECs were transfected with 4 pooled siRNAs against each of the 19 genes.
24 h later cells were treated with control or RIG-I agonist and cell death was
measured. Loss of significance in bar graph indicate the siRNAs that prevent RIG-I
induced EC death. One of two independent experiments.

To evaluate the functional significance of our 19--gene--signature, we then performed a
limited siRNA screen in control or RIG-I activated conditions. We sought to test which siRNAs
diminished the ability of RIG-I to drive apoptosis in HUVECs. (Fig 13F). We found siRNAs
targeting 4 TPI regulated genes — FLOT1, UBE2L6, SAMDIL, VARS2 diminished RIG-I induced
cell death. It is possible that the interference of ISG signaling, due to the downregulation of
these genes via decreased IRF1 or IRF8 is responsible for TPI's ability to reverse the RIG-I

phenotype.

To evaluate the role of RIG-I/TYMP in vivo, we treated WT mice with a Control or RIG-I
agonist via I.V. injection, and then treated mice with either PBS or TPI via |.P. injection. Lungs
were harvested 24 hours later, and RNA was analyzed on an endothelial cell biology
microarray. Unsurprisingly, RIG-I activation broadly activated interferon and apoptosis
associated genes. More interestingly, TPI suppressed a broad array of interferon associated
genes, both with and without RIG-I activation. Many of these genes are regulated by NFKB

suggesting that TPI's activity is caused by differential NFKB regulation (Fig 15).
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Figure 15. Identification of differentially expressed genes

following RIG + TPI treatment in vivo. A. Workflow of experiment.
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harvested and analyzed on an angiogenesis qPCR array. B. Fold
change of most differentially expressed genes (TPI vs Control).
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Discussion

Studies have shown that chronic activation of the immune system, such as from pattern
recognition receptors (PRRs) can lead to adverse changes in vascular structure and
function(Ehrentraut et al. 2012). There is evidence that activation of the viral RNA sensor RIG-I
induces endothelial dysfunction, vascular oxidative stress, and the recruitment of innate immune
cells. RIG-I activation has been observed in several inflammatory and autoimmune disorders. A
clear example of this is in Singleton-Merten Syndrome, which is caused by a mutation leading to
constitutively active RIG-I(Russell et al. 2022; Lassig et al. 2018). Singleton Merton Syndrome
leads to several vascular defects such as aortic calcification and skeletal abnormalities. While
there are pathological consequences associated with RIG-I signaling, activation of RIG-I is also
being explored as a promising therapeutic strategy in cancer. Therefore, understanding how
RIG-I causes EC dysfunction and approaches to mitigate the vascular pathologies associated

with RIG-I activation become important.

Our work determined that RIG-I activation can induce angiogenic defects in endothelial
cells. Specifically, we observed both HUVECS and HMVECs had significant apoptosis but not
necrosis in response to our RIG-I agonist and decreased migration, sprouting angiogenesis.
Asdonk et al(Asdonk et al. 2012) have also found that RIG-I activation leads to an increase in
vascular oxidative stress and reactive oxygen species in vivo and in vitro. While Asdonk et al
identified vascular dysfunction in human coronary endothelial cells (HCAEC) and endothelial
progenitor cells (EPC), our studies highlight that this affect occurs across a wide range of
endothelial cell types and that RIG-I activation induces a wide range of phenotypes associated
with EC dysfunction. While our in vivo studies in the knockout mice demonstrate an increase in
hemoglobin content, this could potentially be due to increased vascular leak or increased
angiogenesis or a decrease in coagulation/thrombosis. These observations establish RIG-I

activation as a robust driver of EC dysfunction.
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To understand the biological and mechanistic basis for RIG-I activation induced
phenotypes, we performed RNAseq experiments from our cell culture models and an
angiogenesis focused gRT-PCR array from Matrigel plugs from our RIG-I-/- mice. Using gene
set enrichment analysis tools, we found significant enrichment of interferon signaling pathways,
as well as cholesterol homeostasis, coagulation and hypoxia pathways in both HUVECs and
HMVECs. Many of these pathways are directly relevant to the phenotypes we observed in
Figure 8. Comparing the human EC gain of function and the mouse tissue EC’s loss of function
signatures, we deduced a unique 7 gene signature of RIG-I activation. Our signature appears to
be relevant in human disease pathologies. For example, we found that our 7 genes showed
high positive correlations with RIG-I expression in the endothelial cells from lung cancer, both
squamous cell carcinomas and adenocarcinomas(Gentles et al. 2020). Similarly, we analyzed a
publicly available dataset and observed that RIG-I as well as the 7 gene signature was
upregulated in lung endothelial cells in response to HHV-8 infection. TYMP and RIG-I were
recently identified as part of a 22-protein signature associated with fatal COVID-19 in a

proteomics study(Russell et al. 2022).

Thymidine phosphorylase (TYMP) is abundantly expressed in platelets and induces EC
migration, inhibits apoptosis, and has been shown to stimulate pro-angiogenic factors such as
VEGEF in a context-dependent manner. Till date there is some evidence indicating TYMP plays a
pro-angiogenic role in endothelial cells and endothelial progenitor cells(Pula et al. 2009). It has
been shown that loss of TYMP leads to mitochondrial neurogastrointestinal
encephalopathy(Ronchi et al. 2020) and TYMP interacts with VEGF to promote the breakdown
of the blood-brain barrier(Chapouly et al. 2015). TYMP inhibition using the pharmacological
inhibitor tipiracil (TPI) is used in a clinical setting and has been shown to reverse
thrombosis(Belcher et al. 2021). We found that TPI is able to rescue HUVECs from RIG-I

induced cell death and restore the migration abilities of RIG-I activated HUVECs. An siRNA
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recapitulated the phenotype by protecting HUVECs from RIG-I induced cell death. These
observations indicate that TYMP is a positive regulator of RIG-I induced EC dysfunction.
Indeed, proteomics studies have identified TYMP and RIG-I as being highly upregulated in
lungs of patients with lethal COVID infections(Russell et al. 2022). Our RNAseq data from RIG-I
activated ECs with and without TPI identified a robust group of 19 genes that were RIG-I
induced and TYMP dependent. Our subsequent RNAi experiment highlighted five of these
genes as being functionally relevant for RIG-1 induced cell death. Two of these genes, UBE2L6
and SAMDOL, are associated with the ISG signaling pathway(Orfali et al. 2020; Allenspach et al.
2021). VARS2 is a mitochondrial gene whose mutation is linked to mitochondrial
encephalopathies. The gene FLOT1 is implicated in proliferation and tumorigenicity(C. Lin et al.
2011). CCLS5 is a chemokine involved in inflammatory responses(Marques et al. 2013). As we
observed in our gene set enrichment analysis, IRF1 and IRF8 transcription factor motifs appear
to be diminished during TPI treatment. While we do observe IRF1 induction with RIG-I and loss
with TPU treatment, it remains to be seen if these transcription factors are directly responsible
for the induction of RIG-I induced, TYMP dependent ISGs that lead to endothelial cell death.
One limitation of our data is that these observations of TYMP dependent gene expression
pathways are correlative. Additional functional studies are necessary to elucidate the

mechanisms by which TYMP and RIG-I regulate EC dysfunction.

Our work here indicates that pharmacological inhibition of TYMP using TPI reverses a
subset of RIG-I induced genes and phenotypes in cultured ECs, creating a protective effect. We
have also identified a subset of ISG-related genes that are inhibited by TPI in a RIG-I activated
context, identifying a potential mechanism for TYMP’s reversal of the RIG-| activated angiogenic
defects. Taken together, our findings highlight novel pathways that drive RIG-I induced EC
dysfunction and provide potential druggable targets that can mitigate some of the cardiovascular

pathologies associated with RIG-I activation.
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Chapter 4
RIG-l inhibition induces EC dysfunction

Introduction

To complement the gain-of-function studies presented in chapter 3, we looked to
understand the effect of RIG-I depletion on angiogenesis. Though there are currently no known
angiogenic phenotypes associated with RIG-I loss in vivo, there is some data to indicate
depletion of nucleic acid sensors modulates angiogenesis. Some studies have shown that
inhibition of the DNA sensor STING, as well as the Toll Like Receptor 2 (TLR2) promote
angiogenesis (X. Chen et al. 2021; Wagner et al. 2013).Though STING knockout mice show a
decrease in acute pancreatic and liver injury, there is no current knowledge on vascular
phenotypes. TLR knockout mice have also been described as having neuroprotective effects
but there is no currently known phenotypes in these mice. In contrast, other studies show that
activation of STING and TLR2 can promote angiogenesis as well(S. J. Lee et al. 2021; H. Yang
et al. 2019; Xu et al. 2013). These studies highlight the fact that the inhibition of NAS can have
varied effects on the vasculature, are more research is needed to fully uncover the role of NAS

in the endothelium.

The known phenotypes in RIG-I depletion are primarily immune. RIG-I (-/-) mice have a
colon inflammation as well as fewer peyer’s patches(Y. Wang et al. 2007). RIG-I (-/-) mice lose
the ability to control viral infection(Errett et al. 2013). Interestingly, a recent study showed that
RIG-I depletion restrains tumor growth through T-cell intrinsic activity (Jiang et al. 2023).
Overall, there is still very little known about how RIG-I depletion affects normal or pathological

angiogenesis.
Results

siRNA mediated RIG-I silencing increases EC death and type | interferon signaling
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Based on our RIG-I activation studies, we hypothesized that RIG-I knockdown promotes
endothelial cell growth and decreased interferon response. To investigate the role of RIG-I
depletion on angiogenesis, we first used siRNA to knock down DDX58 (gene encoding RIG-I
protein) in HUVEC cells. Surprisingly, we found that RIG-I depleted cells had increased caspase
3&7 activity, as well as increased interferon signaling as measured by qRT-PCR of MX1 and
CXCL10, despite a decrease in DDX58. (Fig 16). Studies have shown siRNAs can directly
impact cell viability and EC activation by inducing TLR signaling (Mansoori et al. 2016). Avoid
activating other NAS when using siRNAs , we moved to an in vivo system to analyze the role of

RIG-I depletion and used our RIG-I (-/-) mouse model for the following studies.

To identify the role of RIG-I loss on angiogenesis in vivo, we used a bFGF Matrigel plug
that was implanted into wild-type and RIG-I (-/-) mice, as described in chapter 3. We found that
that while plugs implanted in RIG-I (-/-) mice had increased hemoglobin content (Fig 10) the
plugs also had decreased endothelial cells (Fig 16), indicating the possibility of leaky or
dysfunctional blood vessels. Additionally, angiogenic-specific transcriptional changes in RIG-I (-
/-) mice were identified using an angiogenic gene signature microarray (Fig 9). We identified
tissue specific changes in vascular gene expression in the RIG-I (-/-) mice compared to the WT

mice, indicating that RIG-I depletion causes angiogenic-specific transcriptional changes.
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Figure 16. RIG-I depletion leads to increased cell death + interferon response in

vitro. siRNA targeting RIG-I (or vehicle control, 100 nM) A. Cell Death was measured using
Caspase 3&7 glo assay. ****p<0.0001 using two-tailed Student's T-test. B. Induction of
DDX58, CXCL10, and MX1 were measured using qRT-PCR (n=3). ***p<0.005, ****p<0.0001
using ANOVA. C. CD31+CD45- cells in RIG-I wt vs RIG-I (-/-) Matrigel plugs. There was no
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Loss of RIG-l in vivo impacts tumor angiogenesis and tumor growth

To further understand the role of RIG-I depletion in pathological angiogenesis, we
compared the growth of MC38 colorectal cancer cells in WT C57BL/6 and RIG-I (-/-) mice over
the course of 15 days. We found that RIG-I (-/-) mice grew larger tumors, only occurred in male
mice (Fig 17A,B). Based on my in vitro data in which RIG-| activation caused EC death, |
hypothesized that the loss of RIG-I led to hypervascularization of the tumors, which caused
aggressive tumor growth. However, immunofluorescence of tumor vasculature using isolectin
staining showed that tumors from RIG-I (-/-) mice showed decreased vasculature compared to

WT mice (Fig 17C-E).

Transcriptomic analysis of tumors showed an increase in VegfA, and Ccl5 (Fig 18).
VegfA is a growth factor that is induced in the presence of hypoxia to promote angiogenesis
(Claesson-Welsh and Welsh 2013). In addition, Ccl5 promotes Vegf expression and induces
angiogenesis (S.-W. Wang et al. 2015). Therefore, increases in both cytokines would be
characteristic of a tumor lacking in angiogenesis. However, the increase in angiogenic
chemokines following RIG-I ablation does not explain the hypovascularization phenotype; rather
the increase of these factors is likely due to feedback induction in response to the loss of

endothelial cells.
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Figure 19. Flow cytometry analysis of WT vs RIG-I (-/-) tumors. A, B. Gating
strategy for myeloid panel. C. Representative images of Ly6C high monocytes and
neutrophils in WT and RIG-I (-/-) tumors. D. Quantification of myeloid cells using
Students Two tailed T test. E. Gating strategy for T cell panel. F. Quantification of T
Cell panel using two-tailed Student’s t-test.

As outlined earlier, RIG-I knockout mice have been shown to have immune phenotypes
including colitis and a decrease in Peyer’s patches (Y. Wang et al. 2007). Therefore, we
speculated the loss of tumor ECs could potentially be due to an immune mediated mechanism.
To establish immune microenvironment changes | stained the tumors from the WT and RIG-I-/-
mice with a panel of immune cell phenotyping markers for monocytes, macrophages, NK cells,
neutrophils, T-cells, DCs, and markers for T-cell phenotypes (Table3-5, see methods) and
performed multi-color flow cytometry. Analysis of the immune compartment revealed few
changes with the exception of an increase in neutrophils and Ly6C high monocytes (Fig 19).
Infiltrating neutrophils have been shown to mediate the angiogenic switch in tumors, and are
correlated with resistance to anti-VEGF therapy (Liang and Ferrara 2016; Nozawa, Chiu, and
Hanahan 2006) Inflammatory monocytes can increase VEGF expression, leading to an increase
in tumor angiogenesis(Shi et al. 2016). The lack of major immune changes in the RIG-I (-/-)
tumors lead to the hypothesis that the hypovascularization phenotype may be EC intrinsic rather
than immune or TME mediated. Further tumor studies likely with EC specific or immune-specific
RIG-I knockout mice will be necessary to evaluate EC intrinsic phenotypes due to the loss of

RIG-I.

To identify whether loss of vascularization is unique to the tumor, | harvested lungs from
the tumor bearing mice (WT and RIG-I (-/-)) and stained them for ECs using isolectin, as well as
for VEGFRA1. Interestingly, | found a similar decrease in ECs in the lungs that was seen in the
tumor, however some ECs remained(Fig 20A-C). Further analysis showed that lungs from RIG-I

(-/-) lungs have an increased expression of VEGFR1 (Fig 20D-F). There was no significant
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difference identified between WT and RIG-I (-/-) VEGFR2 expression via flow cytometry (Fig
20G-F). This data suggests that the decrease in angiogenesis in the RIG-I -/- background is not
unique to the TME but also present in normal lung tissue. This is surprising because the mice
appear developmentally normal and we have not observed significant differences in fertility or
perinatal mortality suggesting the developmental angiogenesis may not be severely
compromised. More studies across tissues and across the lifespan of the mouse would be

needed to clarify the extent of vascular and angiogenic abnormalities in the RIG-I -/- mouse.

To understand global changes in the tumors in the RIG-I -/- host, | turned to RNA
sequencing to identify transcriptional changes between WT and RIG-I (-/-) tumors. Interestingly,
tumors from RIG-I (-/-) mice showed dysregulation in pathways involved in membrane function,
synaptic transport, and metabolism (Fig 21). Given the tumor cells are WT RIG-I and only the
host cells are RIG-I -/- our observations are limited to evaluating the impact of host RIG-I on the
tumor transcriptional programs. We believe the lack of host RIG-I whether in the immune
compartment or vasculature leads to changes in membrane transport, VEGF signaling and

transport function that may contribute to tumor progression (Fig 23).

To complement my tumor studies, | analyzed the transcriptome of lung ECs from WT
and RIG-I (-/-) mice. | identified several heat shock proteins and associated genes as being
downregulated in RIG-I (-/-) ECs, as well as a decrease in immune genes including MARCO,
interleukin genes, and CXCR1(Fig 22a). Gene set enrichment analysis (GSEA) also identified
suppression of myeloid and immune pathways (Fig 22b). Heat shock proteins have been
associated with angiogenesis, and inhibition of heat shock proteins has been implicated as a
possible anti-angiogenic therapy(Sun and Liao 2004; Keezer et al. 2003; Staufer and Stoeltzing
2010; T.-K. Kim et al. 2016). In addition, GSEA analysis identifies several myeloid cell pathways
as being downregulated in RIG-I (-/-) lungs. While we do not see a subsequent change in

myeloid cells at the protein level, it is possible that downstream signaling or function of these
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cells is dysregulated in a RIG-I (-/-) context. Based on this data, | propose a working hypothesis
that RIG-I loss is ECs leads to loss of Hsp and myeloid function, contributing to vessel

regression (Figure 24).
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This analysis of RIG-I (-/-) mice shows a significant increase in tumor growth compared
to WT mice, which contradicts some of the current literature on loss of RIG-I and tumor burden.
Specifically, a recent study describes RIG-I loss as decreasing tumor burden in multiple tumor
models, including MC38 subcutaneous models (Jiang et al. 2023). One likely cause for this
discrepancy is that Jiang use younger mice that used in the studies described here, as they did
argue that young mice look as healthy as WT littermates, with similar spleen sizes and
apoptotic/activates levels of splenic CD8* T cells (Jiang et al. 2023). We did not identify any
differences in health or spleen size between WT and RIG-I (-/-) mice at 10 weeks, the age of our
mice for these experiments, however we did not analyze splenic T cells. It is possible that our
10-week-old RIG-I (-/-) mice exhibit loss of splenic T cell function, causing the increased tumor
growth these studies describe. In addition, Jiang used a RIG-I (-/-) mouse in which exons 4-8
were deleted (Jiang et al. 2023; Y. Wang et al. 2007), while we used a RIG-I (-/-) mouse in
which exon 3 was deleted (Johnson et al. 2021). Previous studies have shown that different
approaches to generating RIG-I (-/-) have incredibly different outcomes, including embryonic
lethality (Kato et al. 2005). Even though all of these mutations should result in a non-functional
protein, they may result in different functional consequences. It remains to be determined
whether the deletion of specific exons results in aberrant translation of truncated RIG-I proteins
that might function as dominant negative to other CARD domain containing proteins and can

lead to confounding results.

We also see a decrease in tumor blood vessels in the RIG-I (-/-) mice, as well as a loss
of blood vessel architecture in normal tissue. There are several potential reasons for this
phenotype. One is that vessels in RIG-I (-/-) mice are not decreased but simply poorly perfused,
ie constricted in a way that prevents sufficient isolectin from reaching the tissue. Another
possible cause is that RIG-I loss causes a downregulation of the glycoproteins on ECs that bind

to isolectin. These could be validated by staining slides post-mortem instead of using perfusion-

88



based staining, and by using additional EC markers such as CD31 and VE-Cadherin. Notably
CD31 staining in our flow cytometry panel from the lungs did not show a dramatic decrease in
cell numbers between WT and RIG-I -/- mice. | could also use a label independent approach
such as doppler ultrasound to identify if blood flow is affected in superficial tissues including

heart, spleen or lungs in mice.

The mechanism for RIG-I's role in vascular function is still unclear, though RNA analysis
leads to a possible role for Hsp or myeloid function as a cause. Heat shock proteins are induced
during stress and are critical for many functions in the cell (Sharp, Massa, and Swanson 1999).
Heat shock proteins have been discovered to play roles in angiogenesis and tumor
angiogenesis (T.-K. Kim et al. 2016; Staufer and Stoeltzing 2010; Sun and Liao 2004).
Specifically, HSP90 has been shown to be anti-angiogenic by affecting PI-3K/Akt/eNOS
signaling, and inhibitors that bind to HSP9O0 are being tested as anti-angiogenic therapies
(Staufer and Stoeltzing 2010). HSP 70-1A has been shown to stimulate angiogenesis by
activating ERK (T.-K. Kim et al. 2016). HSPs 27 and 47 have also been shown to promote
angiogenesis (Keezer et al. 2003; Z. B. Wu et al. 2016). Additionally, myeloid cell function is
important for driving angiogenesis (Chambers et al. 2013; Murdoch et al. 2008). Neutrophils and
myeloid derived suppressor cells can drive angiogenesis by producing VEGF and MMP-9
(Rivera and Bergers 2015; L. Yang et al. 2004; Pan et al. 2008). Macrophages also produce
VEGF, which facilitates angiogenesis in some breast cancer models (E. Y. Lin et al. 2006).
Further studies to determine if loss of Hsp or myeloid function is causing the
hypovascularization phenotype, and how loss of RIG-I prevents Hsp or myeloid function leading

to vascular dysfunction are critical to understanding this phenotype.

In addition, the phenotype seen in tumors from RIG-I (-/-) bearing mice is opposite what
would be expected. Despite apparent loss of angiogenesis, tumors grow much larger than WT.

This is surprising as these tumors should lack nutrients to grow to these sizes. One potential
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cause is that tumor cells from RIG-I (-/-) mice show dysregulation in transport function. This may
allow tumors to receive nutrients without the use of blood vessels. It is also possible that these

tumors experienced hypoxic tumor growth due to the decrease in perfusion.
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Discussion

We initially hypothesized that depletion of RIG-I in mice would prevent VEGF induction
due to loss of transcriptional programs that lead to the induction of VEGF. As several immune
cell subsets including monocytes can secrete VEGFA, we hypothesized that loss of the innate
immune sensor would decrease myeloid cell number, potentially due to low-levels of RIG-
being required for normal myeloid function, therefor preventing VEGFA production. However,
we found that tumor cells had increased levels of VEGFA. We hypothesize that this is likely due
to hypoxia, which caused an increase in VEGFA production from tumor associated monocytes
or neutrophils that were elevated in our immune profiling data (Fig 19). Despite the apparent
increase in VEGFA, there is no consequential increase in blood vessels at the endpoint of the
tumor studies. We are limited by the experimental time point at which we observed the increase
in VEGFA given the tumors in the RIG-I knockout mice grow more rapidly and therefore we
were unable to extend to a later time point. Whether this decrease in perfused vessels and
increase in VEGEF is due to other defects in endothelial cell biology, or if we are able to evaluate

later time points, tumors will eventually compensate for the loss of ECs is still unclear.

C-C Motif Chemokine Ligand 5 (CCL5) is another chemokine that was found to be
upregulated in tumors from RIG-I (-/-) mice. Interestingly, CCL5 is a known angiogenic
chemokine that can cause VEGF-induced angiogenesis(Suffee et al. 2011; S.-W. Wang et al.
2015). CCL5 is most commonly expressed on monocytes and T-cells. CCL5 has also been
reported to support tumor progression and metastasis (Marques et al. 2013), possibly leading to

the phenotype we see of increased tumor size we see in RIG-I (-/-) mice.

Our data indicates that monocytes, particularly Ly6Chigh monocytes, are upregulated in
RIG-I (-/-) tumors. These monocytes are typically considered proinflammatory and are recruited
to tissue following injury(S. L. Lin et al. 2009). Ly6Chigh monocytes have been shown to

produce VEGF and promote injury in the lung(Shi et al. 2016), possibly contributing to the VEGF
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production seen in RIG-I (-/-) tumors. Notably, Ly6C High monocytes have been found to seed
the inflamed colon and promote colon inflammation. As colon inflammation is typical of RIG-I (-/-

) mice, overproduction of Ly6Chigh monocytes may be contributors.

One of the most altered pathways in RIG-I (-/-) tumors are pathways associated with
transmembrane signaling and membrane function. This is apparent in Gene Set Enrichment
Analysis (GSEA) that indicates activation and suppression of synapse pathways, cell-matrix
adhesion pathways, and transport pathways. These pathways are critical for angiogenic function
as membrane function and transport are necessary for angiogenic molecules, including VEGF,
to signal to ECs that angiogenesis is needed (Rivera and Bergers 2015). Not only that, but

membrane function is necessary for proper blood vessel development.

In contrast to the tumor transcriptomes, the most altered genes in lung EC
transcriptomes were transcripts of heat shock proteins (HSPs). HSPs are stress response
proteins that play many roles in the cell including protein chaperoning, cell cycle signaling, and
immune function(Z. Li and Srivastava 2003). HSPs have also been shown to be angiogenic, so
their suppression may point to a mechanism behind hypovascularization in RIG-I (-/-) mice. In
addition, several pathways involved in myeloid cells are suppressed in RIG-I (-/-) lungs, despite
no apparent decreases in myeloid cells via flow cytometry. It is possible that downstream

signaling in myeloid cells is dysfunctional, leading to hypovascularization.

Overall, we have found that RIG-I depletion leads to global loss of blood vessels.
Despite this, we see an increase in VEGFA and VEGFR1, possibly due to an increase in
inflammatory monocytes. It has been shown that tumor associated macrophages, neutrophils,
and myeloid derived suppressor cells produce VEGF in response to a hypoxic
microenvironment (Ding et al. 2014; Rivera and Bergers 2015; L. Yang et al. 2004; Nozawa,
Chiu, and Hanahan 2006). We also see an increase in tumor growth, possibly also due to an

increase in VEGF or inflammatory monocytes. If monocyte/VEGF production is caused by
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hypoxia is likely but unknown. RNA analysis shows that several pathways involved in
membrane function transport are disrupted in RIG-I (-/-), tumors hinting at a possible
mechanism causing loss of ECs in RIG-I (-/-) mice. We also found that ECs isolated from RIG-I
(-/-) lungs showed a decrease in Hsp genes and pathways involving myeloid cells, possibly
hinting at another mechanism. Confirming this mechanism is critical to understanding the role of
RIG-1 in EC function, as is better understanding the downstream consequences of RIG-I

induced loss of ECs.
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Chapter 5
Epilogue

As outlined earlier, endothelial cells are underappreciated gatekeepers of immune
responses. | sought to understand how sensing of nucleic acids, particularly RNA by RIG-I,
impacts EC function. In Chapter 2, we identified a novel role for RIG-I signaling in endothelial
function. In Part I, we demonstrate that RIG-I activation causes EC death and loss of angiogenic
function. | also identify a gene signature specific to RIG-I activation in ECs that is relevant in
vitro, in vivo, and in human disease based on my analysis of publicly available datasets. These
genes included Flt1 (VEGFR1), a tyrosine kinase that is critical for angiogenesis (Melincovici et
al. 2018). Interestingly, VEGFR1 can act as a decoy receptor for VEGFA, therefor VEGFR1’s
activation can actually act as a negative regulator for angiogenesis (Boucher et al. 2017).
CX3CI1, or Fractalkine, is a multifunctional inflammatory chemokine (Conroy and Lysaght
2020). CX3CL1 contributes to tumor angiogenesis in multiple tumor models through the
recruitment of pro-angiogenic tumor associated macrophages, as well as directly upregulating
endothelial cell tube formation (Schmall et al. 2015; J. Zhang et al. 2012; Conroy and Lysaght
2020). Interleukin 6 (IL6) is an inflammatory cytokine and plays several roles in autoimmune
disease and chronic inflammatory diseases (Hirano 1998). IL6 stimulation has been shown to
induce dysfunctional angiogenesis in ex vivo models, as well as increasing VEGF and tumor
angiogenesis (S.-P. Huang et al. 2004; Gopinathan et al. 2015). Protein C Receptor (PROCR) is
a transmembrane glycoprotein that is present on the surface of ECs, and is necessary for
anticoagulation function (Dennis et al. 2012; Laszik et al. 1997). Plasminogen Activator Inhibitor-
1 (PAI-1) is a serine protease inhibitor, whose function is inhibited by SERPINE1. PAI-1 is
mainly produced by ECs and is a regulator of fibrinolysis as well as inflammation, wound
healing, and cell adhesion (Morrow and Mutch 2023; Pavet et al. 2014). Thymidine
phosphorylase (TYMP) is an enzyme involved in nucleoside metabolism and is critical to the

pyrimidine pathway. TYMP catalyzes the conversion of thymidine to thymine and 2-deoxy-a-D-
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ribose-1-phosphate, as well as the phosphorolysis of deoxyuridine to uracil and 2-deoxy-a-D-
ribose-1-phosphate (2dDR) (Elamin et al. 2016). 2dDR is understood to upregulate VEGF in
ECs and stimulate VEGF in tissue engineering models (X. Zhang et al. 2014). High levels of
TYMP have been found in the plasma of cancer patients relative to healthy volunteers, and
TYMP has been shown to be anti-apoptotic in some cancer types (Uchimiya et al. 2002).
Interestingly some studies suggest the TYMP overexpression leads to the accumulation of

ROS, due to the accumulation of 2dDR, which causes oxidative stress (Tabata et al. 2012).

Among these genes, | identified thymidine phosphorylase (TYMP) as a regulator of RIG-I
signaling. Importantly, pharmacologic and genetic inhibition of TYMP rescued several RIG-I
induced phenotypes in ECs in vitro. Despite the fact that TYMP is considered pro-angiogenic,
TYMP can have many functions in the cell that can attribute to this phenotype. Our data
describes a relationship between TYMP and inflammatory genes such as UBE2L6 NFkB genes.
In addition, TYMP may be upregulating ROS, leading to increased cell death. In addition, as
TYMP directly regulates nucleotide synthesis, it is possible that TYMP inhibition prevents the

synthesis of apoptotic and inflammatory genes.

In Chapter 3, we characterized the role of RIG-I depletion in normal and pathological
angiogenesis. We found that tumor-bearing RIG-I (-/-) show increased tumor size, which is more
profound in male mice. Due to the increased tumor size in RIG-I (-/-) mice, as well as our in vitro
data, we hypothesized that RIG-I depletion would cause a hypervascularization phenotype.
However, we found that tumors from RIG-I (-/-) mice almost universally lack perfused blood
vessels. Despite this, tumors from RIG-I (-/-) mice show increased levels of angiogenic
chemokines. Tumors also did not show major changes in immune cell number or types except
for an increase in neutrophils and monocytes. | subsequently evaluated whether the vascular
and immune phenotypes were unique to the tumor microenvironment or were a feature of tissue

angiogenesis in the absence of RIG-I. To answer this question, | evaluated lungs from the same
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mice and found that they show a similar decrease in blood vessels. Further analysis showed
that VEGFR1 was also overexpressed in RIG-I (-/-) lungs compared to WT. While the cause of
the hypovascularization is still unknown, analysis of the tumor transcriptome points to a
dysregulation of membrane and transport function. It is important to note that the tumor cells
were WT for RIG-I expression and only the host mice lacked RIG-I. In addition, analysis of ECs
from WT and RIG-I (-/-) lungs showed a decrease in Hsp genes and myeloid immune pathways.
We also see a suppression of several immune-associated genes including Marco and Cxcr1.
Combined, these results suggest that RIG-I signaling must be in homeostasis for functional

vascular formation.

Though it may be surprising that both RIG-I activation and inhibition causes EC death,
the activation of NAS have been reported to cause a wide variety of effects on the endothelium.
Activation of TLRs has been shown to be pro-angiogenic following injury?. In addition, STING
activation has been shown to ‘normalize’ tumor vasculature (S. J. Lee et al. 2021; H. Yang et al.
2019). In contrast to these observations, my work identifies RIG-I activation can have anti-
angiogenic properties. This highlights the varied and complex nature of NAS and of the innate

immune system affects the vascular system.

While these studies are critical to understanding the effect of RIG-I on ECs, a major
limitation is the lack of study of RIG-I activation on wound healing, developmental angiogenesis,
or pathological angiogenesis in vivo. Improving and validating delivery of RIG-I agonists to
various tissues is necessary to study these various angiogenic processes. In addition, more
detailed study on the effects of PAMPs from influenza or coronaviruses on endothelial function
are critical. As these PAMPs would not only activate RIG-I, but other NAS, they could have

more complex effects on the endothelium.

Our identification of Tipiracil (TPI) as a novel modulator of RIG-I induced EC dysfunction

may have wide-reaching implications for vascular dysfunction. As (TPI) is an FDA approved
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drug, its use to mitigate EC death following inflammation is promising. Additionally, TYMP
expression is highly upregulated following infection from several viruses including coronavirus
and Zika, implicating it as a possible therapeutic target (Pula et al. 2009; W. Li and Yue 2021).
Several studies have also shown that TPl may bind to uridine sites on SARS-CoV-2 and prevent
endoribonuclease activity (Y. Kim et al. 2021). Further study into TPI as a novel protectant for
vascular function, such as whether it works in vivo following viral infections and as a protectant

of normal vasculature for RNA drugs targeting tumors is warranted.

My further work in RIG-I (-/-) mice showed that tumor bearing male RIG-I (-/-) mice
showed an increase in tumor size. This may be due to a number of factors including potential
loss of immune infiltration into the tumor, decrease in anti-tumor immune responses, increase in
hypoxia leading to a more aggressive tumor growth. Interestingly, this is an opposite phenotype
to that seen by Jiang et al, who describe restrained tumor growth in RIG-I (-/-) mice (Jiang et al.
2023). As outlined above, this may be due to a number of factors. Jiang et al specifically used 6-
week-old mice as these mice to not display the autoimmune diseases seen in older mice (Jiang
et al. 2023). Jiang et al also describe T cell specific phenomena, while our studies do not
identify any major changes in T cells. Performing a more comprehensive immune phenotyping
analysis at different points during tumor growth in tumors from WT and RIG-I (-/-) mice, as well
as the spleen and tumor draining lymph node, would allow me to identify T-cell specific
changes. These analyses would include analysis of exhaustion, proliferation, production if IFN-
y, granzyme A, TNF-a, and other markers of T-cell function. Further analysis to identify whether
RIG-I derived from immune cells or non-immune cells (ECs, stroma) is critical for the vascular

phenotype may be necessary to unravel these discrepancies.

My work shows a sex-specific difference in RIG-I (-/-) mice. Specifically, male RIG-I (-/-)
show increased tumor growth, while there is no difference between male and female WT mice.

One possible reason for this difference in pattern recognition receptors between male and
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female sexes. TLR-7, a nucleic acid sensor, is encoded on the X-chromosome, and may escape
X-inactivation. This can cause an increase in TLRY7 expression in females compared to males
(Klein and Flanagan 2016; Pisitkun et al. 2006). In addition, following virus challenge or
vaccination, females show an increase in the expression of TLR-pathway genes, as well as
other genes in the innate immune response pathways, compared to males (Klein, Jedlicka, and
Pekosz 2010; Hannah, Bajic, and Klein 2008). This may cause an increased immune response,
potentially compensating for the lack of RIG-I, in response to the tumor specifically in female
mice. Another possible cause for this discrepancy is the tumor model used. | used MC38
colorectal tumor cells, originally derived from female mice as a model system for many of the
experiments in this study. Colorectal cancer occurs more often in males than females (S.-E. Kim
et al. 2015; Murphy et al. 2011). Females over 65 years old show higher mortality, as well as a
lower 5-year survival rate of colorectal cancer compared to age matched counterparts,
confounding the data on sex-disparities (S.-E. Kim et al. 2015). However, our female mice (wild
type and RIG-I knockout) developed tumors at the same rate as male wild-type tumors, so we
eliminated the possibilities that the sex differences were due to the tumor implantations alone.
Expansion of our study with more cell lines from colorectal cancer and other tumor types will
address whether the sex differences we see are unique to this model or across other tumors.
Other potential approaches such as crossing RIG-I-/- mice with genetically engineered
spontaneous tumor models such as the PyMT mammary carcinoma model or the KPC
pancreatic tumor model or chemical carcinogenesis with mutagens (eg. Diethyl nitrosamine) will
help us evaluate whether RIG-I -/- male mice are a more permissive host for tumorigenesis or

tumor progression.

One major limitation of this work is the use of whole-body knockouts of RIG-I, rather than
endothelial-specific knockouts. While this is a useful model for determining the role of RIG-I loss

in any cell on endothelial function, it does not determine whether ECs require RIG-I for their
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normal function. An endothelial-specific knockout of RIG-I will help us determine whether ECs
specifically require RIG-I for proper function, or if other cell types such as immune cells require
RIG-I for cross-talk with ECs. This question can also be answered using a CRISPR or RNAI
based knockout of RIG-I in vitro to determine if loss of RIG-I prevents EC function. Another
limitation of this work is we have not evaluated any potential compensation mechanisms for the
loss of RIG-I. Other NAS such as MDA5, MAVS or TLRs could potentially compensate for the
loss of RIG-I, confounding our results. This could be analyzed by challenging WT vs RIG-I KO
mice with RNA ligands targeting other pathways in comparison with RIG-I agonists and
determining if other pathway ligands induce a more robust immune response as measured by

the production of ISGs etc.

There are several other outstanding questions to come from this work. One is whether
decrease in vascular integrity that is seen in the lungs is seen in other tissues, and whether that
decrease affects the fitness of the animal under physiological and pathological conditions such
as aging, exercise, or infection. It is also critical to determine if overexpression or overactivation
of RIG-I in vivo produces the same phenotype that is seen in vitro. In addition, as this work
describes a homeostatic role for RIG-I signaling in ECs, identifying whether there is an optimal
‘dose’ of RIG-I that can normalize pathological vasculature will be critical. This may be similar to
VEGEF inhibitors, in which inhibition rather than complete ablation can normalize tumor
vasculature and improve efficacy of anticancer therapeutics (Y. Huang et al. 2013). It is possible
that either subtle activation or inhibition or RIG-I will lead to vascular normalization and improve
efficacy of immunotherapies or other anticancer therapies. As RIG-I activation is being
considered an immunotherapy adjuvant by itself, RIG-I modulation being used for vascular
normalization may provide an extra therapeutic benefit. Understanding this optimal dose for
vascular homeostasis will enable the development of RIG-I| targeted agents as dual purpose

agents - immune adjuvants as well as anti-angiogenic therapeutics.
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Overall, this work identifies a novel interaction between the RNA sensor RIG-| and the
vascular system. Understanding this interaction is critical as RIG-I agonists are currently being
tested clinically as anti-cancer therapeutics, however their effects on both normal and tumor
vasculature are presently unknown. We must have a better understanding of how these
treatments will affect normal vasculature, and how they will affect tumor angiogenesis, in order
to determine their efficacy as a therapeutic agent. While this research focuses on RIG-I in the
vasculature, it highlights the need to elucidate the interactions between the immune system and
the vascular system in a broader context. Endothelium affects a wide variety of tumor behaviors
including migration, drug delivery, and immunosensing. How new and emerging therapies
impact the vascular endothelium is a critical question that must continue to be addressed to
mitigate the cardiovascular impacts while amplifying the suppression of pathological

angiogenesis.
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