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ABSTRACT

GPCRs activate atypical p38 signaling to drive vascular inflammation. Recent
studies have highlighted atypical p38 signaling as an attractive therapeutic target for a
range of pathological signaling. However, current approaches to block atypical p38
signaling are limited to a single cell-penetrating peptide inhibitor (PT5). Our hypothesis is
that we can generate a stable cell line to produce extracellular vesicles (EVs) preloaded
with monomeric Red fluorescent Protein conjugated PT5 (mMRFP-PT5) as an alternative
approach for inhibitor delivery to cells. We successfully generated an endothelial cell line
that produces mRFP labelled PT5 packaged into EVs. We were able to isolate PT5 loaded
EVs, which could block p38 atypical signaling not only in EV producing cells, but in
recipient endothelial cells as well. These data provide evidence that EVs are suitable
vehicles for delivering engineered biomolecules intracellularly to block atypical p38

signaling.
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CHAPTER 1
INTRODUCTION

Overview of Inflammation

Inflammation is an innate and adaptive response to noxious stimuli to restore
homeostasis in the body. Typically, the inflammatory response activates the immune
system to eliminate infections agents and repair tissues. Once the issue is resolved, the
injured area ceases production of prostaglandins (pro-inflammatory molecules) and
activates production of lipoxins (anti-inflammatories). Immune cell infiltration slows, and
the tissue begins to heal. If the initial acute inflammatory response is not sufficient to
eliminate the pathogen, the situation increases in intensity. Macrophages are signaled to
the area of interest and more cytokines are released to act on the nearby endothelial
cells. Signaling molecules like IL-6 act on the endothelial cells to induce atherogenesis
[1]. Interestingly, IL-6 serves a dual role as an anti-inflammatory signal in immune cells
expressing the IL-6 receptor. The purpose of an inflammatory response is to remove the
source of homeostatic disturbance, allow the host to adapt in the case of adaptive
inflammation, and restore functionality. If abnormal conditions are sustained, the

inflammatory insult may enter a chronic state [2].

Pathology of Chronic Inflammation
Chronic inflammatory responses are involved in a variety of disease states such

as obesity, type 2 diabetes, asthma, and neurodegenerative diseases. As stated



previously, an enhanced inflammatory state begins when the initial response is
insufficient and higher degree of immune response is needed. The situation becomes
chronic when homeostatic controls are overridden. Changing the natural homeostasis of
the body causes chronic pathological states [2]. Physiologically, homeostatic systems rely
on fixed set points for variables that need to be regulated such as blood oxygen
concentration [3]. Fixed set points do not yield chronic disease and are not adaptable.
Some homeostatic systems in the body employ variable or adjustable set points to
efficiently deal with numerous situations. Researchers have referred to this as adaptive
homeostasis [4]. One example of this being body temperature [5]. At basal conditions, the
body maintains a body temperature of about 37°C but during fever, the body temperature
is raised to 38°C or higher because the set point for body temperature is adjusted in some
disease states. There is a similar switch point with inflammation. When it is changed to
the chronic state, it becomes detrimental to the body. In the case of type Il diabetes, an
acute inflammatory response causes the initial resistance to insulin [6], but a low grade
chronic inflammatory state caused by risk factors such as obesity worsens the insulin
resistance. This creates a vicious cycle as insulin resistance leads to inflammation and
inflammation weakens insulin’s effects. Clearly, the mechanisms for switching the
homeostatic set point for inflammation need to be understood to effectively treat and

understand diseases with chronic inflammation.

Role of endothelial cells in inflammation
Inflammation affects many types of cells and tissues, but endothelial cells, lining

the lumen of blood vessels, are the first point of contact for circulating inflammatory



modulators [7]. In response to inflammatory cytokines like tumor necrosis factor a (TNFa),
endothelial cells express adhesion proteins like intracellular adhesion molecule 1 (ICAM-
1) and vascular cell adhesion protein 1 (VCAM1) [8]. Through ICAM1 and VCAM-1 [9]
and disassembly of the microtubule network, [10] vascular permeability is enhanced [11]
to encourage T cell adhesion and infiltration of the inflamed tissue. Endothelial cells play
important roles in controlling the inflammatory response by recruiting leukocytes through
expression of selectin ligands, ICAM1 and VCAM-1 [12]. Platelet alpha-granule
membrane protein (GMP-140) and platelet activating factor (PAF) on endothelium
facilitate trans-migration of immune cells in heightened inflammatory states [13, 14].
These proteins allow for leukocyte adhesion to the endothelium, diapedesis and
subsequent transendothelial migration. In circumstances where the existing blood
vessels are not enough to handle the demand for more nutrients and immune cells,
endothelial cells undergo the process of blood vessel growth, angiogenesis [15].
Angiogenesis can crowd tissues with immature blood vessels which contributes to
diseases like acute lung injury (ALI) [10, 16]. In the lungs, hypoxic conditions cause
vascular remodeling changes that alter the circulation in the lungs [17]. This mechanism
of vascular remodeling has a role in a variety of disease states from cancer to
ischemia/reperfusion injury [15].

Endothelial cells express many cell-surface receptors that enable rapid
responsivity to soluble inflammatory cytokines in the blood plasma. Arguably, one of the
largest families is the G protein-coupled receptors (GPCRs). GPCRs are a diverse class
of cell surface receptors denoted by seven transmembrane subunits [18]. They are

responsible for regulating a wide array of cellular and physiological functions from sensory



information such as sight and taste, to neuronal synaptic transmission. They accomplish
this through coupling to heterotrimeric G-proteins and through G-protein independent
mechanisms as observed in protease activated receptor 1 (PAR1) activation by activated
protein C (APC) [19, 20]. The G-protein independent mechanism is mediated by [3-
arrestin-2 which controls endothelial barrier protection, contrary to the more rapid
thrombin induced heterotrimeric G protein signaling that mediates disruption of the
endothelial barrier [21]. Furthermore, prostaglandin E2 receptor 2 (EP2) and 4 (EP4) [22,
23], histamine receptor 1 (H1) [24] and P2Y1 purinergic receptor [25] also display multiple
signaling pathways, G-protein dependent and independent, that regulate vascular
homeostasis and barrier disruption. The full functional range of GPCRs is still not
completely understood, but GPCRs have important signaling roles across all tissues and

cell types.

P38 MAPK Signaling in inflammation

GPCR mediated activation of classical and atypical signaling cascades are critical
for the amplification and robust inflammatory responses by endothelial cells. Of the key
signaling proteins downstream of pro-inflammatory GPCR activation, the p38 mitogen
activated protein kinase (p38 MAPK) stands out. MAPK signaling includes a large group
of kinases such as c-Jun activated kinase (JNK) and extracellular signal-related kinase 1
and 2 (ERK1/2) [26]. MAP kinases have both physiological and pathophysiological roles
which in turn, can create difficulties with selective therapeutic targeting. The differential
activation and signal transduction by MAPKs appears to be in part regulated by binding

to specific scaffold proteins [26-29]. Where scaffolding proteins residing in different



subcellular locations may assist in the spatiotemporal activation of MAPKSs, for example
osmotic stress induces the formation of a complex including Rac GTpase, osmosensing
scaffold for MEKK3 (OSM), MEKK3, and MKK3 for specific activation of p38 [27]. P38
MAPK is typically activated by a three-tiered kinase cascade resulting in mitogen
activated protein kinase kinase 3 and 6 to phosphorylate and activate p38 by
phosphorylating threonine residues on the activation loop [28] (figure 1A). This pathway
is crucial to acute inflammation however, a research group recently elucidated an atypical
p38 activation mechanism that is closely associated with pathological chronic
inflammation [29]. GPCR ubiquitination drives p38a activation through an atypical
mechanism utilizing transforming growth factor  activated kinase 1 binding protein 1
(TAB1) and 2 (TAB2) to form a signaling complex at endosomal structures to enhance
vascular inflammation. The interaction of TAB1 with p38 facilitates a conformational
change that allows p38 to autophosphorylate (figure 1B). This unique method of p38
activation and spatial sequestration at the endosome is predicted to selectively modulate
the downstream signaling of atypical p38 activation, selectively amplifying pathological
chronic inflammatory signaling. This unique p38-TAB1 interaction is a promising,

selective therapeutic target for pathological p38 signaling.
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Figure 1: P38 MAPK is activated by A. stressors that lead to a three-tiered kinase
cascade resulting in phosphorylation of all p38 isoforms. B. In an atypical mechanism,
GPCR trafficking creates the complex for TAB1 and p38a to interact resulting in p38a

autophosphorylation.



Atypical p38 Signaling in Disease

While understudied, there is a growing body of evidence to support atypical p38
signaling in the progression of vascular inflammation and edema [29-31], cardiac ischemic
damage [32-34], amyloidosis [35], dermal inflammation [36], and viral infections [37].
Multiple studies have described the role of atypical p38 activation in ischemia/reperfusion
injury after myocardial infarction [34, 38, 39]. In mice deficient in MKK3, TAB1 dependent
p38 activation is the primary reason for cardiomyocyte necrosis [40]. Additionally, in
zebrafish models, amyloid light-chain amyloidosis was found to direct atypical p38
signaling to impair cardiac function and edema [35, 41]. Atypical p38 activation has also
been attributed to dermal inflammation. Itch ligase deficient mice showed enhanced
expression of TAB1 and subsequent p38 autophosphorylation increasing inflammatory
cytokine expression and skin lesions [36]. Atypical p38 signaling resulting in vascular
inflammation is thought to be driven by GPCRs. Alpha thrombin is known to activate the
PAR1 GPCR found in endothelial cells enhancing the permeability of the endothelial
barrier. Interestingly, pretreating endothelial cells with the inhibitor of the ATP binding
domain on p38 (SB203580) inhibited the alpha thrombin induced barrier permeability
indicating the role of p38 autophosphorylation in inflammatory phenotypes [29].

Activation of p38 MAPK is a major contributor to multiple steps of chronic
inflammation such as excessive cytokine expression and immune cell recruitment as
shown in diseases like psoriasis and rheumatoid arthritis [42-44]. Furthermore, in the
lungs, p38 and chronic inflammation contributes to chronic obstructive pulmonary disease
(COPD) [45, 46] and Acute Lung Injury (ALI) [47-49]. While p38 linked neuroinflammation

contributes to the progression of neurodegenerative diseases such as Alzheimer’s [50].



Additionally, p38 MAPK signaling in microglia and astrocytes help accelerate tau
phosphorylation [51-53]. In each of these disease states GPCR ligands are produced and
predicted to contribute to disease progression. It is therefore hypothesized that atypical
p38 signaling contributes to a wider array of pathological signaling than currently

characterized.

Discovery of an inhibitor peptide blocking the p38-TAB1 interaction

P38 MAPK is an attractive target for therapeutics due to its implication in a
multitude of disease states. However, all p38 inhibitors up until now have failed because
lack of efficacy and toxicity. One example of these inhibitors, Losmapimod, directly
inhibits p38 MAPK and was terminated early in the trial because of low probability of
success for effecting COPD outcomes [54]. Interestingly, due to the predicted role of p38
in the regulation of vascular inflammation in the progression of SARS-CoV-2,
Losmapimod is in a phase 3 trial for treatment of SARS-CoV-2. Another inhibitor, BMS-
582949, was found to not reduce arterial inflammation when compared to statin controls
[55]. These inhibitors and others, such as SB203580, target the ATP binding pocket of
p38 to prevent kinase activity which is conserved in all p38 isoforms. Therefore, these
inhibitors block both physiological and pathological signaling. However, they are useful
for inhibiting acute p38 inflammatory signaling and p38 signaling in vitro. Now, small
molecules are being investigated to target the specific TAB1-p38 interaction through in
silico drug design [34, 56]. As a potential alternative therapeutic strategy, atypical p38
signaling pathways can be selectively targeted. To enable therapeutic targeting, the

crystal structure of TABL1 interaction with p38a was characterized to determine the key



interaction domains and residues on both proteins. The two critical residues on p38a are
Thr218 which forms interactions with Ser399 and Ser401 on TAB1 and lle275 which helps
stabilize the Thr218 site on p38 [32]. From there, novel peptide inhibitors targeted to sites
either at the hydrophobic docking groove for TAB1 on p38, 1le275, or Thr218 were
developed. From these studies, the PT5 inhibitor (which targets Thr218) showed the best
inhibitory affect and reduced ischemic damage in mice [32]. A separate study with the
PT5 inhibitor discovered its capability to suppresses chronic dermal inflammation in the
E3 ubiquitin ligase itch deficient mice [36]. In this study the authors discovered that basal
TAB1 expression is controlled by Itch mediated ubiquitination of TAB1 which induced
TAB1 degradation. In the absence of Itch, TAB1 expression is substantially increased,
driving excessive TAB1 dependent atypical p38 signaling. Localized intradermal
injections of the PT5 inhibitor blocked TAB1-p38 interaction and suppressed TAB1
dependent p38 activation. PT5 treatment blocked cytokine production and leukocyte

recruitment protecting the mice from sever dermal inflammation [36].

Drawbacks to peptide-based drugs

Peptide drugs have recently emerged as promising therapeutics due to their
selectivity and safety [57]. Peptides have been previously approved for therapeutic use
and still more are in clinical trials. Most of these peptide drugs are designed to mimic
natural peptides such as hormones, growth factors, and antibiotics. The approved drug,
Giapreza, mimics Angiotensin Il to increase blood pressure in patients with vasodilatory
shock [58]. Another approved peptide drug, semaglutide, is modified from the glucagon-

like peptide 1 (GLP-1) to improve its half-life [59]. One of the largest problems with peptide



therapeutics is their in vivo instability which may be combatted through glycosylation that
prevents proteolysis [60], cyclization, and PEGylation [61]. Another limitation of peptide
drugs is their membrane permeability. Peptides and polypeptide chains, while still
relatively small on the biological scale, are much larger than small molecule drugs which
further enhances the difficulty of these drugs to cross lipid membranes to reach
intracellular targets. Researchers have attempted to combat this by using cell-penetrating
peptide motifs from viruses such as HIV [62] and SARS-CoV-2 [63]. Attaching these
motifs to peptides facilitates their entry into a cell. However, cell-penetrating peptides
struggle to be effective in vivo due to their bioavailability, nonspecific cell absorbance and
target selectivity [64]

A less expensive, more reproducible system of peptide synthesis uses animals
and cells as bioreactors [65]. Bioreactors are used to increase the cost efficiency of
commonly used biologics such as insulin [66]. Hijacking the systems of DNA transcription
and translation is a well-known technique used for small scale preclinical research and
large-scale drug development. It can be accomplished with bacterial plasmids that are
transfected into mammalian cells to transiently express a desired protein or viral vectors
such as a lentivirus that insert the engineered DNA into the genome of the host cell to
create a stable cell line. Viral vectors also have enhanced transfection efficiency
compared to bacterial plasmid vectors and are great for smaller DNA fragments which
makes them great candidates for stable production of recombinant peptides.

To overcome some of the challenges of peptide drugs, protective carriers were
developed synthetically, imitating biological structures, and hijacking biological systems.

Nanoparticles encompass a wide field of nanoscale particles from 1-100nm in diameter

10



and include micelles, dendrimers, viruses, liposomes, polymers, and some extracellular
vesicles. These nanostructures are currently being evaluated for their ability to protect
volatile or sensitive drugs from early metabolism by enzymes and off target effects.
Extracellular vesicles are a promising nanostructure because they are produced from
living cells and have common biological markers such as major histocompatibility

complex | which aid in T cell recognition [67].

Extracellular Vesicles role in physiology

Extracellular vesicles are phospholipid encapsulated nanopatrticles released by
cells naturally for paracrine communication. The term extracellular vesicles encompass a
range of vesicles including microvesicles or ectosomes formed directly from the plasma
membrane and exosomes which are internal vesicles stored within a multivesicular
endosomal compartment (MVB). Once the MVB fuses with the plasma membrane, the
internal vesicles (exosomes) are released [68]. Recently, exosome populations have
been further characterized by large and small exosomes and nonmembraneous
exomeres [69, 70].

Extracellular vesicles are natural complexes secreted by animal, plant, and some
prokaryotic organisms [71]. They are found in almost all bodily fluids and are known to
carry proteins, DNA, RNA, lipids, and other bioactive molecules to cells. Recent studies
have shown that these nanoparticles can affect the phenotype of a recipient cell through
the delivery of these bioactive payloads. EVs have demonstrated a variety of mechanisms
to enter recipient cells such as direct membrane fusion [72], clathrin-mediated

endocytosis [73, 74], caveola-mediated endocytosis [75], macropinocytosis [76], and
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phagocytosis [73, 77]. In some cases, EVs have enriched protein levels when compared
to their parental cell line which can be used as exosomal markers. Proteins like Flotillin-
1, Heat shock protein 70, major histocompatibility complex class | and Il, and tetraspanins
like CD9, CD63, and CD81 are all enriched in EVs [68, 78]. EVs can be used to trigger a
response by interacting with antigen presenting cells to activate T cells [79]. T cells also
use extracellular vesicles to send genetic material to dendritic cells upon interaction [71].
Preliminary research demonstrates that EVs derived from different cell types have
specific therapeutic or pathological qualities due to differential cargo loading [80]. For
example, exosomes from mesenchymal stromal cells are known to promote regeneration
and decrease inflammation of the endothelium cells in injured areas [81]. Whereas
exosomes from dendritic cells (dex) are observed to mirror the functional role of a
dendritic cell due to the expression of major histocompatibility complex which can be used
to prime T cells against specific antigens. Dex have several advantages over dendritic
cells: enrichment of MHC-II, high stability, higher dispersion in the body, and resistant to

immunosuppressive molecules [82].

Extracellular vesicles in pathophysiology

Extracellular vesicles are fascinating vehicles for cell-to-cell communication and
essential to immune responses through cross-talk with dendritic cells [77, 83], but
pathological states can take advantage of the EV biogenesis machinery to advance
disease. For example, tumor derived exosomes can carry microRNAs like miR-21-3p can
modulate macrophages to become tumor protective [84]. Additionally, exosome

production is upregulated in areas of low pH such as the tumor microenvironment [72]
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which enhances the spread of tumor derived exosomes. Other studies have shown the
role of extracellular vesicles of breast cancer as promoters of brain metastasis [85]. These
extracellular vesicles can pass through the blood-brain barrier by delivering payloads that
modulate the endocytosis pathway in brain endothelial cells. EVs then transcytose
through endothelial cells to breach the blood-brain barrier and set up [85] the pre-
metastatic environment potentially through interactions with low-density lipoprotein [86].
In lung inflammatory diseases, epithelial cells in hypoxic conditions secrete EVs that
activate macrophages via the ROCK1 pathway to secrete proinflammatory cytokines IL-

6 and TNFa [87]. However, EVs can also be used as therapeutic agents.

Therapeutic potential of Extracellular Vesicles

These nanoparticles are promising therapeutic vehicles due to their natural
properties that enhance drug delivery. When compared with synthetic nanoparticles, EVs
have decreased immunogenicity, enhanced specificity, and accumulate in the lungs,
kidneys, and liver [88]. One research group successfully tested dendritic cell derived EVs
on patients with non-small cell lung cancer and found that the therapy was tolerated,
activated the immune system, and provided some stability to the disease progression
[83]. Current research is focused on the therapeutic benefit of unmodified mesenchymal
or loaded stem cell-derived extracellular vesicles. It is well known that mesenchymal stem
cells have regenerative properties in vivo such as bone maintenance [89] and preventing
thrombin induced increases in vascular permeability [90]. Through further research on
how mesenchymal stem cells modulate their environment, researchers discovered EVs

retain the same therapeutic potential of whole cell mesenchymal stem cell treatments.
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But with the added benefit of reducing the risks associated with transplantation of stem
cells into a patient [91, 92]. MSC EVs have shown to polarize macrophages to a less
inflammatory phenotype [92] potentially through microRNAs [93], and are now the focus
of MSC based therapeutics. While MSC EVs may have great regenerative and anti-
inflammatory properties, less work has been done on genetic engineering of EV content

to modulate inflammation with specific inhibitors of pro-inflammatory pathways.

Experimental Design

Clearly, p38 MAPK signaling is involved in a variety of inflammatory responses to
external stimuli, but direct inhibition of the kinase’s ATP binding pocket is lacking in
efficacy, generates toxicities and the blockade of all p38 signaling leads to enhanced
compensatory mechanisms. We hypothesize that atypical p38a signaling dependent on
TABL1 selectively drives pathological p38 signaling while leaving physiological signaling
intact. Based on prior studies, targeting the p38 atypical signaling pathway may be key to
development of novel therapeutics for vascular inflammation. The PT5 inhibitor has been
shown to selectively inhibit TAB1 interaction with p38 and attenuate phenotypes
associated with inflammatory p38 signaling such as myocardial ischemic damage and
dermal inflammation. However, peptide therapeutics generated without consideration for
their disadvantages are destined to fail in vivo due to poor stability and issues crossing
the plasma membrane. To overcome the challenges of peptide therapeutics, we
hypothesize that the encapsulation of the PT5 inhibitor in extracellular vesicles will protect
the peptide from degradation and facilitate its entry into recipient cells. Upon this

foundation, a stable cell line producing PT5 in EVs will be generated using a lentiviral
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vector. Then, EVs containing the PT5 inhibitor will be isolated and incubated with
endothelial cells to block p38 atypical signaling in vitro. Generation of this pilot system
opens the door to inexpensive, simple production of peptide therapeutics against chronic

inflammatory diseases such as acute lung injury and chronic obstructive pulmonary

disease.
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CHAPTER 2
RESULTS

Inhibitor Peptide Design and Expression in EA.hy926 cells

Atypical p38 signaling is a major driver of cardiac damage in ischemia/reperfusion
injury. To combat this pathological p38 signaling the Wang et. al group generated
synthetic peptides designed to inhibit this pathway. Using glutathione-S-transferase pull
down assays on Escherichia coli (E. Coli) derived TABl1 and p38, co-
immunoprecipitations with Fc conjugated peptides in mammalian cells, and a check for
inhibition of TAB1 and MKK3/6 mediated activation of p38, they determined which of their
synthetic peptides was best for blocking the interaction of TAB1 and p38. After
discovering PT5 as the most effective peptide sequence (QGQVVSNGKSTDEQS) it was
ligated to a short sequence from the HIV Tat protein (48-58) [62] to allow the peptide to
penetrate the cell membrane [32] . Furthermore, Wang et. al found that the cell-
penetrating form of PT5 was able to decrease apoptosis of cardiomyocytes after
ischemia/reperfusion injury. Unfortunately, it is expensive to generate synthetic cell-
penetrating peptides and often difficult to reproduce. Additionally, peptides suffer from
poor oral bioavailability due to difficulty crossing the epithelial barrier into the bloodstream
[94]. Even peptides delivered intravenously are unstable in blood serum [95]. Peptide
based therapeutics have huge potential but require future innovation to overcome their

current setbacks.
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As mentioned previously, extracellular vesicles (EVs) are promising vehicles for
protection of sensitive biomolecules such as RNA and facilitate their delivery through the
plasma membrane through a variety of different mechanisms as discussed in the in the
introduction (extracellular vesicles role in physiology section). Recombinant proteins and
peptides can be targeted to newly formed extracellular vesicles with a proprietary N-
terminal Xpack targeting sequence (System Biosciences, LLC (SBI)), using a lentiviral
vector to enable translation of a recombinant protein and packaged it into an EV. Keeping
in mind that the EV origin cell can modulate cargo and surface markers it is important to
choose a cell relevant to the disease model. The EA.hy926 cell line is derived from human
umbilical veins and fused with A549 cells. As discussed in the role of endothelial cells in
inflammations section of the introduction, endothelial cells are key regulators of the
inflammatory response and dysregulation of endothelial cell inflammatory mechanisms
leads to the chronic inflammatory response. For diseases such as ALl and COPD, the
inflammatory response of endothelial cells is critical to disease progression, so PT5
inhibitor mediated attenuation of atypical p38 could be a potentially important therapeutic
approach for these diseases.

To overcome the hurdles faced by CPP-PTs we set about developing an EV
packaging approach. Using the Xpack lentiviral system, monomeric red fluorescent
protein was ligated to the PT5 inhibitor peptide sequence (Figure 2A). The mRFP allows
for visualization of peptide translation in PT5 EV producing cells and tracking EV uptake
into recipient cells. The lentiviral particles were generated by transfecting HEK.293 cells
with pPACKHL1 for packaging and the XPack lentivector. We then isolated viral particles

from the HEK.293 cell media using PEG-it™ Virus Precipitation Solution (SBI). We then
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transduced EA.hy926 cells with the engineered lentivirus to stably incorporate X-pack-
MRFP-PT5 into the genome. A puromycin resistance gene incorporated into the
lentiviral vector ensures proper selection of transduced cells and PT5 producing
EA.hy926 cells were cultured with 0.01 mg/mL puromycin to apply pressure to produce
the lentiviral DNA. When expressed the X-pack encoded mRFP-PT5 will be tethered to
the interior lipid bilayer of the extracellular vesicles (EVs) via conjugation to the X-pack
peptide (Figure AB). Upon EV delivery to cells, we predict that the mRFP inhibitor
peptide will bind to p38 around the Thr218 residue, preventing TAB1 from interacting
with p38. (Figure 2B). EA.hy926 cells with and without addition of engineered lentivirus
were seeded on coverslips, fixed, and imaged with fluorescent microscopy. EA.hy926
cells showed no red fluorescence (Figure 2C) when compared to EA.hy926 transduced
with the engineered lentivirus (Figure 2D). This proves that endothelial cells transduced

with the engineered lentivirus are stably producing the mRFP-PT5 Xpack constructs.
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Xpack CMV-XP-MCS
-EF1-Puro Lenitvector

RFP PT5

Figure 2. Lentivector Design and Transduction A. A schematic for the Xpack CMV-
XP-MCS-EF1-Puro Lentivector from system biosciences, mRFP and PT5 were ligated at
the MCS. Upon transcription and translation of this construct, RFP-PT5 will be tethered
to the interior wall of extracellular vesicles via Xpack. B. A Schematic model showing that
MRFP-PT5 will bind to p38 centered around Thr218 to block TAB1 interaction with p38.
C. EA.hy926 wt and EA.hy926 cells expressing mRFP-PT5 were grown on coverslips,
fixed and permeabilized with 4% PFA and mounted onto slides. Results were visualized
via Zeiss LSM800 Colibri widefield microscopy. Bar indicates 400 um for 10x (n=1).
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PT5 Inhibitor Peptide attenuates p38 atypical signaling in transformed EA.hy926
Cells

The PT5 inhibitor has previously been shown to block the TAB1 p38 interaction by
binding proximal to the TAB1 binding site on p38 and suppressing inflammatory signaling
[32, 36, 96]. In preliminary studies our group has also shown that a cell penetrating PT5
inhibitor can suppress GPCR induced p38 activation in primary human endothelial cells
and pericyte cells (unpublished data). However, the PT5 inhibitor has never been ligated
to RFP or encapsulated in an EV. Therefore, it is important to confirm the efficacy of the
PT5 inhibitor with these new modifications. To do this, EA.hy926 cells and EA.hy926 cells
transformed with the RFP PT5 engineered lentivirus were stimulated with prostaglandin
E2 (PGE2) or adenosine diphosphate (ADP) to activate atypical p38 signaling. PGE2
activation of the prostaglandin E2 receptor 2 (EP2) and 4 (EP4) contributes to
inflammatory phenotypes such as production of pathogenic helper T 17 cells [97] and
advancing the tumor microenvironment in colorectal cancer [98], both receptors have
been implicated p38 activation [23]. ADP activates the P2Y1 receptor on endothelial cells
to promote migration [99].

Prior studies from our group have shown that both PGE2 and ADP utilize the
TAB1-dependent atypical p38 activation pathway [100]. To examine whether atypical
signaling is retained in our stable cell line, EA.hy926 wt and mRFP-PT5 cell lines were
seeded at 140,000 cells per well in a 24 well plate and stimulated with 10 um PGE2 or
10uM ADP. Both cell lines serum starved and stimulated for five, ten, and fifteen minutes

in line with our previously published p38 activation profiles [29] and lysed for analysis by
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immunoblotting. The immunoblots were probed with antibodies specific for total p38,
phosphorylated p38, TAB1, and mRFP.

In the control cells, PGE2 stimulation induced p38 activation indicated by an
increase in phosphorylated p38 3.5 fold (Figure 3A comparing lanes 1 and 3). Conversely,
in the cells expressing PT5, p38 activated 2.8 fold lower than the control cells (Figure 3A
comparing lanes 3 and 7). ADP stimulation produced similar results with control cells
activating p38 1.5 fold above baseline and PT5 producing cells activating p38 1.4 fold
less than the control (Figure 3C comparing lanes 3 and 7). Shown graphically in figure 2B
and 2D and analyzed with 2-way ANOVA, PT5 producing cells significantly reduced p38
activation at 10 minutes of PGE2 stimulation and 5 minutes of ADP stimulation. TAB1
and total p38 are mostly unchanged confirming that only p38 phosphorylation is changing
upon stimulation. We observe a clear reduction in PGE2 and ADP dependent signaling,
however it is not known whether the mRFP-PT5 inhibitor is blocking p38 activity because
of free PT5 that is in the cell during translation or whether our EA-PTS5 cells are absorbing
secreted mMRFP-PT5-EVs. An additional concern is the generation of the stable cell line
with the selection process may have made the cells less responsive to PGE2 and ADP

compared to control cells. Further studies will be needed to assess this.
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Figure 3. Impact of PT5 in EA.hy926 RFP-PT5 transduced cell line. EA.hy926 and
EA.hy926 RFP PT5 producing cells were stimulated with A. 10 yM PGE2 or 10 ym ADP
B. for 5, 10 and 15 minutes. Cells were lysed and equal amounts of lysate were
immunoblotted (IB) with antibodies as indicated. C. D. Results were quantified as fold
change of pp38/tp38 compared to EA.hy926 cells at the zero time point and expressed
as mean * SD. Statistical analysis was carried out by ANOVA test (n=3; *p < 0.05, **p <
0.01, **p < 0.001).
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Extracted EVs fall within the nanometer scale and contain EV enriched proteins

Somatic mammalian cells in vivo, release many molecules into the extracellular
space such as small neurotransmitters [101] and large oncosomes [102]. Cultured cells
similarly secrete a variety of substances into the media to keep themselves healthy and
living. EVs are a designation of these secreted structures than contain useful bioactive
molecules and have a large size range. Small EVs, sometimes known as exosomes, are
generally considered <200nm in diameter, while oncosomes can be as large as 10 ym in
diameter [78]. Due to the large variety of secreted structures by living cells, it can be
difficult to determine if an extracted product contains extracellular vesicles. Therefore, it
is critical to examine isolated EVs to confirm.

EVs were analyzed with dynamic light scattering and immunoblotting to determine
size and composition. Size distribution of EVs was unimodal for ultracentrifugation
isolated EVs (figure 4A and B) and multimodal for filter centrifugation isolated EVs (figure
4C and D). There is no difference between the size of PT5 containing EVs and control
EA.hy926 EVs.

One preliminary way to check for extracellular vesicles is a size analysis. As
previously mentioned, the small EVs fall within the 30-200nm diameter range. Therefore,
if most of the isolated product falls within this range, it indicates the presence of EVs. To
isolate EVs, cells were plated on 15cm dishes and allowed to grow until 60-70% confluent.
The growth media was changed to serum free FBS DMEM for 48 hours. The media was
then removed from the cells and either centrifuged at increasing speeds up to 25,000

RPM for ultracentrifugation [103] or up to 3280 RPM in Amicon® Ultra-15 Centrifugal
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Filter Units for filter centrifugation. Purified EVs were then analyzed by dynamic light
scattering (DLS) [104]. DLS analyzes the scattering of a laser beam to measure the
Brownian motion of particles and the distance between scattered light to calculate a
particle size range. DLS of our EVs found that the median size of isolated EVs was 150nm
(Figure 4A-D) which is the upper end of the small EV scale. EVs isolated with both
methods had similar median particle size and range (figure 4E), but ultracentrifugation
isolated a higher yield of EVs per mL than filter centrifugation (figure 4E).

Size range alone is not enough to confirm or deny the presence of EVs. According
to the minimal information for studies of extracellular vesicles 2018 (MISEV2018) [78],
EVs need to be confirmed by the presence of at least 3 EV enriched proteins. As per the
guidelines in MISEV2018, protein content cannot be used to differentiate classes of EVs
such as exosomes. EV biogenesis results in the enrichment of many different types of
membrane proteins and intracellular proteins such as tetraspanins [105] heat-shock
proteins [106], and Alix [107]. EVs were probed for CD9, HSP70, Alix, and RFP with
immunoblotting. Using the whole cell lysates as positive controls, all markers except RFP
and HSP70 were found in the EA.hy926 EVs (Figure 5A) isolated with ultracentrifugation
and all markers including RFP were found in EA.hy926 RFP-PT5 EVs (Figure 5B) isolated
with ultracentrifugation.

To further assess the purified EVs, we labelled our EVs with Calcien AM. Calcein
AM is metabolized to fluorescent Calcein by esterases in the plasma membrane. Labeled
EVs were imaged using our Zeiss LSZ800 microscope and RFP and the green Calcien
were detected in small aggregates. Suggesting that RFP is indeed present in the EVs

(Figure 5C).
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Figure 4. EV Size Characterization. Dynamic Light scattering of A. & B.
ultracentrifugation (UC) isolated PT5 EVs and wt EA.hy926 EVs, respectively. C. & D.
filter centrifugation (FC) isolated PT5 EVs, and wt EA.hy926 EVs. E. Particle
concentration, median size, span, and mean size are displayed for each cell type and
isolation method.
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Figure 5. EV Composition and RFP Fluorescence. Immunoblotting of EA.hy926 RFP
PT5 cells and wt EA.hy926 cells A. EA.hy926 EVs isolated with ultracentrifugation (UC)
and filter centrifugation (FC) B. PT5-RFP Ea.hy926 EVs isolated with UC and FC.
Approximately 500 ug of protein for FC samples and 1 ug of protein for UC samples were
loaded. Blots were probed as indicated for EV markers CD9, HSP70, Alix, and mRFP. C.
EVs stained with Calcein AM, mounted on coverslips, and visualized via Zeiss LSM800
Colibri widefield microscopy (Calcien AM, green, mRFP, Red). Bar indicates 50 ym for
63X (n=1).
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EA.hy926 cells uptake RFP PT5 containing EVs

As we have just shown, EVs isolated from EA.hy926 cells and PT5 expressing
EA.hy926 cells contain typical EV markers and PT5 containing EVs express RFP.
However, for PT5 EVs to be an efficient delivery system they need to traverse the plasma
membrane. There are a variety of mechanisms EVs deposit cargo into cells such as
membrane fusion, clathrin-mediated endocytosis, phagocytosis, and macropinocytosis.
The mechanisms EVs use to enter cells is almost as variable as EV heterogeneity [108].
In this study, the exact EV internalization mechanism was not explored but fluorescence
microscopy was used to confirm the uptake of RFP containing EVs. EA.hy926 cells were
plated into a yu-8 chamber slide. After reaching confluency, EVs were added and allowed
to incubate for 24 hours. Cells were fixed with 4% Para-formaldehyde and mounted on
slides using NucBlue containing ProLong Gold. EA.hy926 cells incubated with RFP PT5
containing EVs (Figure 6A) more showed disperse and punctate RFP in the cytosol
compared to cells incubated with EVs without RFP (Figure 6B). Regions of interest (ROIS)
were drawn around 15 cells and the average fluorescence intensity of RFP and DAPI was
measured. EVs from mRFP-PT5 producing EA.hy926 cells isolated with
ultracentrifugation had 1.5 fold more RFP/DAPI fluorescence when compared with EVs
from EA.hy926 cells isolated with ultracentrifugation (Figure 6C). Filter centrifugation
isolated EVs from mRFP-PT5 producing EA.hy926 cells had 1.8 fold higher fluorescence
of RFP/DAPI compared to filter centrifugation isolated EA.hy926 EVs. This demonstrates
that RFP containing EVs can transmit the RFP to recipient cells, but it is unknown what
mechanism the EVs use to accomplish this. Additionally, filter centrifugation isolated EVs

demonstrate RFP transmittance but is undetectable in the immunoblot of these EVs.
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Figure 6. RFP Containing EVs Deposit Cargo in Recipient Cells. Fluorescence
analysis of EA.hy926 cells incubated for 24 hours with UC RFP PT5 EVs reveals disperse
RFP and punctate RFP within the cell. A. EA.hy926 cells were grown in an y-chamber
slide, incubated with RFP PT5 EVs or B. EA.hy926 EVs. Cells were fixed, permeabilized
with 4% PFA and mounted with glass slips with DAPI stained nuclei (blue) visualized via
Zeiss LSM800 Colibri widefield microscopy C. Results were quantified as RFP/DAPI
fluorescence and expressed as mean * SD. Statistical analysis was carried out by
ANOVA test (n=15, *p < 0.05, **p < 0.01, ***p < 0.001).
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EV packaged PT5 inhibitor peptide modulates p38 atypical signaling in recipient
cells

Knowing that EVs containing RFP can transfer that RFP to recipient cells, it can
be inferred that the PT5 inhibitor peptide is also transmitted to recipient cells and can
affect p38 atypical signaling. Confirmation of attenuation of atypical p38 signaling after
incubation with RFP PT5 containing EVs allows for further study into the effectiveness of
this system in more complex in vitro models. Additionally, these tests can indicate the
potential of this system to be developed into a therapeutic against atypical p38 associated
diseases such as COPD and ARDS.

To study the impact of RFP PT5 containing EVs isolated by filter centrifugation on
atypical p38 signaling, EA.hy926 cells were seeded in a 24 well plate and grown to
confluency. Cells were treated with either 1000ug FC or 1 yg UC isolated EA.hy926 EVs
or RFP PT5 EA.hy926 EVs for 24 hours and stimulated with prostaglandin E2. Signaling
responses were analyzed by immunoblot and densitometry with ImageJ. EVs were
initially tested with and without a media change before stimulating with PGE2. EA.hy926
EVs with and without media change demonstrate no change in phosphorylated p38 fold
change expect for the 10 minute time point when the EVs with no media change had
around a 0.8 fold higher activation than the EVs with the media change (figure 7A and B
comparing lane 3 with lane 9). PT5 containing EVs showed a significant decrease in
phosphorylated p38 at the 10 minute time point without a media change (figure 7A and B
comparing lane 9 to 12). Recognizing that EVs isolated by ultracentrifugation had higher

particle concentrations and confirmed protein content, we wanted to compare p38
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activation in the presence of ultracentrifugation isolated EVs. In these preliminary
experiments, filter centrifugation isolated PT5 containing EVs showed the highest
blockade of p38 activation (figure 7C), but this data is only n=2 and needs further testing
to confirm.

In combination, this data suggests that EVs can deliver functional PT5 to block
PGE2 mediated p38 atypical signaling in endothelial cells. However additional tests are
required to determine whether the PT5 EVs disrupt all MAPK signaling or only the p38

pathway in recipient cells.
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Figure 7. RFP PT5 Loaded EVs Affect p38 Atypical Signhaling in Recipient Cells.
EA.hy926 cells were incubated with FC EA or PT5 EVs with (MC) and without a media
change (NMC) for 24 hours. A. Cells were stimulated with 10 ym PGE2 and lysed. Equal
amounts were immunoblotted with antibodies as indicated. B. Results were quantified as
fold change of pp38/tp38 compared to EA.hy926 cells at the zero time point and
expressed as mean + SD. Statistical analysis was carried out by ANOVA test (n=3, *p <
0.05, **p < 0.01, **p < 0.001). C. EA.hy926 cells were incubated with UC and FC EVs
for 24 hours and stimulated with 10 ym PGE2. Cells were lysed, immunoblotted with

antibodies as indicated D. quantified as described in B. (n=2).
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CHAPTER 3

METHODS
Isolation of Extracellular Vesicles (EVS)
1.4x108 EA.hy926 and EA.hy926 stably expressing mRFP-PT5 cells were seeded in
100 mm dishes and grown to approximately 60% confluence ~48 hours. Cell growth
media was harvested after 24 hr treatment of 20% Serum-free FBS DMEM. Culture
media was passed through a 0.2 ym filter and isolated by filter centrifugation using
Amicon® Ultra-15 Centrifugal Filter Units. Filters were rinsed with PBS before adding up
to 15 mL of supernatant and centrifuging for 15 minutes at 4000g. The retentate was
collected after washing the filter with PBS and centrifuging for 40 minutes at 2000g. EVs
were quantified using a nanodrop on A280 and Fluorocet (SBI, LLC), aliquoted, and
stored at -80°C.
For the Ultracentrifugation method of EV extraction, 3 million cells were seeded into
150mm culture dishes and grown to ~60% confluency. The media was replaced with
20% FBS (serum-free) DMEM and allowed to grow for 48 hours. The media was
collected and stored at 4°C overnight while the cells were given fresh 20% FBS (serum-
free) DMEM for 24 hours. The collected media was centrifuged at 2000g for 20 minutes
to remove pellet cells. The supernatant was centrifuged at 10,0009 at 4°C for 30 minutes
to pellet cell debris. The supernatant was centrifuged at 100,000g at 4°C for 70 minutes
to pellet EVs. After a wash step, the EVs were resuspended in PBS, quantified using a

nanodrop on A280 and Fluorocet (SBI, LLC), aliquoted, and stored at -80°C.
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Particle Size Analysis

EVs were analyzed for size distribution and particle concentration with dynamic light
scattering at 520 nm wavelength and Transmission-Election Microscopy in collaboration
with Dr. Yutao Liu at Augusta University.

EVs were quantified by the enzymatic activity of acetylcholinesterase according to the

SBI FluoroCet kit.

Cell Cultures

The immortalized human endothelial cell line (human umbilical vein endothelial cells
fused with A549 cells) EA.hy926 (ATCC® CRL-2922™), were maintained in Dulbecco’s
Modified Eagle Media supplemented with 10% Fetal Bovine Serum. Embryonic kidney
cells, HEK293 (ATCC® CRL-1573™), were also grown in Dulbecco’s Modified Eagle
Media supplemented with 10% FBS and used to produce viral particles.

The PT5 inhibitor producing cell line was created through transduction of EA.hy926 cells
with engineered lentiviral particles. The EA.hy926 PT5 inhibitor-producing cells were
initially grown with Dulbecco’s Modified Eagle Media supplemented with 10% FBS and
0.1 mg/mL puromycin for selection. After selection, puromycin concentration was
decreased to 0.01mg/mL. All cell lines were cultured at 37°C in a humidified incubator of

5% CO2.
Immunoblotting
Cells were grown as described above and pretreated (as indicated) with 1ug-1 mg EA

derived EVs or 1ug-1mg PT5 derived EVs for 24 hr, prior to stimulation with 10 yM
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PGE2 or 10nM ADP. Cells were lysed in 1X Laemmli sample buffer with 100 mM DTT,
sonicated and resolved by SDS-PAGE, transferred to PVDF membranes and incubated
with specific antibodies as indicated. Membranes were developed by

chemiluminescence and quantified by densitometry using NIH ImageJ software.

Immunofluorescence

Cells were grown as described above and seeded into an ibidi p-slide 8 well chamber at
a density of 79,100 cells per well. When cells reached confluency, the media was
switched to 0.4% FBS DMEM for ~12 hours. Approximately 1 mg of EVs from the filter
centrifugation method and 2 ug from the ultracentrifugation method of EV isolation were
added to separate wells for 24 hours. The slide was fixed with 4% PFA in the dark and
blocked with 1% BSA and 0.3% TX100 in PBS. Mouse-anti RFP antibody was diluted
1:500 and added to select wells overnight at 4°C. The goat-anti-mouse AlexaFluor 488,
secondary antibody was added at a 1:500 dilution at 4°C for an hour before fixed cells
were washed with PBS and mounted with Nucblue containing ProLong Gold mounting
media (ThermoFisher) onto glass slips. The cells were imaged using Zeiss LSM800, 2
channel GaAsP, confocal microscope with Axiocam 506, Definite focus.2, and a solid-

state Light Source Colibri 7 fluorescence and quantified using Zen Blue software.

Statistical Analysis

Data from signaling assays was analyzed with two-way ANOVA at a 95% confidence
interval using Prism software. Multiple comparisons were done between different

conditions at the same time points.
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Data from fluorescence microscopy was analyzed with one way ANOVA at the 95%

confidence interval using Prism software.

KEY RESOURCES TABLE

Reagent or Resource Source Identifier
Antibodies
Rabbit anti-TAB1 Cell Signaling Cat#3226S;
Technology RRID:AB_2140247
Rabbit Anti-p38 MAPK, Cell Signaling Cat#4511L;
phospho (Thr180 / Tyrl82) Technology RRID:AB_2139689

Monoclonal Antibody,

Unconjugated Clone D3F9

Rabbit Anti-pan p38, Cell Signaling Product# 9212S

monoclonal Technology

HRP-conjugated goat-anti- Bio-Rad Laboratories | Cat#170-6515;

rabbit RRID:AB_1112514
2

Alexa fluor 488 anti-mouse Life Technologies Cat# A-11029;

RRID:AB_2534088
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Alexa flour 594 anti-rabbit

Life Technologies

Cat# A-11037,

RRID:AB_2534095

Alix (3A9) Mouse mAb 2171 Cell Signaling Product# 74220T
Technology

HSP70 (D60) Rabbit 4876 Cell Signaling Product# 74220T
Technology

CD9 (D801A) Rabbit mAb Cell Signaling Product# 74220T

13174 Technology

CDs81 System Biosciences EXOAB-CD81A-1

Anti-RFP rabbit Rockland 42896

Chemicals, Peptides, and

Recombinant Proteins

Prostaglandin E2 Fisher Scientific 22-961-0

ADP Fisher Scientific 20398-34-9

Calcein AM Thermofisher C1430

FluoroCet EV Quantification Kit | System Biosciences FCET96A-1

Puromycin dihydrochloride Sigma Aldrich P7255

Lentistarter 3.0 Kit (includes System Biosciences LVO60A-1

36




pPACKH1, PureFection, PEG-

it, and TransDux MAX)

Cell Lines

EA.hy926 Endothelial cells ATCC Cat# CC-2519

Hek.293T ATCC CRL-1573

Recombinant DNA

XPack MSCV-XP-MCS-EF1a- | System Biosciences Cat# XPAK710PA-

Puro Cloning Lentivector 1

Software and Algorithms

ImageJ NIH https://image
j-nih.gov/ij/

Prism 9.0, Statistical Analysis Graphpad https://www.graphp

Software ad.com/scientific-
software/prism/

Instruments

Amicon Ultra 15mL Centrifugal | Millipore Sigma Cat# C7715

Tubes

LSM800 Zeiss
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Ultracentrifuge. Optima L- Beckman Coulter 392052
100XP
Zetaview Particle Metrix PMX-120
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CHAPTER 4
DISCUSSION

Large compounds, peptides, and proteins are historically difficult to pass through
the plasma membrane of cells. This barrier to entry has limited the potential of these
highly specific and promising therapeutics in vivo, but researchers are trying to better
understand how cells receive large, bioactive molecules such as proteins, RNA, and
lipids. Upon the discovery of phospholipid capsules emitted from cells, termed
extracellular vesicles, EVs emerged as a wide field of study into cell-to-cell
communication, disease pathology, and therapeutic development.

EVs are naturally produced nanoparticle carriers similar to liposomes which are
often used as empty vehicle controls when compared to EVs [109]. Liposomes are
synthetically produced lipid nanoparticles that can encapsulate drugs. While the
production efficiency of liposomes is higher than extracellular vesicles, they have issues
with delivering cargo to intracellular targets, decreased capacity, encapsulating high
molecular weight drugs, and decreased circulation [110-112]. EVs bypass the problems
of synthetic nanocarriers because they can hold large molecular weight molecules [69],
have enhanced cellular uptake [111], and have a long circulation time [113, 114].
Additionally, EVs have demonstrated the ability to target certain tissues depending on
their origin cell types [115]. On the contrary, EVs are more difficult to generate and

reproduce because they are derived from living systems.
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Targeting recombinant proteins and peptides to EVs requires specific
modifications. As discussed in the introduction, EVs have enriched populations of only a
handful of proteins. Researchers can accomplish EV targeting with a couple of methods
including myristoylation [116], conjugation to EV enriched proteins such as lactadherin
[117] and the Xpack sequence mentioned previously (System Biosciences LLC).
Alternatively, physical methods can be used to drive molecules into the EV, such as
sonication [118]. Myristoylation is a large post-translation modification that adds fatty acid
chains to a translated protein meanwhile the Xpack sequence is a short amino acid
sequence that targets translated protein to the interior wall of vesicles in the MVB.

In this study, the Xpack peptide was used to target PT5 inhibitor linked to mRFP
to EVs. We chose to use a lentiviral vector to generate a stable cell line producing this
construct for continuous production of EVs with the desired content. As shown in previous
studies by Wang et al. [32] and Levine et al. [36], the PT5 peptide with little to no
modifications can block the p38-TAB1 interaction, but we did not know if fusion to a
fluorescent protein would hinder its ability to bind p38. RFP tagging of the peptide allowed
for tracking and confirmation of expression, but it was unknown if this would impact the
peptide’s ability to inhibit TAB1-dependent p38 signaling. To do this, we checked for
attenuated p38 signaling in the stable cell line expressing RFP-PT5 and found that the
RFP-PT5 was still functional when the cells were stimulated with GPCR ligands, resulting
in a suppression of atypical p38 signaling.

Another challenge of using EVs as therapeutics or carriers is their limited yield.
The standard method of isolation uses ultracentrifugation to isolate the small EV pellet,

but the yield is low. Other methods of isolation such as filter centrifugation have increased
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total yield, but lower specificity for small EVs. In this study, ultracentrifugation and filter
centrifugation were both used and extracted EVs showed similarities in size distribution,
but only ultracentrifugation isolated EVs showed visible EV markers and RFP through
immunoblot.

As discussed in the introduction section on EVs role in physiology, there are a
variety of mechanism EVs use to enter the cell and/or deposit their cargo such as clathrin-
mediated endocytosis, phagocytosis, direct membrane fusion, and macropinocytosis
[108]. While we did not study the exact uptake mechanisms, we found evidence of RFP
inside EA.hy926 after incubation with RFP containing EVs. This might be dispersed RFP
from direct fusion of the EV to the plasma membrane or punctate RFP from EVs that have
been internalized into endosomes. Future investigations should be directed towards
identifying the main mechanism of entry PT5 loaded EVs use to enter endothelial cells.

EVs in physiology and pathology have shown their ability to modulate recipient cell
phenotypes by delivery of bioactive molecules. We hypothesized that encapsulating the
PT5 inhibitor in endothelial cell derived EVs would facilitate PT5 delivery into the
cytoplasm of receiving cells and suppress GPCR induced inflammatory signaling. From
our studies, we determined that PT5 loaded EVs attenuated p38 signaling both in the EV
producing cells and recipient endothelial cells indicating a potential simple therapeutic for
vascular inflammation. It will be important for future studies to confirm that the EV
producing cells and recipient cells display “normal” GPCR cell surface expression and
‘normal” activation of other members of the MAPK family. Surface expression is
particularly important, as a reduce level of surface GPCR expression would likely result

in a reduced MAPK signaling response. Extracellular stimuli are critical for cell survival,
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so it is important for PT5 to have specificity for p38 MAPK over JNK and ERK and indeed
also selectivity for p38 over NFkB signaling. This is particularly important as TAB1 can
also play a critical role in NFkB signaling [119].

Further testing of PT5 loaded EVs will need to be completed to understand their
strengths in preventing inflammatory phenotypes. Since, as a proof of concept, this
approach was only tested in EA.hy926 cells , further experimentation with a more
physiologically relevant cell line such as human pulmonary microvascular endothelial
cells (HPMEC) would increase our confidence in the viability of this design in living
systems. In addition, we want to explore the capacity of PT5 EVs to suppress p38 atypical
signaling after stimulation with other GPCR agonists such as histamine and a-thrombin.
Furthermore, it would be essential to assess whether PT5 EVs can suppress other GPCR
induced cellular phenotypes. This could include assessing angiogenesis using
endothelial cell tubulation and spheroids to observe PT5’s impact on blood vessel
branching. Alternatively, we could use RT-qPCR of endothelial RNA after incubation with
PT5 loaded EVs to determine changes to pro-inflammatory and pro-angiogenic signaling
by measuring cytokine production. Outside of endothelial cells, it would also be interesting
to explore the impact of PT5 EVs on other cells involved in inflammation such as T-cells
and vascular mural/pericyte cells.

Due to issues with peptide drugs, we are also examining the capability of a
nanobodies for blocking the TAB1 p38 interaction. Humanized nanobodies are llama
variable heavy domain and are known for their ability to recognize antigens. We believe
an intracellular nanobody (intrabody) targeted to block TAB1-mediated p38 signaling may

have higher affinity and specificity than a peptide inhibitor and can still be packaged into
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extracellular vesicles. Our group has recently identified 40 intrabodies that can bind to
TABL1 at the p38 docking domain. These antibodies went through a two-phase screening
approach, using a phage display library and a yeast two hybrid screen. As the nanobodies
still detected TABL1 inside the cytosol of yeast cells, they can be called intrabodies and
are predicted to bind to TABL1 in the cytosol of mammalian cells. Research groups have
used nanobody technology to target intracellular pathological events such as tauopathy
in neurons [120] and HIV replication [121]. We believe intrabodies alone and/or
intrabodies encapsulated in EVs may enhance blockade of TABl-dependent p38
signaling when compared to the PT5 inhibitor to treat chronic inflammatory diseases.

In summary, our data is the first to demonstrate that RFP labeled PT5 loaded into
extracellular vesicles is able block p38 atypical signaling in EV producing cells and EV
recipient cells. If confirmed, this approach has the potential to block p38 atypical signaling
in other inflammatory regulating cells and prevent pathological p38 associated
phenotypes. This work provides a basis for a novel, easily generated therapeutic against

chronic inflammatory diseases.
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