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Abstract

Thesis title: Sphingolipids improve vascular barrier function and
systemic blood pressure by reducing pericyte loss during LPS-
mediated inflammation

by: Farah Abdel Rahman Supervisor: Prof.Dr.Christian Kupatt
key words: Sepsis, Sphingosine-1-phosphate, Pericytes, Endothelial cells, VE-Cadherin

Septic shock is a systemic host response to an infection characterized by a systemic
hypotension due to dramatic increase in vascular permeability resulting from capillary
disintegration. Endothelial cells and pericytes are key regulators of the endothelial barrier and
it has been reported by us and others that during sepsis a significant reduction in capillary
density is observed. This leads to compromised barrier function and increased capillary
leakage. Septic patients exhibit low Sphingosine-1-phosphate (S1P) levels that correlate with
low survival rates. So, S1P emerged as bioactive lipid mediator that signals through
endothelial S1P receptors to retain capillary density and LPS induced hyperpermeability. In
this work, we investigate the potential of S1P during LPS induced sepsis on hemodynamic
function, capillary density, endothelial barrier and survival. We show that treating septic mice
with S1P results in improved permeability due to pericyte retention in the perivascular niche
and promote adhesion protein trafficking such as VE-Cadherin and N-Cadherin. As a result,
S1P treatment improves systemic blood pressure and survival. Furthermore, we investigated
S1P treatment in cell culture model of sepsis to elucidate the signaling cascade involved.
There we show that S1P preserves adhesion proteins such as VE-Cadherin and N-Cadherin
that is mediated by a reduction in Src and VE-Cadherin phosphorylation. Besides, exogenous
administration of S1P leads to a reduction in the cytosolic pool of G-actin promoting the
nuclear translocation of MRTF-A that regulates genes implicated in pericyte retention. Finally,
our findings indicate that S1P retains pericyte in the microcirculation and preserves the
microvascular unit during LPS induced systemic inflammation, results indicative of the

potential therapeutic role of S1P to override microvascular disintegration during sepsis.



1. Introduction

1.1. Sepsis, Severe sepsis and Septic shock
Sepsis is a systemic inflammatory reaction caused by a dysregulated immune
response to an infection. Sepsis results in a range of hemodynamic, immune and
vascular aberrations leading to organ dysfunction and death. In order to be diagnosed
with sepsis the following criteria must be present according to the society of critical

care medicine and the European society of intensive care medicine [

e Suspected or proven infection with at least 2 criteria of the systemic
inflammatory response syndrome (SIRS):
e Tachycardia (heart rate >90 beats/min)
e Tachypnea (respiratory rate >20 breath/min)
e Fever or hypothermia (temperature >38 or <36 °C)
e Leukocytosis, leukopenia (white blood cells >1,200/mm?®, <4,000/mm?® or

bandemiac 10%).

The term severe sepsis is proposed to describe sepsis with the presence of signs of

organ dysfunction. The clinical features of organ dysfunction are as follow:

e Atrial hypoxemia (Partial Pressure PO, <75mmHg in room air or PPO,/
Inspired PO, <300)

Increased serum creatinine (>0.5mg/dl or >44 umol/L)

e Thrombocytopenia (Platelet count< 100.000/mm?)

e Hyperbilirubinemia (Increased plasma bilirubin >4 mg/dl)

e Acute oligouria (Urine output <0.5ml /kg/hr or around 45 ml/hr for with 2 hours)
e Paralytic ileus (Paralysis of intestinal muscles and abscess of bowel sound)

e Altered mental status

One could transition from sepsis to septic shock if the criteria of sepsis are met in
addition to the presence of systemic hypotension (blood pressure <90 mmHg or
arterial pressure <65) or if a septic patient requires vasopressors to maintain a blood

pressure = 65mmHg after the administration of the intravenous fluid bolus 2.



1.2. Epidemiology
Sepsis is the leading cause of death worldwide affecting 30 million patients annually
Bl Despite sepsis being of global relevance, its incidence varies vastly between
countries. Data analysis of more than 2.4 million septic patients in the U.S. between
January 2010 and September 2016 reveals a 9 % annual increase in the incidence of
sepsis with an overall 12.5% percent morality rate. The average treatment cost for a
septic patients is approximately 51,022$ making it the most expensive fatal disease in
the U.S. with total hospital expenses exceeding 22.2 billion USD annually . Figures
from the European intensive care units are comparable to a large extent. In Germany,
there is a shortage of epidemiological data on the incidence of sepsis and the latest
updates are based on a 2016 report conducted by Fleischmann et al. to assess
prevalence of the disease on a national level. An array of analysis performed on
registered septic patients between 2007 and 2013 reveals an unexpectedly high
incidence of sepsis accounting for 134-314 cases per 100.000 people. Although the
incidence of sepsis is decreasing by 0.8 % per year, it is still considered the third most
prevalent cause of death in Germany. There, the cost of treatment has reached 8.2

billion euros in 2013 representing 3% of the total German healthcare budget ©°!.

1.3. Pathological Process
Sepsis results from a systemic infection that triggers an aggressive immune response.
While gram negative bacteria are the most frequent cause of sepsis, gram positive
bacteria, fungi, viruses and parasites can also cause sepsis °. Bacterial
lipopolysaccharides (LPS) and endotoxins found on the outer surface of gram negative
bacteria serve as a class of pathogen associated molecular pattern (PAMP). PAMPs
activate pattern recognition receptors (PRRs) to elicit an innate immune response.
The PRR comprise a family of cell surface receptors mainly Toll like receptors (TLRs),
nucleotide-binding oligomerization domain-like receptors (NLRs), retinoic acid like
receptors (RLRs), and C-type lectin receptors (CLRs) that crucially facilitate the innate
immune response. LPS acts as a ligand to TLR4 which initiates a proinflammatory
signaling cascade mediated by myeloid differentiation primary response 88 (MYD88)
or TIR-domain-containing adapter-inducing interferon-3 (TRIF). These activate
nuclear factor kappa-light-chain-enhancer (NF-«B), c-JUN and N-terminal Kinase
leading to an aggressive immune response ). Upon activation, NFxB family of

transcription factors translocate to the nucleus and regulate chromatin state of target
3



genes through the DNA binding domain called Rel homology domain (RHD) to induce
transcription of inflammatory genes ®.. The ultimate consequence of NF«B activation
is excessive production of Interleukin 6 (Il-6), a potent pro inflammatory cytokine .
This explains why septic patients show a dramatic surge in the II-6 plasma levels
exceeding 1mg/mL with a normal range between 1-5pg/ml "% 1I-6 mediates several
biological functions such initiating local immune response by promoting the infiltration
of mononuclear leukocytes. Besides regulating the immune system, II-6 signaling
enhances osteoclast formation ', glucose metabolism 1'%, and regulates the activity
of sympathetic neurons ", Therefore 11-6 is referred to as a pleiotropic cytokine. In
endothelial cells, 1I-6 mediates its pro inflammatory effect via a soluble receptor known
as II-6 soluble receptor (lI-6S). Upon binding, II-6/116-S complex dimerizes with a
ubiquitously expressed cell surface receptor known as glycoprotein 130 (gp130)
triggering downstream activation of Janus kinases (JAKs) and mitogen-activated
protein kinase (MAPK) pathways. As a result, transducer and activator of transcription
factors (STAT3) gets activated and retained from the cytoplasm to the nucleus. There,
dimerized STAT3 binds to DNA elements and initiates transcription of target genes
such as VEGF ", The distinct downstream effects of VEGF are increased endothelial
permeability and vascular leakage because VEGF contributes to phosphorylation and
internalization of VE-Cadherin, an essential structural protein to preserve the
endothelial barrier ", This model provides a possible explanation that correlates IL-6
plasma levels with endothelial dysfunction, a casual factor for microvascular injury ['®,

Figure 1.
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Figure 1: Under normal physiological conditions, VE-Cadherin mediates the adhesion
between endothelial cells forming a semi permeable endothelial membrane. During
inflammation, the circulating II-6 couples to the soluble 1I-6 soluble receptor initiating
trans-signaling cascade via the membrane bound gp130 to induce VE-Cadherin
disassembly. Adopted from Kruttgen et al !,



Left uncorrected, severe defects in the microcirculation lead to poor intra organ blood
perfusion leading to hypoxic zones and organ dysfunction. Since non-surviving septic
patients exhibit pronounced alterations in the microcirculation than surviving ones,
manipulating the microcirculation in sepsis represents a promising approach in

tackling this severe disease '\,

1.4. The microcirculation
The microcirculation refers to a branching network of capillaries that are terminally
connected to arteriols and venules. Unlike arteries and veins, the components of the
microcirculation lack the classical membranous linings of: tunica intima, tunica media
and tunica adventitia. Arterioles are surrounded by vascular smooth muscle cells
(VSMCs) more frequently than venules, while capillaries are sporadically covered with
pericytes, Figure 2. These are mural cells located within the basement membrane of
the capillary!'®. The microcirculation is the prominent exchange site of fluid and gas
between blood and the surrounding tissues as it fundamentally regulates blood flow
and basal vascular tone in response to external stimuli. Since the functionality of the
surrounding tissue depends on the integrity of the capillary unit, several conditions
such as sepsis manifests multi-organ failure and hemodynamic aberrations resulting
from microvascular dysfunction.

Pericyte

Capillary lymphatic - _.&‘:/.
Venule Arteriol o

Figure 2: Schematic representation of the microcirculation. Anatomically, the capillary
is the smallest vascular unit surrounded by lymphatic network to drain extravascular
fluid in the venous system. Endothelial cells (EC) and pericytes are the main
constituent of the capillary network while vascular smooth muscle cells (VSMC) are
additionally present in the arteriols and aenuels. Adapted from Guven et all"



1.4.1. Pericytes
Pericytes were initially described by Charles Rouget at the end of the 19" century and
their biologic function remained unclear for long. On their surface, they display markers
overlapping with the fibroblasts and VSMC compartments. Anatomically, pericytes are
identified based on their peri-endothelial location on the abluminal surface of blood
vessel. Their prominent shape and cytoplasmic secondary extensions distinguish
them from endothelial cells. The endothelial-pericyte interface is often separated by a
basement membrane except at the peg and socket contacts and through adhesion
plaques, Figure 3. Pericytes communicate directly with endothelial cells either through
gap junctions and peg socket contacts or indirectly through adhesion plaques. The
peg-socket junction requires a pericyte finger shape peg inserted into an endothelial
socket. However, the adhesion plaque maintains the endothelial-pericyte connection

through mainly fibronectin and the cell adhesion molecule N-cadherin 2%

Adhesion plaques

Peg-socket junctional
complex

D Pericyte

Basement membrane

Endothelium ; 4;111’

SR Blood
Endothelial junctional complex

Figure 3: Representation of the spatial localization of the ECs and pericyte within the
microvessel. Pericytes and ECs are separated by a BM and they communicate via
Peg-socket junctions and adhesion plaques. Adapted from Armulik et al #"!



1.4.2. Biologic function of pericytes

Understanding the biologic function of pericytes has garnered a lot of interest and an
emerging body of evidence points to an essential role of pericytes in regulating
vascular permeability. This observation is based on the significant variations in
pericyte density in different organs. To illustrate, the central nervous system has the
highest pericyte coverage that is pronounced in the blood brain barrier (BBB), while
other organs such as kidney and liver are regarded as regions with low pericyte
abundance. Since pericyte coverage is inversely associated with vascular permeability
in those regions, it is suggested that these cells regulate vascular permeability and
contribute to the barrier function ?°!. Therefore, the biologic role of pericytes has been
intensively studied in the neurovascular unit where mural cells are an essential
component of the BBB.

Joyce et al and others described pericytes as contractile cells of the microvascular
wall since they abundantly express actin and myosin filaments that are essential for
contraction ¥* 2’1, Owing to their contractile capacity, pericytes regulate vascular
permeability via their primary processes that surround endothelial cells. In response
to vasoconstrictors, pericytes generate an actomyosin mediated contraction that is
enough to alter endothelial/pericyte adhesion leading to pericyte detachment and thus
vessel destabilization ¥, Co-culture experiments indicate that pericytes inhibit the
growth of endothelial cells in vitro via TGFf signal, indicating the importance of the
spatial proximity of both cell types .. On the other hand, pericytes contribute to
endothelial migration and proliferation through paracrine secretion of basic fibroblast
growth factor bFGF °!. In response to bFGF, the endothelium produces urokinase-
type plasminogen activator which is implicated in angiogenesis, cell migration and
proliferation ?"). Additionally, pericytes release Sphingosine-1-phosphate (S1P), a
sphingolipid metabolite that binds to the endothelial differentiation gene receptor
(EDG) on endothelial cells. S1P signaling promotes the expression of adhesion
molecules mainly VE-cadherin and N-cadherin located on the endothelial cells surface
that enhances vessel tightness and barrier function 22, At the same time, loss and
gain of function studies suggest that pericyte-derived Ang1 signals to the endothelium
via the endothelial Tie2 receptor to initiate vessel maturation and stabilization. Ang1-
or Tie2-deficient mice die during gestation due to poor cardiovascular development.

These animals develop drastic phenotypes such as functionally defective basement
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membrane (BM), impaired angiogenesis, pericyte drop-out and poor pericyte
coverage ?* 3% Finally, pericytes contribute to the BM production through secreting
ECM proteins such as laminin, fibronectin, collagen type IV and vitronectin 32, The
BM acts as mechanical barrier to prevent the infiltration of large molecules and
malignant cells in cases of tumor 2% Also, it influences endothelial cell differentiation
and migration during angiogenesis **. Beyond their contribution to endothelial cell
quiescence and microvessel stability, pericytes are implicated in other biological
processes such as tissue regeneration and angiogenesis. In a recent study, Bribrair
et al. show that the myogenic property of pericytes makes them competent to induce
muscle regeneration after skeletal muscle injury ®°. Additionally, they demonstrate
that pericytes accumulate in organs such as brain, spinal cord, lungs and kidneys at
the sites of lesion suggesting their contribution to tissue repair P®. Regarding
angiogenesis, computational models reveal that pericytes stay in close proximity to
sprouting endothelial cells due endothelial VEGF signaling. There, pericytes regulate
Notch-DLL4 signal between endothelial ‘tip’ and ‘stalk’ cells to direct endothelial

sprouting and ensure an adequate endothelial tip/stalk ratio, Figure 4 571,

Hyperpermeability

VEGF +)
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DLL4
phenotype Notch (@he

Figure 4: Signaling mechanisms implicated in vascular permeability. The binding of
VEGF on the surface of endothelial cells results in hyper-permeability. This effect is
counteracted through the coupling of Ang-1 to the endothelial Tie2 receptor. Adapted
from London et al %,



1.4.3. The Endothelium

1.4.3.1. Endothelial regulation of vascular tone
The endothelium is a continuous monolayer that lines the entire vascular system and
assists in maintaining efficient blood flow around the body. In response to
hemodynamic changes, the endothelium reacts by releasing vasoactive substances
that regulate the vascular tone. For example, increased blood flow leads to the
secretion of endothelial Nitric oxide (NO) which is a potent dilator of the arteries and
also reduces the risk of plaque formation . NO regulates the activity of VSMC where
it is taken up via soluble enzyme guanylyl cyclase (sGC) . NO/sGC complex
catalyzes the production of GTP from cGMP which in turn induces VSMC relaxation
1 However, when the blood flow decreases, endothelial cells secret Endothelin (ET),
another potent regulator of the vascular tone. ET exists in 3 different isoforms
Endothelin (ET-1) ET-2 and ET-3. Endothelial cells exclusively produce ET-1, which
exerts its action via the G proteins couple receptors ETa and ETg. ET-1 binds to ETa
that is selectively expressed by VSMCs leading to a powerful vasoconstriction that
compromises vascular permeability and contributes to local regulation of the vascular

tone 4?1,

1.4.3.2. Endothelium and neovascularization

Besides regulating the vascular tone, the endothelium contributes to vascular
development mainly through the angiopoietin-Tie ligand system. Endothelial cells
express the Tie 2 receptor tyrosine kinases that have a binding affinity to Angiopoietin
Ang 1 ¥ When abundantly expressed, Ang1 couples to Tie 2 receptor facilitating
vessel stabilization and counteracting VEGF induced hyper-permeability. Besides,
Ziegler and colleagues show that Ang2 competes with Ang1 and acts as its anagonist.
Therefore, blocking Ang2 blunts pericyte drop of in peripheral muscles and heart
during sepsis phenotype and reduces permeability **. VEGF is a potent regulator of
vascular permeability. It is produced in hypoxic tissues and promotes endothelial
sprouting along a VEGF gradient *°1. However, baseline VEGF secretion is crucial for
endothelial cell proliferation and new vessel formation . VEGF signals through the
endothelial transmembrane receptor tyrosine kinase receptors denoted as VEGFR1-
3. However, it initiates a proangiogenic signal mainly through VEGF receptor 2
(VEGFR2), as has been shown in VEGFR2 KO mice "1,



1.4.3.3. Endothelial activation during systemic inflammation
The endothelium is the first line of defense against pathogens and tissue damage. In
response to a pathogen associated molecule like LPS, endothelial cells are stimulated
via the PRR family of receptors and most notably TL receptors. TLR2 and TLR4
mediate innate immune defense mechanisms via the NF-kB pathway “®!. Notably, NF-
kB leads to the transcription of pro-inflammatory cytokines such as IL-6 and adhesion
molecules such as, vascular adhesion molecule-1 (VCAM-1), intracellular adhesion
molecule (ICAM-1) and E-selectin that attract immune cells to the site of infectious
insults ° ° 3 process termed endothelial activation. While E-selectin mediates
leukocyte tethering and rolling °", ICAM and VCAM form adhesion and ICAM-1 directs
transmigrating leukocytes between endothelial cells 2. Moreover, LPS exposure
activates TLR4 which ultimately leads to an increased Ca?* influx °2. Intracellular
Ca?'binds to calmodulin and activates myosin light chain kinase (MLK) leading
phosphorylation of myosin. This event triggers a cross bridge cycle that results in
cytoskeletal contraction and retraction of endothelial cells increasing the trans-
endothelial gap . Additionally, Ca®" influx activates protein kinase C (PKC) which is

implicated in the VE-Cadherin disassembly and therefore barrier dysfunction ©°!.

1.5. Loss of barrier function
The endothelium forms a continuous semi-selective barrier for the exchange of fluids
and molecules between the blood and tissue. This monolayer is held together by tight
junctions, gap junctions and adherent junctions. VE-cadherin is a principle component
of the adherens junctions deposited at the sites of contact between endothelial cells
and contributes vastly to maintaining barrier integrity. The homophilic adhesion of VE-
cadherin between endothelial cells is supported by cytoplasmic adaptor proteins
consisting of p120, a and B-catenin. p120 and B-catenin bind directly to the
cytoplasmic tail of VE-Cadherin forming an adhesion complex, while a-catenin
anchors VE-Cadherin/catenin complex to the actin cytoskeleton. In quiescent
endothelium, thick cortical actin bundles cluster at the apical surface of the endothelial
membrane producing a mechanical force to maintain the linearity VE-Cadherin

deposition, Figure 5 1°°.
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Figure 5: Left: F-actin filaments rearrange in a perpendicular orientation to the radial
actin and exert an inward pulling force on the VE-Cadherin to increase cellular gaps
and permeability. Right: Cortical actin clusters in close proximity exerting mechanical
support the adhesion junctions- Adapted from Van Buul et al.”!

Under the influence of an inflammatory stimulus, TLR4 activation promotes Src kinase
phosphorylation which phosphorylates tyrosine residues of VE-Cadherin and zona
occludens which are structural protiens implicated in the stabilization of the endothelial
barrier ¥, Once phosphorylated, VE-Cadherin is targeted to ubiquitination and
degradation which compromises the structural integrity of the endothelial barrier.
Besides, phosphorylation of VE-Cadherin at Tyr ® blocks the docking site of p120
and B-catenin to its cytoplasmic domain therefore impairing the VE-Cadherin/catenin
complex?®?. Of note, the cytoplasmic domain of VE-Cadherin consists of 8 conserved
tyrosine residues among which Tyr®*® Tyr "*' and Tyr °®° are the phospho-accepting
sites®®. In the light of this observation, Wallez et al. strongly suggest that Tyr*® is a
unique substrate for Src kinase activity given that point mutation at Tyr °® prevents
VE-Cadherin ubiquitination and internalization in response to bradykinin ©°.

The loss of barrier function in sepsis is secondary to pronounced alterations in the
actin cytoskeleton orchestrated by Rho family of GTPase. Inflammatory stimuli are
transferred mainly through guanosine nucleotide exchange factors (GEF) mediated
activation of GDP-bound RhoA to GTP bound RhoA 'l Activated RhoA mediates the
reorganization of cortical actin to contractile stress fibers % %3, RhoA couples with
actin binding proteins that affect the rate of actin assembly and disassembly. Given
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that Rho kinase (ROCK 1 and 2) are the main substrates for Rho A activity, Rho-
ROCK activation promotes the phosphorylation of myosin light chain (MLC) which
accounts for the contractility feature of F-actin bundles®!. The newly formed F-actin
bundles influence endothelial cell shape and para-cellular gaps as cells retract from
their border during contraction. As observed by Cao et al., stress fibers are peripherally
attached to junctional molecules such as VE-Cadherin, therefore upon contraction
they exert an inward pulling force driving the disassembly of the adhesion®®. There
are several suggested mechanisms mediating the LPS induced VE-Cadherin
downregulation in addition to tyrosine phosphorylation and Rho/ROCK/MLC
activation. Wan et al. suggest that LPS induces the production of Urocortin (ucn1), a
pro-inflammatory cytokine which triggers the phosphorylation of B-catenin mediated

by protein kinase D leading to the dissociation of VE-Cadherin/catenin complex °°.

1.6. Rescuing the microcirculation in sepsis

Pericytes influence endothelial cell migration, proliferation and quiescence via a
number of soluble mediators and extracellular matrix proteins . Therefore, pericyte
retention in the microcirculation is key to sustain endothelial integrity and function,
since pericyte drop out has been frequently observed during sepsis ** . For this
purpose, the following series of studies highlights the involvement of several molecular
mediators in enhancing pericyte recruitment during sepsis.

In a pre-clinical study, Kupatt et al. report that a combination of VEGF-A / PDGF-3
therapy induces pericyte retention and collateral growth resulting in better perfusion in
hibernating pig myocardium and rabbit hind-limbs. Intrestingly, r.AAV transduction of
VEGF-A is unable to increase pericytes coverage although it induces irregular
capillary network. However, the combination of VEGF-A/PDGF-f transduction results
in enhancing neovascularization and better global myocardial function and perfusion
(Figure 6) 9 This indicates that VEGF-A treatment tailors short term
neovascularization and angiogenesis, however it is the crucial role of PDGF-( to retain

pericytes, stabilize newly formed vessels and inhibit their regression!’®.
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Figure 6:(A) Combination therapy rAAV.VEGF-A/PDGF-B significantly enhances
pericyte coverage in the microvascular unit. (B) rAAV.VEGF-A/ PDGF-B transduction
is effective in restoring capillary density. Adapted from Kupatt et al !

Second, Thymosin beta 4 (Tp4), an actin binding protein, is shown to be reduced in
sepsis and its application reduces inflammation and mortality [’". Indeed, Tp4-diffcient
mice lack pericyte coverage and display aberrant vascular development 2. In the light
of this observation, Bongiovanni et al. demonstrate that overexpression of Tp4
promotes pericyte recruitment and prevents hyper-permeability observed in LPS
induced sepsis, Figure 7 8. Moreover, r.AAV.TB4 application ameliorates endothelial
cell activation and leukocyte infiltration. One possible explanation is that T4 peptide
treatment retains G-actin in the cytosol thus freeing Myocardin Related Transcription
Factor-A (MRTF-A) from its G-actin bound state. Unbound MRTF-A translocate from
the cytosol to the nucleus and activates serum response factor (SRF) target genes ,
which are potent angiogenic factors ["*. Indeed, coactivtion of SRF with MRTF-A
induces the activation of proangiogenic genes such as CCN1 and CCN2. While of
CCN1 promotes capillary growth, CCN2 enhances pericyte retention and vessel
maturation 4. These studies elucidate a significant pathway tailored to enrich for
pericyte retention, which proves to be efficient in restoring capillary function during

systemic inflammation.

13



A- B . Heart

+LacZ
PECAM-1 Merge *TB4
E 3000 | :
w 2000 . =
3 2 .
3 .
LacZ & 1000 |
2]
=
LacZ TB4
£ 4000 —0s oz
£ .
= y * TB4
35
B4 g 300, .
2 30001
[
Qo
+ 2000
=
< 25001
[$]
w
o 1500* - -
LacZ TB4

Figure 7: (A) rAAV.TB4 transduction ameliorates pericytes loss during LPS induced
sepsis as compared to LacZ controls. (B+C) Quantification analysis reveals a
significant increase in the NG2 and PECAM-1 positive cells correlating to endothelial

cells and pericytes. Adapted from Bongiovanni et al.!®®

Equally important is the Ang1/Tie 2 signaling cascade that is shown to preserve the
microcirculation in sepsis and attenuates pericyte loss *4. As described previously,
pericytes secrete Ang1, a ligand for endothelial Tie2 receptor to maintain endothelial
quiescence %, On the other hand, endothelial expression of Ang2 antagonizes Tie2
and induces hemodynamic alterations. Ziegler et al observed that overexpression of
Ang1 or PDGF-f is effective in restoring vessel stability and reducing capillary leakage
observed in the Ang2 overexpressed mice, Figure 8 *¥. A growing body of evidence
suggests that PDGF-B rescues the microcirculation by promoting the binding of
pericytes to the ECM. Indeed, transgenic mice strain lacking PDGF-B display an
impaired investment of pericytes and severe microvascular defects . Taken
together, these series of studies suggest that pericyte investment in the vascular wall
could be a potential therapeutic approach to circumvent capillary rarefaction and

hemodynamic dysfunction observed in systemic inflammation.
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Figure 8:(A+B) Ang2 overexpression (ANG2-on) reduces pericyte coverage (NG2
positive cells) of capillaries (PECAM-1). Treatment with Ang1 or PDGF- ameliorates
pericyte reduction. (C)Transduction with rAAV.ANG1 or rAAV.PDGF-B results in
decrease vascular leakage in the ear vasculature of EC-ANG2-on animals. Adapted
from Ziegler et al. *4

1.7. Current therapeutic approaches and challenges

Despite advances in its treatment the mortality of sepsis is still high due to
hypotension, refractory multi-organ failure and poor perfusion. In the management of
sepsis, early administration of treatment is paramount. Early administration of
antimicrobial therapy (within the first 6 hours) has been shown to ameliorate severe
complications and decrease mortality. Therefore, the concept of early detection and
resuscitation has been described as the ‘Golden hour 'and ‘The silver day’ ["®!. A recent
retrospective analysis study reveals that during the early stages of sepsis a one hour
delay in administering therapy is sufficient to increase the risk of mortality in patients
by 7.6% "1 Additionally, early selection of a specific antimicrobial treatment is crucial
in enhancing survival. This requires sensitive and selective detection of the micro-
organism. However, the current microbiologic techniques to screen micro-organisms
lack specificity leading to unsuccessful antimicrobial therapy and poor prognosis 2.

The classical clinical interventions during sepsis include intravenous administration of
20mL/Kg of saline or crystalloid since septic patients experience drop in systemic
blood pressure 9. When diagnosed with severe sepsis, patients may receive

transfusion of blood products if the hemoglobin levels drop below 7g/dl to main an
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adequate oxygen supply to the organs. After fluid loading, the introduction
vasopressors such as epinephrine or norepinephrine may be administered as a
second line treatment in cases of a severe drop in the mean arterial pressure %
Although pharmacological intervention using dopamine and adrenaline infusion
increases cardiac output and oxygen delivery, some studies call for the re-evaluation
of vasopressor infusions due their adverse metabolic side effects *'. Despite decades
of research and significant clinical endeavors, there are still no major breakthroughs

to improve the patient outcome in sepsis.

1.8. Modulating the immune system
Up to date, the search for an adequate immune modulatory therapy remains a clinical
necessity. Although more than 100 randomized clinical trails have investigated the
immunomodulation rationale, none of them resulted in a new treatment. Due to
discouraging history of anti-inflammatory treatments, these clinical trails are referred
to as the ‘graveyard’ for pharmaceutical companies ®2. However, all the clinical
attempts share a common ground that might explain their inefficacy. To start with, the
inadequate timing of intervention can predict poor outcome of the disease. For
example, anti-cytokine treatments have failed because patients enlisted in these
studies have already established sepsis. Cytokines exhibit short half live and their
levels peak within 24 hour post infection resulting in a ‘cytokine storm’, a hallmark
feature of sepsis. Therefore, cytokine therapy such as ll-1 and II-6 antagonists failed
in treating septic patients®. Amid complex immune response and activation of
overlapping layers of pro-inflammatory pathways, targeting a single modulator may be
ineffective. Also, the heterogeneity of the patient population represents another crucial
problem for immune therapy in sepsis. Septic patients are of diverse age ranges,
underlying health conditions and different stages of the disease. Additionally, the
immune response gets modified within in the same patients in different disease stages.
Therefore, small pilot studies that showed to be effective within a narrow pool of
patients often fail to be recapitulated in large scale phase I clinical trails 4. Finally,
the lack of accurate animal models to study the immune response adds another layer
of complexity to establishing an immune therapy in sepsis in patients. Immune
modulation therapy to combat sepsis is still an essential clinical demand. However,

there should be an increasing emphasize on restoring the physiologic capillary
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function since the cytokine storm results in severe damage in capillary damage and a

disintegration of the microcirculation.

1.9. Sphingosine- 1- phosphate as a potential treatment
It has been shown that plasma S1P levels decrease in septic patients which makes it
potential therapeutic target to restore vessel homeostasis and retain endothelial
function. In a recent clinical study, Winkler et al. identified S1P as a surrogate marker
of sepsis and suggested that its reduction results in capillary leakage and endothelial
dysfunction *%. Coldewey et al. recapitulated this observation and additionally showed
that reduction of plasma S1P levels in septic patients and murine models of sepsis is
associated with impaired cardiac systolic function. This study provides a proof of
concept that administering S1P reduces cardiac dysfunction and results in a better
outcome % Therefore, S1P emerged as a therapeutic approach to overcome

vascular and cardiac aberrations in sepsis.

1.9.1. Sphingosine-1-phosphate (S1P)

Sphingosine-1-phosphate (S1P), a lipid metabolite, is the end product of the
sphingomyelin metabolism. Sphingomyelin is catalyzed by sphingomyelinase to
generate ceramide that is further broken down via ceramidase into Sphingosine and
a free fatty acid. Sphingosine kinases (S1Pk1 and S1Pk2) phosphorylate sphingosine
to catalyze the production of S1P. In contrast, S1P is broken down to sphingosine by
S1P phosphatase or by S1P Lyase to produce hexadecenal and
phosphoethanolamine . Once produced, S1P is transported by spinster 2 which is
involved in the extra cellular release of S1P 8. S1P levels are highest in the plasma
(1uM) and lowest in the interstitial fluid (100nM) . In the circulation, S1P is bound
either to HDL(50%) or albumin (40%) ®%. A growing body of evidence suggests that
in addition to platelets and erythrocytes, endothelial cells are also geared toward S1P
secretion.

Endothelial cells are identified as the non-hematopoietic source of the plasma S1P
levels. Studies reveal that irradiated S1Pk triple allele knockout mice denoted as S1Pk
(3N) exhibit normal levels of S1P after receiving a wild type bone marrow transplant,
the source of hematopoietic cells. However, bone marrow transplant from the S1Pk
(83N) mice into WT mice maintained normal plasma level of S1P indicating a non-

hematopoietic origin of S1P. Further on, gene analysis assay validates the
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involvement of endothelial cells in the production of S1P via S1Pk dependent manner
311 Additionally, the metabolism of sphingolipids by erythrocytes reveals that S1P is
constantly secreted by RBC to the extracellular milieu in a stimuli independent manner.
Interestingly, these cells lack the enzymatic machinery to break down S1P such as
S1P lyase and S1P phosphohydrolase suggesting their role in constant plasma supply
of S1P B2,

1.9.2. S1P receptor signaling

Once produced, S1P exerts its physiological function upon coupling to cell surface G
proteins coupled receptors known as endothelial cell differentiation gene (EDG)
receptors or sphingosine-1-phosphate receptors (S1PR). S1PR1-3 are distributed
widely in all tissues, whereas S1PR4 and S1PR5 are predominantly expresses in
lymphoid vessels and nervous system *!. S1P couples with a G-protein subunit (Gaii,
Gaqg/11,or Ga12/13), inducing various intracellular signaling events leading to platelet
activation, cytoskeletal rearrangements and enhanced barrier function 4. Here, the
focus is on S1PR1-3 since these are abundantly expressed in endothelial cells.

S1PR1 is expressed in endothelial cells and it was first described in 1998 as a potent
regulator of vascular tone *° and cortical actin assembly ®!. Besides, S1PR1 signaling
is implicated in angiogenesis and embryonic development. Indeed, double null/mutant
mice for S1PR1 display impaired vasculogenesis due to a malfunction receptor
signaling which halts embryonic development. STPR1 KO mice display the highest
frequency of hemorrhage and death compared to other S1PR KO animals ®7\. Unlike
S1PR1, S1PR2 couples to several G proteins such as Gi/o, Gs, Gq, and most potently
to the G12/13 thereby activating of the RhoGTPase signalling cascade °®l. S1PR2 is
the second cloned S1P receptors from rat aorta in 1993 and was initially referred to
as EDG-5 . Endothelial cells overexpressing S1PR2 show a disturbed VE-Cadherin
localization. This phenotype is coupled with the activation of Rho-ROCK pathway and
actin cytoskeletal rearrangements tailored to increase permeability. Additionally,
S1PR2 is implicated in the phosphorylation of VE -Cadherin resulting in a disruption
in the endothelial barrier ['®. While S1PR2 induces vasoconstriction, ex vivo studies
show that S1P3 mediates HDL bound S1P vasodilation. The vasodilation effect is
entirely dependent on the endogenous NO production "°". Consistently, Forrest et al.
show that S1P elicits a transient reduction in mean aterial pressure in WT mice but

not in S1TPR3 KO animals indicating the involvement of S1PR3 in involvement of in
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blood pressure regulation "%, Of note, S1PR1,2 and 3 orchestrate their functions
during early embryogenesis since double null (S1PR2 and 3) and triple null (S1PR1,2
and 3) embryos result in impaired vasculogenesis ®”\. This indicates that the impact of

S1PR signaling in the vasculature remains poorly understood, Figure 9.
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Figure 9: Three out of the five subtype S1P receptors are expressed by endothelial
cells( S1PR1-3) mediating the pleiotropic effects of sphingosine-1-phosphate on the
vascular wall. Upon binding to S1P, S1PR1,2 and 3 couple with a G protein to initiate
downstream signal transduction regulating angiogenesis, migration, permeability and
vascular tone. Adapted from Weaber et al.l'%?!.

1.9.3. Physiologic functions of S1P
Functionally, S1P has been shown to regulate the vascular tone upon inducing eNOS
activation'®. Indeed, the intra-arterial administration of the S1P reduced the mean
arterial blood pressure and induces NO production via S1PR3 in an Akt dependent
signaling mechanism ['°". S1P has been used as a therapeutic approach in several
disease model to address vascular leakage. Peng et al. show that administration of
the S1P analogue, FTY720, ameliorates LPS induced leakage in acute lung injury at
6 and 24 hour post LPS injection ['°!. Furthermore, the S1P signaling axis is implicated
in regulating immune function and ameliorate immune cell trafficking during the course
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of anaphylactic shock. In fact, increased endogenous S1P production in anaphylactic
mice resulted in enhanced histamine clearance from the blood and lowered cytokine
production [, Besides, in vitro experiments confirm that treatment of endothelial cells
with S1P increases the trans-endothelial electric resistance through promoting
junctional formation which correlates to the barrier integrity. That is because it induces
the localization of adhesion proteins such as VE-Cadherin, PECAM, JAM and
Claudin5 to the sites of endothelial junctional regions. The notion by which S1P
enhances the barrier functions is mediated by the redistribution of ZO-1 to the sites of
tight junction formation, a mechanism that is mediated by the G/Akt/Rac pathway %",
In light of this observation, Mehta et al. showed that S1P induces Ca2+ release from
the ER which is prerequisite for Rac activation and junction assembly ['%®!. Additionally,
S1P modulates permeability in microvessels upon inhibiting the rearrangement of VE-
Cadherin and occluding and enhancing the formation of cortical actin to stabilize the
junctional complex in vivo!'®. Unfortunately, the intravenous administration of S1P is
challenging due to its short half-life I''%. So, the FDA approved a functional agonist of
sphingosine known as Fingolimod (FTY720) which is show to be effective in the
treatment for relapsing and remitting multiple sclerosis """, In fact, FTY720 is
phosphorylated by sphingosine kinase in endothelial cells which induces adherent
junction arrangement along the endothelial border. It has been shown that FTY720
counteracts the effects of VEGF induced vascular permeability as it is implicated in
the regulation of angiogenesis and controlling barrier function in sepsis!' . Together,
these studies highlight the fundamental role of S1P as a potent regulator of endothelial

cell junction in the microvascular unit.
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2. Objectives

In the light of these findings, we hypothesize that Sphingosine-1-phosphate exerts a

critical role in antagonizing microcirculatory disassembly and subsequent circulatory

aberrations in vivo.

Therefore, the objective of this work is to:

1-

2-

Determine the effect of S1P on adhesion protein trafficking (VE-Cadherin and
N-Cadherin) in the mouse model of sepsis and in vitro

Elucidate the signaling mechanism underlying LPS induced downregulation of
VE-Cadherin

Determine whether S1P is capable of antagonizing LPS- mediated
cytoskeletal rearrangements

Investigate the involvement of RhoA in cytoskeletal remodeling

Determine the influence of actin remodeling on MTRF-A cellular localization
and highlight the role of S1P on MTRF-A activity
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3. Materials and Methods

3.1.  Animal model of LPS induced sepsis

Systemic inflammation was induced in C57BL/6J mice from Charles River using 20
mg/kg of LPS from E. coli (L2880, Sigma-Aldrich). To investigate the therapeutic
effects of S1P on LPS induced sepsis, animals were injected intraperitoneal with
(20mg/kg) S1P or PBS 12 hours before the systemic induction of sepsis to prime
endothelial cells and induce maximum responsiveness. Animals continued receiving
S1P every 12 hours after LPS injection.

Hemodynamic and vascular readouts were performed at different times points. First,
permeability was assessed at 6 hours and non-invasive blood pressure measurement
was performed at 12 and 24 hours. Blood plasma samples were taken at 12 hours for
[I-6 measurement. Severity of sepsis was assessed using a score assay system at 12

hours post induction of sepsis and continued every 12 hours, Figure 10.
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Figure 10: Time line chart represents the experiments performed at different time
points post LPS injections in C57BL/6J mice. Animals were pretreated with PBS or
S1P before induction of sepsis. 6 hours post LPS injection permeability was assessed.
Blood pressure were performed at 6 and 12 hour and score was assessed every 12
hours.
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3.2. Score Assay
After the onset of sepsis, endotoxemia severity was assessed in a blinded fashion as
represented in the timeline above. This assessment is based on the following
parameters behavior, weight loss, ascites, dysponea and pain. A score of 20 or higher

was equated with the death of the animal.

points 0 5 10 20
normal movement of the movement slowed down, no movement on it's own,
8 . . . e mouse comatose /
behaviour mouse in the cage, regular mouse still moving on it's tipping on mouse results on apathetic
escape reflex own movement P
weight loss 0-5% 5-10% 10 - 15% > 15%
ascites none mild moderate severe
dyspnoea none mild moderate severe
mouse with bent back, ) . . . .
g . . . . . mild change in walking severe change in walking
pain no signs of pain impaired cleaning Lo -
behaviour pattern, shivering pattern, shivering

Figure 11: A point system is used to assess the severity of sepsis in which points
between 0 and 20 are classified in 5 categories. Experiments on animals scoring 20
or more are immediately terminated.

3.3. Anesthesia and antagonism
Mice were anesthetized using a mixture of midazolam, medetomidine and Fentanyl
(MMF). This procedure was performed intraperitoneal prior to permeability
assessment and blood pressure measurement. The animals were weight and the

corresponding dose of anesthesia was determined as represented below:

(MMF)mixture Medetomidin Midozolam Fentanyl
mg/mi 1 1 0.05

ml 0.5 5 1

mg/kg KG 0.5 0.005 0.005
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At the end of the experiments, the effect of MMF mixture was counteracted by an
antagonist mixture. Since the anesthetic exhibit a longer half-life than the antagonist,
it was injected 2/3 intraperitoneal and 1/3 subcutaneously depending of the animal’s

weight as represented:

Antagonist Atipamezol Flumazenil Naloxone
mg/mi 5 0.1 0.4

ml 0.5 5 3

mg/kg KG 25 0.05 1.2

3.4. Permeability measurement
Permeability was measured in mouse ears using a 2-photon laser scanning
microscope (LaVision biotech) with a single point scanning mode. Prior to imaging,
the mice were sedated as describe in chapter 2.3. and the mouse ear was placed on
the microscopic stage orthogonal to the optical axis. A defined area of the mouse ear
was determined using a second harmonic generation signal of collagen (447/60 —nm
filter). The initial data points were recorded with a 200% 200 x 36 um 10 planes stacks
in a 15 second increments for 5 minutes. Then, a PBS dilution of 750ug TRITC-dextran
(T1037, Sigma-Aldrich) was injected in the tail vein and measured at 580/560 nm.
Data analyses was performed by recording the mean gray values (MGV) of 3 areas
adjacent to the vessel of size 100 ym?. The intravascular fluorescence was measured
at 3 times in the range of 15-45 seconds after in the TRITC-dextran injection. To was
defined as the time of 100% intravascular fluorescence. The rest of MGVs were
calculated as a percentage of the starting point. Images were quantified using ImageJ

software (W.S. Rasband, US National Institutes of Health, http://imagej.nih.govi/ij/).

3.5. Non-Invasive Blood pressure measurement
Non-invasive blood pressure measurement was performed at 12 and 24 hours post
LPS injection using a measuring system for rodent. Mice were anesthetized and the
volume pressure was recorded by a recording cuff called the VPR cuff which is
connected to an occlusion cuff at the root of the mouse tail. While measurement, the
occlusion cuff tightened and contributed to building up the pressure to stop the blood

flow in the tail. Then the pressure was released to allow the blood to flow back which
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was recorded by the VPR. Using this system and its software, the systolic, diastolic
and mean arterial pressure were determined. The noninvasive blood pressure

measurement was performed using the CODA-2 system.

3.6. Organ removal and specimen analysis
After terminating the experiments, murine hearts were immediately removed and cut
into smaller pieces on dry ice. The tissues were embedded using embedding media
for frozen tissue and sectioned into a 7uM thickness slides using Leica Cryostat,
CM1850. Frozen blocks were stored at -80°C.

3.7. 1I-6 serum measurement
The 1I-6 ELISA kit purchased from abcam was used to measure the serum II-6 levels
in mice. First blood was withdrawn from animals and centrifuged at 4°C for 15 minutes.
The plasma was collected and the samples were prepared and diluted as instructed.
The standard curve and the samples were added in duplicates (100 ul) to the 1I-6 plate
and incubated at room temperature for 2.5 hours on a shaker. The solution was later
discarded and the wells were washed with the supplied washing buffer. Later, 100 ul
of the biotinylated 1I-6 detection antibody was added to each well and incubated for 1
hour at room temperature. The solution was discarded and the washing steps were
repeated. Finally, 100ul of the one step substrate reagent was added into each well
and incubated for 30 minutes at room temperature in the dark. The reaction was
stopped using 50ul of stop solution and the absorbance was measured at 450 nm.
The absorbance for the standard curve and the controls was calculated and a standard
curve was plotted. Finally, the sample concentration was determined and multiplied

by the dilution factor.

3.8. Histology
Heart samples from control, septic and treated mice were analyzed for capillary
density using PECAM-1 and NG2 antibodies to detect endothelial cells and pericytes
respectively. Additionally, the expression of VE-Cadherin and N-Cadherin in heart
sections was assed histologically. Frozen section were thawed at room temperature
for 10 minutes and fixed for 15 minutes with 4% paraformaldyhyde solution. Then,
section were rinsed twice with PBS and permeabilized with permeabilization buffer for
10 minutes. Later blocking buffer was added for 1 hour at room temperature (refer to
buffers section). Then sections were incubated with primary antibody in blocking
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solution overnight at 4°C . Prior to incubation with secondary antibody, slides were
washed 3 times with PBS and secondary antibodies diluted in blocking solution were
added at room temperature for 1 hour. Finally, the slides were washed 3 times with
PBS and mounted with DAPI.

3.9. Primary cell culture of Mouse Lung endothelial cells (MLECs)

3.9.1. Lung endothelial cells isolation
Mouse lung endothelial cells were used as a second line of endothelial cells in addition
to the commercially available bEnd3 cells. Cells were extracted from 8 week old
C57/BL6 wild type (WT) mice and cultured till the fifth passage. The lungs extraction
procedure was performed in a sterile environment. First mice were sacrificed using
cervical dislocation and each lung was removed and kept in 5 ml biotech solution on
ice until the end of the sacrifice procedure. Then, lungs were put in 10 cm plate inside
the laminar flow hood and minced into small pieces using disposable scalpel blades.
The minced tissue was then incubated in pre-warmed dispase solution to allow
digestion and left at for 1 hour in a shaking water bath. Of note, each lung was digested
in 5 ml dispase solution. After 1 hour, the digested organs were homogenized
mechanically using 2.5 ml pipet and passed through a 70uM cell strainer in a 50 ml
falcon tube. The strainer was washed with 5ml media and the solution in the 50 ml
falcon tube was transferred into 10 ml falcon tubes and centrifuged for 5 minutes at
1200 g. This allowed for better collection of the pellet. Then, the supernatant was
removed and the cells from each lung were incubated with the 4ul beads diluted in
500 ul 0.5% Hanks buffer for 1 hour on a shaker (refer to beads coating section). After
1 hour, the cells/bead mixture were re-suspended to prevent cells from clustering.
After incubating of cells with VE-Cadherin coated magnetic beads, coated cells were
purified using a magnetic bar. Then captured cells were washed 3 times with 0.5%
hanks solution using magnetic bar. This bar hold 0.5 ml tubes and the cell/bead
mixture got trapped on the wall of the tubes once inserted into the bar. After each wash
the tubes were left 2 minutes in the magnetic bar to allow the capturing of all the coated
cells and then the supernatant was discarded. After the final wash the cells from each
lung were re-suspended in 250 ul 20% DMEM(1X)/F12 media mixture ( refer to Media
section for details) and plated on 24 well-plates coated with 1% gelatin. During the first
2 passages, cells were cultured in 20% DMEM(1X)/F12 media mixture. At the third

passage, the media was switched to 10% DMEM/F-12 (1X). The media was changed
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24 hours later and the cells were split in a 1:1.5 ratio until the third passage. Prior the
first passage, cells were purified again in a ‘clean up’ procedure as described below
to obtain a relatively pure endothelial population. Then MLECs were propagated in a
1:2 ratio until the fifth passage. After the third passage, cells were either propagated

or frozen.

3.9.2. Beads coating

Magnetic coated beads were purchased from Invitrogen and used to coat primary
endothelial cell in the MLEC isolation protocol. For every lung, 4 ul of beads were
diluted in 500 ul 0.5% Hanks buffer and washed 3 times with 0.5% Hanks buffer. After
every wash, the tubes were inserted into the magnetic bar and the beads were
collected on the wall of tubes. Meanwhile the washing buffer was aspirated and the
beads were washed again . This step was repeated 3 times to wash out the Sodium
Azide that is present in the originally supplied beads buffer. Then the beads were re-
suspended with of Hanks buffer without Mg** and Ca?*. The volume hanks buffer
added was 4ul/lung and the beads solution was later incubated with the anti VE-
Cadherin antibody purchased from BD Pharmingen™. After the final wash, the beads
were re-suspended in an equal volume of hanks solution without Mg?* and Ca®* and
incubated with anti-VE-Cadherin antibody. The antibody was diluted in a 1/6 ratio of
the beads volume and incubated for 1 hour at the shaker in the dark .

Finally, the beads/ antibody solution was washed 3 times with 0.5% hanks buffer and
the beads were collect using the magnetic bar as described in the washing steps
above. Finally, beads were diluted (4:500 ul in 0.5% hanks solution) and this mixture
was incubated with a cell pellet collect from one lung.

3.9.3. Plate coating and cell plating

Cells extracted from every lung were plated in one well of a coated 24 well plate. Prior
to plating, the 24 well plate was coated with 1% autoclaved bovine gelatin and
incubated at 37°C for 1 hour. Then the wells were washed 3 times with PBS and 250

ul of the cell suspension was added in addition to 250ul media.
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3.9.4. MLEC Clean up
Prior to passaging the cells, MLECs were purified again using VE-Cadherin coated
magnetic beads to ensure high yield of pure endothelial cell population. To start with,
4 ul of beads/ lung or 4 ul beads/ 1 well of a 24 well plate dilutions were prepared.
Beads were washed 3 times in 0.5% Hanks buffer to remove the sodium azide present
and the beads were later collected via the magnetic bar as described in the section
above. After the final wash the beads were re-suspended in an equal volume of Hanks
buffer without Ca2* and Mg2® and incubated with anti VE-Cadherin antibody
purchased from BD Pharmingen™. The volume of VE-Cadherin antibody that was
added was fifth the volume of Hanks solution. The beads and antibody were incubated
at room temperature for 1 hour on the shaker. After the incubation period the beads
were washed 3 times and collected with the magnetic bar as described above. Then
the beads were re-suspended in 300 ul of 0.5% Hanks buffer/well. Meanwhile, cells
were washed with PBS and each well was incubated with 300 ul of 0.5% Hanks buffer
coated beads solution for 30-40 minutes at room temperature in the dark. Finally, the
beads were washed off and the cells were washed with PBS prior to passaging.
Trypsin was added (500 ul/well) and incubated for 5 min at 37 °C. The de-attached
cells were collected with 10% DMEM/F-12 (1X) media. The cell suspension solution
was centrifuged at 1000 g for 4 minutes and MLECs were split at 1:1.5 ratio and plated
on a 1% gelatin coated plates.
3.10. Cell culture method

Commercially available endothelial cell lines (bEnd3, ATCC, USA) were purchased
as used as a second line of cells . bEnd3 were seeded on 10 cm plates and grown in
complete Dulbecco's Modified Eagle's Medium (DMEM supplemented in with 10%
fetal calf serum FCS and 1% penicillin). Cells were left to reach 80% confluency
before seeding for an experiment. Before splitting the plate was washed twice with
PBS incubated with 2 ml trypsin was for 5 minutes at 37 °C. Later, 8 ml of the complete
DMEM to collect the cells and centrifuged at 1000g for 5 minutes. The media was
aspirated and the pellet was re-suspended in complete DMEM and split at a ratio of

1:10 to propagate the culture.
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Likewise, pericytes (CCL-226/C3H/10T1/2 Clone8, ATCC, USA) were purchased and
used according to the manifacturer’s instructions. Cells were grown in complete Eagle
Basal medium (MEM) supplemented in with 10% FCS and 1% penicillin. Cells were
grown in T75 flasks and split in similar manner as described above using complete
Eagle Basal medium instead. Cultures were maintained in complete medium and
incubated at 37°C in a humidified atmosphere of 5% CO2.

3.11. Cell culture model of LPS induced sepsis
Endothelial cells and pericytes were grown in complete media at a confluency of
200.000 per 6-well plates for Rho ELISA and SDS-PAGE experiments. Prior to the
experiment cells were starved overnight with starving media (cell line specific media
with 0.2% FCS and 1% penicillin). Treatments of either LPS, S1P or its agonist were
diluted in starving media and incubated for a desired a time point (5,10,15 or 30
minutes.) The experimental groups were divided as follow: A control group receiving
only starved media, a treated group with LPS, and a treated group with LPS+ 1uM

S1P receptor agonist.
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Figure 12: (A) The Cell culture model of sepsis consists of endothelial cells (MLECs
or bEnd3) and pericytes (CCL-226) treated with LPS and FTY720 or S1P. (B)
Performed Cell culture assays are RhoA ELISA, Western blot, Co-
immunoprecipitation(IP) at different times of treatment.
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3.12. Protein extraction and quantification

Prior to the experiment cells were starved in a 0.2% DMEM medium overnight. Cells
were treated according to a desired time point. After treatment cells were lysed in 200
ul RIPA buffer purchased from sigma. Then, lysates were homogenized and
centrifuged at 4000 g for 5 minute and the supernatant was collected. The protein
concentration was determined according the Bio-Rad Assay kit. 8 ug of the lysates
was mixed with 1X DTT and boiled at 95°C for 10 minutes. The samples were either
stored at -80 °C or processed for SDS-PAGE.

3.13. Immunoprecipitation of MRTFA

For MRTF-A immunoprecipitation, 1x10° cells were seeded in 10 cm plates and
treated for 15 min. The crosslinking of amino groups to form stable amide bonds was
performed using disuccinimidyl substrate (DSS) purchased from Thermofisher. DSS
was dissolved in DMSO to a final concentration of 10mM and diluted to 1TmM in PBS
prior to the experiment. After treatment, cells were cross linked with a the DSS solution
and the reaction mixture was incubated for 30 minutes at room temperature. Then 20
mM of Tris solution was added to quench the reaction. The quenching reaction was
incubated for 15 minutes at room temperature. Then, cells were washed 3 times and
lysed in 1 ml lysis buffer with protease and phosphatase inhibitors. Lysates were
homogenized using U-40 insulin needles and centrifuged for 10 min at 13.000 rpm.
After determining the protein concentration as described above, 500 ug of the sample
was incubated with 5ul of the anti-Actin antibody for 1 hour at 4°C. Meanwhile, the
protein agarose beads were washed 3 times with the lysis buffer and centrifuged for 2
min at 4.000 rpm. After 1 hour, samples were incubated with the beads at 4°C and left
overnight. Next the mixture of beads and sample was washed 3 times with lysis buffer
and centrifuged at 4.00 rpm for 2 minutes. The final wash was done with PBS and the
supernatant was replaced with RIPA buffer. Finally, samples were boiled at 95°C for
10 minutes and loaded on 10% SDS- polyacrylamide electrophoresis gels or stored at
-80°C.
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3.14. GJF Actin
To assess the G/F actin ratio, 2x10° cells were seeded in 6-well plates. Prior to the
experiment cells were starved in a 0.2% DMEM medium overnight. The cells were
treated for 10 min as described above. After treatment, endothelial cells were
incubated with 1TmM DSS solution (1ml/ well) for 15 minutes at room temperature.
Then Tris solution was added to quench the reaction for another 15 minutes. Then the
wells were washed twice and 200 ul of lysis buffer was added to each well. The
samples were then processed for western blot as described below.

3.15. SDS-PAGE
The lysates were resolved on 10% SDS- polyacrylamide electrophoresis gels (SDS-
PAGE). Then, the proteins were electro-transferred to a methanol pre-activated PVDF
membrane for 90 minutes at 250mA. The membranes were then blocked and
incubated against primary antibody overnight at 4°C in TBST buffer . All the primary
antibodies were diluted 1:1000 in 5%TBST solution. Likewise, secondary antibodies
were diluted and incubated for 1 hour at room temperature. Finally,
chemiluminescence was added on the PVDF membrane according to the

manufacturer’s protocol.
3.16. RhoA activity
3.16.1. RhoA G-LISA

Rho A activity was measured using a luminescence based G-LISA Rho A activation
assay kit (BK#121, cytoskeleton, Inc., Denver, CO) according to the manufacturer’'s
instructions. Briefly, bEnd 3 cells were seeded in 6 well plate and starved overnight in
starving media prior to stimulation. Then cells were challenged with 10ug/mL LPS for
the following time points 0, 2.5 and 5 minutes in the presence and absence of S1P
agonist, FTY720. Briefly, this assay employs a 96 well plates coated with Rho GTP
binding protein. Cell lysates containing GTP-bound Rho A will bind to the plate while
the inactive GDP-bound Rho A will be washed out during the washing steps. The
active GTP bound Rho A will be detected with a specific Rho A antibody followed by
secondary HRP. Prior to the end of the secondary antibody incubation, HRP detection
reagent was added after which the absorbance was measured at 490 nm using a
microplate spectrophotometer. The samples were prepared as follows. Cells were

washed with ice cold PBS and lysed with the supplied lysis buffer and protease
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inhibitors (1:100). The lysates were homogenized by centrifugation at 10,000 X g, 4°C

for 1 minute.

The protein concentration was determined according to the protocol and the lysates
were Snap-frozen in 100ul aliquots until they were processed according to the
manufacturer’'s manual. The samples concentration was equalized to 1 mg/ml using
ice cold lysis buffer. Then, the samples were plated on the supplied 96 well plate and
placed at 4°C at 400 rpm. After 30 min, the primary antibody was removed and the
plate was washed 3 times before adding the secondary antibody for 45 min followed
by the HRP detection reagent for 10-15 min at 37°C. The absorbance was measured
using a spectrophotometer at 490 nm using a microplate spectrophotometer. The
absorbance was corrected for the background absorbance by subtracting the reading

from a blank well at 490 nm.

3.16.2. Total RhoA
Cell extracts prepared for the RhoA G-LISA (Cat# BK124) were used to determine the
total RhoA ELISA assay (Cytoskeleton, BK150). Accordingly, cell lysates were thawed
at room temperature and 24 uL of each sample was plated on the 96 well RhoA binding
plate at room temperature for 2 hours. After 3 washes, the primary RhoA antibody was
added in a 1:2000 dilution and incubated for 1hour at room followed by 3 washes. The
RhoA levels were determined using a horseradish peroxidase(HRP) conjugate
secondary antibody system that was provided similar to the one described above and
absorbance was measured at 490mn. The ratio of active Rho A to the total RhoA

determined the percentage of the active RhoA.

3.17. Immunofluorescence
Cells were harvested and seeded at a low density onto cover slips pre-coated with 1%
gelatin solution for 1 hour. Cells were starved and treated for 10 min as described.
Then, cells were fixed with 4% PFA for 15 minutes are room temperature. After that,
cells were washed twice with PBS and permeabilized with 0.5% permeabilization
buffer for 15 minutes. The glass slides were blocked for 1 hour at room temperature
with PBST solution followed by and overnight incubation of the primary antibody at
4°C (refer to table 1). The glass cover slips were then rinsed 3 times with PBS and
incubated with species specific secondary antibody in 5% PBST. Phalliodin was co-

stained with the secondary antibody at a 1:500 dilution. Finally, the cover slips were
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rinsed 3 times in PBS and mounted with DAPI. The slides were viewed with a confocal
microscope.

3.18. Confocal Microscopy
Immunohistochemical images were captured using Leica TCS SP8. The images were
acquired at 60X magnification . Z stack was generated to acquire the images at
different focal planes creating a 3D projection of the image. The images were
processed using the Leica LASX software.

3.19. Statistical analysis
The results are represented as mean values s.e.m. The variance analysis between 2
groups was performed using student’s T-test. However, comparison between multiple
groups was performed using one way anova analysis of variance. When, a significant
result is obtained, further statistical analysis was performed between the groups that
is the student -Newman-Keul’s test (IBM SPSS 19.0, IBM Chicago, IL, USA). The
difference between the group was considered to a sign of significance.

3.20. Used materials

3.20.1. Chemicals

Bovine Serum Albumin, Fraction V (BSA) Roche Holding AG, Basel, Switzerland

Dimethyl Sulfoxide Roche Holding AG, Basel, Switzerland
L-ascorbic acid Sigma-Aldrich, St. Louis, USA
L-glutathione Sigma-Aldrich, St. Louis, USA

Methanol Sigma-Aldrich, St. Louis, USA
Praraformaldyhe Sigma-Aldrich, St. Louis, USA

Sulfuric Acid Carl Roth GmbH& Co. Kg, Karlsruhe,

Germany
Trisma base Sigma-Aldrich, St. Louis, USA
Triton x- 100 Sigma-Aldrich, St. Louis, USA
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3.20.2. Histology

Antifade Mounting Medium with DAPI
Circle Cover Slips,12mm Glass slides

Thermo Scientific™ Polysine Adhesion
Slides

3.20.3. Western Blot

1,4-Dithiothreitol

Invitrogen™PVDF/Filter Paper
Sandwiches, 0.45 ym, 8.3 x 7.3 cm (for
mini gels)

Mini-PROTEAN TGX

ROTI®Free Stripping Buffer
Tris Buffered Saline
TruPAGE Running Buffers

TruPAGE™ Transfer Buffer

3.20.4.

4kDA TRITC-Dextrane
0.9% NaCl

Annexate

Arterenol®

Dorbene Vet®

Fine Bore LDPE Tubing

Hamilton Microsyringe

Vector Laboratories, California, USA
Thermo Fisher Scientific Inc., Waltham,
USA

Thermo Fisher Scientific Inc., Waltham,
USA

Roche Holding AG, Basel, Switzerland

Invitrogen, Carlsbad, USA

Bio-Rad Laboratories, California, USA
Carl Roth Gmbh & Co. Kg, Karlsruhe,
Germany

Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA

Sigma-Aldrich, St. Louis, USA

Surgical Accessories and animals handling

Sigma-Aldrich, St. Louis, USA

B. Braun Melsungen AG, Melsungen,
Germany

Roche Holding AG, Basel, Switzerland
Sanofi, Paris, France

Pfizer, New York, USA

Smiths Medicals, Minnesota, USA

Hamilton, Reno, USA
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Midozolam-ratiopharm®
Micro-tip catheter pressure transducer

MPVS Ultra® Pressure-Volume Loop
Systems

Naxolone

3.20.5. Equipments

BioChemVacuuCenter

Centrifuge 5804/ 5804 R

Heating Thermoshaker HTM Shaker
Heratherm Microbiological Incubator
IKA Laboratory shaker Rocke

ImageQuant LAS 500

Infinite® 200 PRO

Leica cryostat CM 1850
Leica TCS SP8 MP
MBL3200 Inverted Microscope

Micro centrifuge Micro Star 17R

Mini Trans-Blot® Cell
RS-VA 10 vortex mixer
Safe 2020 Class Il Biological Safety

Cabinets
Shaking Water Bath
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Ratiopharm, Ulm, Germany
Millar Instruments, Huston, USA

Millar Instruments, Huston, USA

Inresa, Freiburg, Germany

Vacubrand, @ Wertheim am  Main,
Germany

Eppendorf, Hamburg, Germany
Biotech, Bavaria, Germany
Thermofisher, Waltham, USA

IKA, Staufen, Germany

Tecan Trading AG, Mannedorf,
Switzerland

GE Healthcare Bio-Sciences, Chicago,
USA

Leica Microsystems, Wetzelar, Germany
Leica Camera, Wetzelar, Germany
Kriss, Hamburg, Germany

VWR, Randor, USA

Bio Rad, Hercules, USA
Phoenix Instruments, Naperville, USA
Thermo Fisher Scientific Inc., Waltham,

USA
GFL, Burgwedel, Germany



3.20.6. Software

i-control™ Tecan Trading AG, Mannedorf,
Switzerland
Image J USA. National Institutes of Health,

Bethesda, USA

Leica Leica Camera, Wetzelar, Germany

3.20.7. Cell culture

BS3 Crosslinker 21555 Thermo Fisher Scientific
Inc., Waltham, USA

cOmplete™ Protease 11697498001 Roche Holding AG, Basel,

Inhibitor Cocktail Switzerland

Dispase Il (neutral 28405300 Roche Holding AG, Basel,

protease, grade Il) Switzerland

DNase | 11284932001 Roche Holding AG, Basel,
Switzerland

Dulbecco's Modified 41965-039 Thermo Fisher Scientific

Eagle Medium Inc., Waltham, USA

Dulbecco's Modified 11880-028 Thermo Fisher Scientific

Eagle Medium Inc., Waltham, USA

Dulbecco's Modified 21041-025 Thermo Fisher Scientific

Eagle Medium F12 Inc., Waltham, USA

Nutient Mixture (Ham)

Dynabeads™ Sheep 11035 Invitrogen, Carlsbad, USA

Anti-Rat 1gG

DSP cross linker 322133 Merck Group , Darmstadt,
Germany

Fetal calf serum (FCS) F0804 Sigma-Aldrich
Biochemistry GmbH,

F-12 Nut Mix (ham) 21765-029 Thermo Fisher Scientific
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FTY720

Gibco™ Penicillin- 151-40-122 Sigma-Aldrich
Streptomycin Biochemistry GmbH,
Hamburg, Germany
Hanks’ Balanced Salt H6648 Sigma-Aldrich
Solution Biochemistry GmbH,
Hamburg, Germany
Hanks’ Balanced Salt H9394 Sigma-Aldrich
solution (without Biochemistry GmbH,
Ca2"Mg2") Hamburg, Germany
LPS L2630 Sigma-Aldrich
Biochemistry GmbH,
Hamburg, Germany
Minimum Essential 21757 Thermo Fisher Scientific
Medium Inc., Waltham, USA
MEM alpha (Minimum 32561 Thermo Fisher Scientific
Essential Medium) Inc., Waltham, USA
Phosphate-Buffered 10010023 Thermo Fisher Scientific
Saline Inc., Waltham, USA
PhosSTOP™ 4906845001 Roche Holding AG, Basel
Switzerland
Protein A/G PLUS- Sc-2002 Santa Cruz, Dallas, USA
Agarose
RIPA Buffer R0278 Sigma-Aldrich
Biochemistry GmbH,
Hamburg, Germany
Sphingosine 1 S9666-1MG Sigma-Aldrich
phosphate Biochemistry GmbH,
Hamburg, Germany
Trypsin-EDTA (0.25%), 25200-056 Thermo Fisher Scientific

phenol red

3.20.8. Kits

SML0700

Sigma-Aldrich
Biochemistry GmbH,
Hamburg, Germany

Inc., Waltham, USA

Amersham ECL Prime RPN2232
Western Blotting Detection
Reagent

GE Healthcare Europe,
Freiburg, Germany
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G-LISA RhoA Activation BK124
Assay
Mouse IL-6 Elisa Kit Ab 100712
Pierce BCA Protein Assay 23225
Total RhoA ELISA BK-150
Biochem kit

3.20.9. Consumables

Cell culture 6-well plate

Cell culture10 cm plate TPP,
Trasadingen, Switzerland

Cell culture 24-well plate
Cryovials
Corning cell scrapers

Counting chamber

DynaMag™-2 Magnet

Falcon™ centrifuge tubes
Falcon™ Disposable

Polystyrene Serological Pipets
Sterican® 30 G x 12

Microtome blades

70uM cell strainer
Mr. Frosty™ Freezing Container
1.5 ml tubes

1-ml U40 insulin needles
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Cytoskeleton, Denver, USA

Abcam, Cambridge, UK

Bio Rad Laboratories
GmbH, Munich, Germany

Cytoskeleton, Denver, USA

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland
Sigma-Aldrich Biochemistry GmbH,
Hamburg, Germany

Corning, New York, USA

Sigma-Aldrich Biochemistry GmbH,
Hamburg, Germany

Thermo Fisher Scientific Inc., Waltham,
USA

Corning, New York, USA
Corning, New York, USA

B. Braun Melsungen AG, Melsungen,
Germany

Thermo Fisher Scientific Inc., Waltham,
USA

Corning, New York, USA

Thermo Fisher Scientific Inc., Waltham,
USA

Eppendorf, Hamburg, Germany

Omnican, Karlshuhe, Germany



3.20.10. Primary Antibodies

Anti-beta Actin antibody mAbcam 8226 Abcam, Cambridge, UK

Anti-MkI1/MRTFA ab49311 Abcam, Cambridge, UK

antibody

Anti-GAPDH (14C10) 2118 Cell Signaling, Danvers,
USA

B-Actin (13E5) Rabbit 4970 Cell Signaling, Danvers,
USA

MouseVE-Cadherin Af1002 R&D systems,

Antibody Minneapolis, USA

N-Cadherin antibody GTX82992 GenTex, Zeeland, USA

[5D5]

NG2 Antibody orb 157978 Biorbyt, Cambridge ,UK

PECAM-1 mouse Sc-376764 Santa Cruz, Dallas, USA

monoclonal IgG

Phospho-Src Family 2101 Cell Signaling, Danvers,

(Tyr416) USA

Purified Rat Anti-Mouse 555289

CD144

Src Antibody 2108 Cell Signaling, Danvers,
USA

VE-Cadherin (Tyr-685), CP1981 ECM biosciences,

phospho-specific Versailles, USA

3.20.11. Secondary Antibodies

Alexa Fluor™ 594 A12381 Thermo Fisher Scientific
Phalloidin Inc., Waltham, USA
Anti-Goat IgG, HRP HAF R&D systems,

conjugated Minneapolis, USA
Anti-Mouse HRP HAF018 &D systems, Minneapolis,
conjugated USA

Anti-Mouse HRP HAFO018 R&D systems,

conjugated Minneapolis, USA
Anti-Rabbit HRP HAFO008 R&D systems,

conjugated Minneapolis, USA
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Donkey anti-Goat Alexa A32814
Fluor 488
Goat anti-Mouse IgG, A-10680
Alexa Fluor 488
Goat anti-Rabbit Alexa A-11008
Fluor 488

3.20.12. Buffers and Media

Biotech solution

Complete DMEM
Complete MEM

Dispase solution

10% DMEM/F-12 (1X)

10% DMEM/F-12 (1X)

20% DMEM/F12 (1:1)

Fixation buffer 4% PFA

0.5% Hanks buffer

Histology blocking buffer: PBST
Permeabilization Buffer
Starving DMEM

Starving MEM

TRIS solution

Western blot blocking buffer: TBST
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Thermo Fisher Scientific
Inc., Waltham, USA

Thermo Fisher Scientific
Inc., Waltham, USA

Thermo Fisher Scientific
Inc., Waltham, USA

L-Glutathion (600 mg/ml)+ L-ascorbic
acid (500mg/ml) in 200ml MEM (21757)
in F21 Nut mix ham

DMEM (41965-039) +10% FCS+1%
penicillin

MEM (32561) +10% FCS+1% penicillin

DNAS!( 2000u/mg)+ 5mg/Lung Dispase
[l'in

DMEM/F12 +10% FCS+1% penicillin
DMEM/F12 +10% FCS+1% penicillin
F-12 Nut Mix (ham)+ DMEM (11880-
028) + 20%FCS+1% penicillin

4 g PFA in PBS solution

Hanks’ Balanced Salt Solution+ 0.5%
BSA

5%BSA, 0.1% triton in PBST

0.1% triton X in PBS solution

DMEM (41965-039) + 0.2% FCS+1%
penicillin

MEM (32561) +0.2% FCS+1% penicillin
20mM Tris in water, ph7

0.1%tween, 5%BSA in water



4. Results

4.1. Correlation of plasma Interleukin-6 levels and sepsis
To asses the proper modulation of inflammation, plasma interleukin-6 level was first
examined in sham, PBS and S1P treated mice since elevated II-6 levels correlate with
sepsis ['"!. In sham controls plasma -6 values were low compared to LPS and S1P
treated septic animals which revealed the highest |I-6 levels indicating the prevalence
of systemic inflammation (sham 35+ 19 vs. PBS 16680 + 51 pg/ml, Figure 13). We
noticed that S1P treatment had no effect on plasma II-6 levels (S1P: 17800 + 4253
pg/ml). This finding provides a proof of concept that LPS induces severe inflammatory
reaction mimicking that of sepsis given the II-6 figures in the LPS treated group while

S1P treatment has no effect in that regard.
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Figure 13: Quantification of 1I-6 levels in sham, PBS and S1P treated animal groups
are represented above. LPS induces a stark increase in the plasma II-6 that is not
diminished by the administration of S1P. (* p<0,05 for sham vs. PBS/ * p<0,05 for
sham vs S1P, n=8 for sham, n=8 for PBS, n=12 for S1P). Adapted from Abdel Rahman
et al. 14
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4.2. Influence of S1P on capillary density

Sepsis is associated with a reduction in endothelial cells and pericytes ''®! while S1P
has been regarded as a potent pericyte attractant to the microcirculation !'°l,
Therefore, we examined morphological changes in the microvascular unit in response
to LPS and S1P using histological analysis for PECAM-1 and NG2 that mark
endothelial cells and pericytes respectively. LPS treatment led to a dramatic decrease
in endothelial cells and pericytes, results indicative of microvascular disintegration.
However, S1P treatment enhanced pericyte coverage and endothelial cell density as
observed in histological stains from small capillaries in heart sections (PBS 3491 +
244 vs. S1P 4565 + 243 cells/mm?2). Similarly, pericyte coverage was significantly
enhanced in the presence of S1P (PBS 2219 + 158 vs. S1P 3504 + 181 cells/mm2,
Figure 14).
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Figure 14: Quantification of endothelial cells (PECAM-1) and pericytes (NG2) reveals
a significant increase in cell density in the S1P treated group compared to septic
animals. (* p<0,05 for PBS vs. S1P/, n=5 for PBS, n=5 for S1P). Adapted from Abdel
Rahman et al."™

42



4.3. S1P and vascular leakage
Endotoxins and circulating inflammatory mediators such as II-6 elicit injuries in the
microcirculation leading microvascular disintegration and capillary leakage .To
determine whether alterations in the capillary density and pericyte investment
correlate to changes in vascular leakage and stability, a fluorescent dye, TRITC-
dextran was injected and the extravascular fluorescent intensity was recorded. At the
onset of the experiment, fluorescent extravasation was only recorded in the LPS
treated group that increased dramatically with time indicating unstable leaky vessels.
However, extravasation was kept low in the S1P treated group correlating to an
amelioration of barrier dysfunction. The quantification of the respective images
revealed increased leakage in the septic group within 20 seconds while S1P
administration counteracted this phenotype (240 seconds: PBS 199 + 22 vs S1P 119
+ 10 % of baseline, Figure 15). These results collectively indicate that S1P stabilizes

the microcirculatory structure leading to an improved barrier function.
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Figure 15: (A) Images of the fluorescence in the mouse ears reveal an increase in the
extravascular signal at 240 sec post LPS injection. (B) Quantification of the respective
images indicates a reduction in extravasation in the S1P treated group (* p<0.05 for
PBS vs. S1P, n=4 for PBS, n=4 for S1P) Adapted from Abdel Rahman et al.l'™
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4.4. Hemodynamic alterations
Alterations in the capillary surface area and vascular permeability are two variables
that influence blood flow and ultimately mean arterial pressure. Therefore, the blood
pressure was measured in mice in response to LPS and S1P. Due to vascular
destabilization and leakage, septic mice developed systemic hypotension at 12 and
24 hours (PBS controls: 116 +5 compared to septic mice at 12 hours 44 + 3 and at 24
hours 44 + 4 mmHg, Figure 16). However, treatment with S1P led to a hemodynamic
improvement manifested by a significant increase in the mean arterial pressure (PBS:

124 + 4 at tp compared to septic mice treated with S1P at 12 hours 81 + 8 and at 24
hours 70 + 6 mmHg).
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Figure 16: Mice challenged with LPS develop systemic hypotension at 12 and 24
hours while S1P treatment significantly ameliorates the drop of mean arterial pressure.
(*p<0.05 for PBS vs. S1P at 12 hours, * p<0.05 for PBS vs. S1P at 24 hours, n =7 for
PBS at Oh, n=7 for PBS at 12h, n=5 at PBS at 24h, n=8 S1P at Oh, n=15 at S1P at
12h, n=13 at S1P at 24h). Adapted from Abdel Rahman et al.['™
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4.5. Survival of septic animals
Due to the pronounced effects of S1P on capillary density, microvascular integrity, and
mean arterial pressure, we interrogated survival. In the early phase of sepsis, within
12 hours, both animal groups exhibit a similar survival rate (PBS: 80% vs. S1P: 80%
after 12 hours, Figure 17). However, after 36 hours, all of the septic control mice die
while 45% of S1P treated animals survive beyond this time point (PBS: 0% vs. S1P:
43 % after 36 hours).
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Figure 17: At 36 hours latest, septic control animals (black line) die whereas S1P
treated animals (red line) exhibit a higher survival rate. (*p<0,05; Log Rank: p=0,032,
n=15 for PBS, n=16 for S1P). Adapted from Abdel Rahman et al.['™
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4.6. Alterations in adhesion proteins during inflammation
Though pericyte detachment and endothelial regression are clearly associated with
the degree of systemic inflammation, the mechanism of microvascular disassembly is
opaque. One possible reason to the observed leaky vessels is due to the breakdown
of the endothelial barrier due to shedding of adhesion proteins such as VE-Cadherin
and N-Cadherin I'"'"!. Therefore, we examined the changes in the adhesive structures

that are the main composite the endothelial barrier.

4.6.1. S1P induced N-Cadherin trafficking
Histological stains from heart section were made to visualize the expression of N-
Cadherin when septic animals were treated with S1P. As can been seen in Figure 18,
the deposition of N-cadherin (white) between the endothelial cells (red) and pericytes
(green) was abolished in septic controls (PBS). However, administration of S1P
restored N-cadherin expression along the endothelial barrier indicating strong
structural interaction between both cell types. This observation provides evidence that

S1P strengthens the endothelial barrier by promoting the trafficking of N-Cadherin to

overview

the sites of cell contact.
PECAM-1 N-Cadherin | merge |

Figure 18: Heart section stained for total N-Cadherin (Tight junction, white), PECAM-
1 (Endothelial cells, red), NG2 (pericyte, green) and DAPI (nucleus, blue). Septic
animals display a stark decrease in N-Cadherin staining 12 hours after sepsis
induction, which is ameliorated in mice treated with S1P. (n=3 for all groups). Adapted
from Abdel Rahman et al.!"'




4.6.2. S1P mediated VE-cadherin localization

Similarly, confocal images revealed a dramatic reduction of VE-Cadherin (white) along
the endothelial border (red) in septic animals (PBS) which correlated to aberrant
vessel function. The expression pattern of VE-Cadherin was strongly restored with the
administration of S1P, Figure 19. This indicates that S1P positively regulates the
endothelial barrier by enhancing the deposition of adhesion proteins to counteract LPS

induced microvascular disintegration.

overview
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Figure 19: Heart section stained are for total VE-Cadherin (tight junction, white),
PECAM-1 (endothelial cells, red), NG2 (pericytes, green) and DAPI (nucleus, blue).
LPS treated animals reveal a decrease in the VE-Cadherin deposition along the
endothelial border which is restored with the administration of S1P. (n=3 for all
groups). Adapted from Abdel Rahman et al.['™
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4.7. Cell culture model of sepsis
To investigate underlying signaling mechanisms we utilized a cell culture system to

mimic sepsis.

4.7.1. Involvement of STAT3 in LPS- induced inflammation

4.7.1.1. pSTAT3 activation in endothelial cells
To determine whether LPS elicits an inflammatory response in cultured endothelial
cells, phosphorylation of STAT3 at tyrosine 705 was examined next. It was observed
that pSTAT3 (Tyr'®) in primary endothelial cells increased in a time dependent
manner. As observed in Figure 20, untreated endothelial cells lack pSTAT3 (Tyr’ %)
indicating a quiescent state. However, challenging the cells with LPS induced rapid

and sharp activation of pSTAT3 (Tyr’®

) within 5 minutes, a signal that remained strong
until 30 minutes. This experiment is a proof of concept that LPS induced a pro-
inflammatory response in endothelial cells marked by the involvement of STAT3

signaling pathway.
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Figure 20: Treating endothelial cells (MLECs) with LPS results in activation of STAT3
in a time dependent manner. Western blot densitometric images are normalized to
beta actin and represented as fold change of the untreated control. (n=3)
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4.7.1.2. pSTAT3 activation in pericytes
In parallel, pericytes (CCL-226) were also treated with (10 mg/mL) LPS over a 30

705

minutes time course and phosphorylation of STAT3 (Tyr'™°) was examined. Under

79%) was not detected in pericytes (CCL-226).

normal culture condition, pSTAT3 (Tyr
However, when challenged with LPS, pSTAT3 (Tyr'®) levels peak within 5 to 15
minutes indicating a rapid transient response untii 30 minutes when the
phosphorylation was completely diminished. This indicates that STAT3 signaling axis
is involved in the early inflammatory response in pericytes as well. Therefore, this

model can be used to mimic endothelial and pericyte activation in response to LPS.
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Figure 21: Treating pericytes (CCL-226) with LPS results in the activation STAT3 in
a time dependent manner. Western blot densitometric images are normalized to beta
actin and represented as fold change of the untreated control. (n=3)
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4.8. LPS and adhesion proteins expression

4.8.1. Temporal downregulation of VE-Cadherin in response to LPS
Since our cell culture model can mimic endothelial activation during inflammation we
analyzed VE-cadherin expression in a time dependent manner. So, endothelial cells
(MLECSs) were challenged with 10mg/mL LPS for timespan of 30 minutes to determine
the time needed for LPS to exhibit its maximum effect. Western blot analysis revealed
60% reduction in VE-Cadherin within 5 minutes of LPS exposure, Figure 22. These
results validate the notion that LPS meditates the rearrangement of VE-Cadherin

observed in vivo upon attenuating its expression in a time dependent manner.
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Figure 22: Treating endothelial cells (MLECs) with LPS induces VE-Cadherin
downregulation in a time dependent manner. Western blot densitometric images are
normalized to beta actin. (n=3)
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4.8.2. Modulation of VE-Cadherin by S1P agonist
Given that a reproducible cell culture model of sepsis has been established, it was set
out to elucidate further signaling mechanisms implicated in the barrier dysfunction and
the influence of FTY270 on adhesion protein trafficking.
The previous experiments revealed that downregulation of VE-Cadherin is an early
event that occurs within 10 minutes post LPS stimulation. So, endothelial cells (bEnd3)
were challenged with LPS and S1P agonist (FTY720) and VE-Cadherin was imaged.
As observed in Figure 23, under normal conditions, endothelial cells express VE-
Cadherin abundantly along the border forming a continues lining between adjacent
cells. However, challenging the cells with LPS resulted in a compromised VE-Cadherin
deposition marked by increased gaps between cells. Administration of S1P agonist
compensated for the loss of VE-Cadherin and proved to be effective in restoring linear
VE-Cadherin expression along the endothelium overcoming the disheveled

organization observed during inflammation.

untreated LPS + FTY720

DAPI VE-Cadherin

Figure 23: Endothelial cells (bEnd3) are stained with anti VE-Cadherin antibody (red),
actin (green) and DAPI (blue) to image VE-Cadherin deposition. Confocal images
reveal a disheveled deposition in the LPS treated groups with an increased stress fiber
formation. Administration of S1P agonist restores the continues VE-Cadherin
deposition similar to the untreated group. (n=3 for all groups). Adapted from Abdel
Rahman et al."™
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4.8.3. Localization of N-Cadherin in pericytes
Confocal imaging was performed on cultured pericytes (CCL-226) stained with N-
Cadherin to reproduce the previously obtained results obtained results.
Immunofluorescence images reveal that LPS impaired the trafficking of N-Cadherin at
the sites of contact between pericytes and the administration of S1P was effective in
reversing this phenotype, Figure 24. This observation indicates that in response to
inflammation, both endothelial cells and pericytes are activated and reduce adhesion
protein trafficking at sites of cell-cell contact. The drastic reduction in N-Cadherin
correlates to weak endothelial-pericyte interaction that is prior to pericyte drop off

during systemic inflammation.

+LPS

+S1P

Figure 24: Pericytes (CCL226) stained with anti N-Cadherin antibody (red), and DAPI
(blue). Confocal images reveal reduction in N-cadherin deposition the cytoplasmic
extension between pericytes in the LPS treated groups which is restored with the
administration of S1P (n=3 for all groups).
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4.9. Src dependent VE-Cadherin phosphorylation

Systemic inflammation is characterized by dramatic loss of adhesion proteins such N-
Cadherin and VE-Cadherin and the downregulation of VE-Cadherin is potentially
secondary to its phosphorylation by Src at the tyrosine residue 685 which promotes
its internalization and further degradation. Therefore, we investigated the
phosphorylation of VE-Cadherin and Src in response to LPS and S1P agonist,
FTY720. As can be observed in Figure 25A, LPS increased the phosphorylation of
VE-Cadherin after 5 minutes of which was attenuated with the administration of S1P
agonist. This correlated with a stark increase in Src phosphorylation in response to
LPS that was also reduced with the administration of FTY720, S1P agonist, Figure
25B.

This indicates that the mechanism of VE-Cadherin downregulation in response to LPS
is mediated by the phosphorylation at tyrosine 685 by Src kinase and S1P acts

upstream to attenuate pSrc levels.
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Figure25:(A) Challenging endothelial cells (bEnd3) with LPS induces phosphorylation
of Src at Tyrosine 416 and VE-Cadherin at Tyrosine 685 within 5 minutes which is
ameliorated with the S1P agonist. (B) Western blot densitometric images for pSrc are
normalized to total Src and represented as fold change of the untreated control (*
p<0,05; ** p<0,001, n=4). Adapted from Abdel Rahman et al. ['™
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4.10. Rho A activation

Internalization of VE-Cadherin is an active process that requires mechanical regulation
of the actin cytoskeleton. Since RhoA is a crucial regulator of the actin cytoskeleton
and it has been shown to promote F-actin assembly, RhoA activity was next to be
determined in endothelial cells under resting condition and when stimulated with LPS
and S1P agonist.

Briefly, RhoA alternates between 2 conformational states, GDP-bound inactive state
and GTP-bound active state and therefore RhoA activity is marked by the hydrolysis
of GDP to GTP "8, The quantitative levels of GTP-bound RhoA were determined in
endothelial cells at 150 / 300 seconds post LPS and S1P agonist treatments. Data
from the ELISA assay revealed that RhoA activity increased in the both LPS and
LPS+FTY720 treated cells with a stark increase in the S1P agonist treated group (LPS
164 + 24 vs. LPS+FTY720 423 + 23 % at 300 sec, Figure 26).

This observation provides a solid proof that the protective effects of S1P on endothelial
cells requires pronounced activation of RhoA tailored to restore actin cytoskeleton re-

arrangements.
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Figure 26: RhoA activation assay measured by G-Elisa kit reveals an increase in the
RhoA activity when endothelial cells (bEnd3) cells were challenged with LPS at 150
and 300sec. RhoA activation is pronounced when FTY720, an S1P agonist, is
administered (n=3 for all groups, * p<0,05). Adapted from Abdel Rahman et al.l''¥
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4.11. RhoA and actin cytoskeleton rearrangement

The effect of RhoA activation on actin cytoskeleton rearrangement was next to be
determined by quantifying the ratio of globular to filamentous actin post crosslinking
the cells with DSS. Here, endothelial cells were treated with LPS and S1P agonist for
10 minutes since downregulation of VE-Cadherin was observed within that timespan
indicating potential cytoskeletal rearrangement.

Figure 27A illustrates the G/F actin blot where the smear correlates to F-actin and the
37kDa band represents G-actin. The quantification of the represented images in
Figure 27B indicates 5-fold increase in the G/F actin ratio in the LPS treated group
due to a stark increase in the cytosolic pool of G actin. Administration of FTY720
restored the G/F actin ratio upon enhancing the formation of F-actin bundles. This
observation indicates that LPS induces cytoskeletal rearrangement leading to the loss
of barrier function while S1P agonist attenuates cytoskeletal alterations by restoring

the G/F actin ratio, a mechanism orchestrated by RhoA activation.
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Figure 27(A+B): (A) Crosslinking endothelial cells (bEnd3) with DSS, a non-cleavable
cross linker, reveals that LPS increases the G/F actin ratio which is restored with the
administration of S1P agonist. (B) Western blot densitometric images for G-F actin are
normalized represented as fold change of the untreated control (* p<0.05; * p<0.05,
n=3). Adapted from Abdel Rahman et al.l"'*
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4.12. G-actin dependent MRTF-A regulation

Under resting conditions, MRTF-A localizes to the nucleus regulating the transcription
of SRF target genes involved in vessel maturation and pericyte retention ["*. However,
MRTF-A exhibits high binding affinity to G-actin that retains it in the cytosol. Since we
observed an increase in the cytosolic G-actin with LPS treatment, we further
investigated the effect of LPS on binding on the of G-actin to MRTF-A. Therefore,
immunoprecipitation of G-actin was performed at 15 minutes post LPS treatment and
prior to lysis, cells were cross linked with DSP. Western blot analysis of the lysates
revealed an increase in the binding of MTRF-A to G-actin in the LPS treated cells
indicating a reduction in the nuclear localization. However, stimulation with S1P
agonist decreased the G-actin bound MRTF-A thereby enhancing its nuclear entry,
Figure 28.

This indicates that the cytoskeletal sequeale of events in repsonse to LPS are tailored
to capture MRTF-A in the cytosol that is couteracted with the administration of S1P

agonist.
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Figure 28: Endothelial cells (bEnd3) are cross-linked with a DSP prior to lysis.
Western blot densitometric images for MRTF-A show an increase in G-actin bound
MRTF-A during inflammation which is ameliorated with administration of the S1P
agonist (n=3). Adapted from Abdel Rahman et al.l'™

56



4.13. Cellular localization of MRTF-A
In the light of the aforementioned results we further investigated the localization of
MRTF-A using immunofluorescence staining. Therefore, endothelial cells were treated
with LPS and S1P FTY720 for 15 minutes to examine the MRTF-A cellular localization.
Confocal images revealed that under resting conditions MRTF-A clustered in the
nucleus while LPS led to an in increased cytosolic retention of MRTF-A. However, the
administration of S1P agonist enhanced its nuclear localization similar to the control
group (Untreated: 172+ 16 compared to LPS 60.8+2 and LPS+FTY720 107+10, Figure
29B). This indicates that S1P exhibits a novel effect by decreasing the binding of G-
actin to MRTF-A promoting its nuclear localization and regulation of target genes

involved in vessel maturation and pericyte retention
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Figure 29 (A+B): (A) Endothelial cells (bEnd3) stained with anti MRTF-A antibody
(green) and DAPI (blue). Confocal images reveal a reduction translocation of MRTF-
A in the LPS treated groups that is restored with FTY720. (B) Quantification of the
confocal images shows a significant reduction in the cytosolic MRTF-A only in the LPS
treated cells compared to the untreated and the S1P agonist treated cells (* p<0,05,
n=24). Adapted from Abdel Rahman et al.l"'
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5. Discussion

5.1. Overview

Sepsis is an inflammatory response to an infection characterised by systemic
hypotension due to severe microvascular aberrations such as disintegration of the
endothelial barrier and pericyte drop off. In this study, we investigated the influence of
sphingosine-1-phosphate (S1P) on the endothelial barrier and pericyte retention
during sepsis since S1P has been described as a positive regulator of the
microvascular wall.

We found that S1P enhances trafficking of VE-Cadherin and N-Cadherin to seal the
gap between endothelial cells and promote pericyte investment across the vascular
wall. Increased tightness of the vascular wall was the driving force to reduce
extravascular leakage and improved hemodynamic function which led to higher
survival rates in S1P treated septic animals. Additionally, we reproduced LPS induced
inflammation in vitro to elucidate the molecular events implicated in the loss of
adhesive structures. There, we showed that S1P enhances the endothelial barrier by
reducing phosphorylation of Src that phosphorylates VE-Cadherin at a tyrosine
residue which is implicated in VE-Cadherin internalization. Since trafficking and
redistribution of adhesive proteins are mechanical events associated with dynamic
rearrangement of actin cytoskeleton we investigated the influence of S1P on actin
cytoskeleton rearrangement. There, we found that LPS induces an increase in the
pool of G-actin which retains MTRF-A in the cytosol preventing its nuclear entry.
However, exogenous administration of S1P overrides this effect and elicits
pronounced activation of RhoA favouring the formation of F-actin bundles thereby
reducing the pool of cytosolic G-actin (Figure30). This correlated to enhanced nuclear
localization of MRTF-A which regulates the transcription of genes involved vessel
maturation and pericyte retention, results indicative of the mechanism by which S1P
mediates vessel stability, promotes pericyte retention and maintains endothelial cell

quiescence.
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5.2. LPS induced sepsis
LPS induced inflammation is a practical single variable model that contributes to
sepsis and manifest an aggressive immune phenotype. Although there are significant
variations in the cytokine response between the endotoxima model and the true
incidence of sepsis, a surge in the 1I-6 production remains the common denominator
to the incident of the disease "' as it is observed in mice injected with LPS (Figure
13). 1-6 elicits a cytokine storm corresponding to the early pro-inflammatory phase of
the disease ' Although increased II-6 plasma levels inversely correlate with
diminished serum S1P levels in septic patient °! exogenous administration of S1P
shows no reduction in II-6 plasma levels (Figure 13) suggesting the role of S1P in
vessel stabilization and pericyte retention rather than modulation of the immune

response 1'%,

5.3. S1P regulation of capillary density
Perciyte loss and microvascular dysfunction are the hallmark signs of sepsis. Vascular
disintegration during systemic inflammation is initially caused by the degradation of
the endothelial glycocalyx, a membrane bound layer of proteoglycans and

glycoproteins ['?': 122

while pericytes drop off is attributed to the increased expression
of endothelial angiopoietin 2 4. Here, we reveal that administration of S1P is effective
in overcoming capillary rarefaction by enhancing pericyte coverage and increase
endothelial density (Figure 14) which is associated with reduced para-cellular
permeability (Figure15 A +B). Modulation of basal permeability by S1P has been
implicated in several lines of studies "% % 2 |n an elegant study, Peng et al.
demonstrate that in the model of acute lung injury 1uM of S1P is sufficient to attenuate
LPS induced edema which correlates to a decrease in neutrophil infiltration to the
perivascular space ['%!. When injected locally, S1P results in a 60% increase in
endothelial cell density compared a vehicle control in limb ischemia reperfusion model
['231 "\While the mechanism by which S1P facilitates mural cell recruitment is not well
understood, it has been shown that S1P signalling induces the secretion of ECM
soluble components that attract migrating cells 24,

Retaining pericyte in the capillary is of valuable importance as they signal through
several ligand systems to maintain endothelial cell maturation. The constitutive
secretion of pericytes derived Ang1 binds to the endothelial Tie2 receptor to promote

endothelial quiescence and enhance the expression of VE-Cadherin contributing to
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endothelial stability '?®\. Indeed, mice overexpressing Ang1 are resistant to leaks upon
exposure to VEGF "l |n alignment with previous studies, challenging cultured
MLECs with LPS increases Ang2 expression that counteracts Ang1/Tie2 signaling
resulting in leaky vessels. In a novel study, Zeng et al. demonstrate that LPS induced
pericyte loss is due to a reduction in Sirtuin3 levels, a protein known to be implicated
in regulating post translational modification in aging and ischemia "', Although it is
unclear whether the loss of pericytes in sepsis is due to apoptosis ['*"! or de-
attachment ['*®] pericytes coverage is essential to maintain regular blood flow,

vascular tone and endothelial cell quiescence.

5.4. S1P and hemodynamic variables

We sought to determine the hemodynamic effects of S1P treatment in septic animals
since accumulating evidence suggest that reduced capillary density in sepsis
correlates to systemic hypotension * %8 9 S1P treatment reveals enhanced vessel
functionality depicted by an increase in the mean arterial blood pressure (Figure 16)
leading to improved survival (Figure 17).

Of note, to elicit maximal response, animals were pretreated with S1P prior to the
induction of sepsis. In a similar attempt, Lee et al. show that pre-treatment with S1P
in the hepatic ischemia/reperfusion model is prerequisite to attenuate systemic
inflammation and endothelial injury '*?. Additionally, pre-treatment with S1P or its
agonist is shown to improve vascular reactivity to contractile stimuli post
cardiopulmonary bypass mediated by S1PR1 37,

The literature is replete with studies to determine receptor signaling underlying the
influence of S1P on the vascular tone. For example, Salmone et al. demonstrate that
in vascular smooth muscle cells, S1P induces vasoconstriction in cerebral arteries
mediated by S1PR3 suggesting the S1P/S1PR3 axis as a potential therapeutic target
for cardiovascular disease "*"! excluding the role of S1PR2 in the vasoconstriction of
basilar artery ['*2. The question whether S1PR2 mediate vasoconstriction is still
controversial because studies on S1PR2 KO mice yielded uncertain results. However,
Lorenz et al. show that STPR2 KO mice reveal ameliorated vascular response to
epinephrine and potassium chloride indicating the tonic role of S1PR2 in regulating
the myogenic response ['*3. Additional studies suggest that the coupling of S1PR2

with the Gq induced vasoconstriction mediated by receptor activates Ca®* /IP5; and the
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G13 /Rho A pathways "*4. Indeed, RhoA/Rho kinase mutants exhibit a diminished

regulation of the vascular tone in Spk overexpressed mice ">,

5.5. Regulation of VE-Cadherin
The loss of barrier function is a hallmark sign of sepsis as it has been observed in
numerous animal models of systemic inflammation. Here, we observed significant
reduction in N-Cadherin and VE-Cadherin and in vivo (Figure 18+19) and in vitro
(Figure 23+24) in response to LPS. On the other hand, treatment with S1P or its
agonist restores the barrier function and enhances adhesion protein trafficking. We
observe that the downregulation of VE-Cadherin coincides with increased Src and VE-
Cadherin phosphorylation at tyrosine 685 (Figure 25A+B) that aligns with a growing
body of evidence suggests that tyrosine 685 is a unique site for Src kinase % The
phosphorylation of VE-Cadherin is perquisite for its internalization and lysosomal
degradation . In a series of studies, Chichger et al. elucidate the mechanism by
which Src mediate VE-cadherin downregulation in the LPS induced acute lung injury
model. There, Src kinase regulates the endocytic trafficking of VE-Cadherin by
tethering to early endosome and increasing the phosphorylation of endocytic protein
p18 that determines the fate of VE-Cadherin. Upon phosphorylation, p18 mediates the
interaction between the early endosome containing VE-Cadherin and Rab7 leading to
its degradation. Otherwise, the early endosome binds to Rab4 which mediates it

recycling ['3"- 1381,

Phosphorylation of VE-cadherin is a prominent mechanism to reduce the VE-
Cadherin/ B-catenin complex, thereby increasing endothelial permeability 9. p-
catenin and plakoglobin dock on the juxta membrane domain of VE-Cadherin known
as the catenin binding domain and they mediate junction assembly and anchoring of
VE-Cadherin to the actin cytoskeleton. Indeed, it is shown that in migrating endothelial
cells co-immunoprecipitated plakoglobin with VE-Cadherin decrease significantly
indicating the dissociation of the VE-Cadherin/catenin complex '*%l. The tight control
of VE-Cadherin by p120 has been investigated using fluorescence recovery after
photo bleaching experiments (FRAP). Indeed, mutant VE-Cadherin for the p120
binding site showed higher mobile fraction compared to WT animals indicating the
crucial role of p120 stabilizing VE-Cadherin and decreasing its motility along the

endothelial surface "*". Moreover, Joshua P. Garrett et al. show that the binding of
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catenin to VE-Cadherin is prerequisite for its trafficking to the cell junction ['*2. In
parallel, Chen and colleagues highlight role of catenin in the trafficking of N-Cadherin
to cell membrane and contributing to the junctional stability. This process is mediated
by binding of p120 to the juxta-membrane domain of N-Cadherin and with kinesin, a

motor protein moving along the MT, facilitating its trafficking sites of cell-cell junction
[143]

5.6. JAKI/STATS3 signaling pathway and permeability

Beside downregulating VE-Cadherin at endothelial cell-cell contact, LPS induces an
increase in the endogenous production of 1I-6 due to the activation of NF-kB pathways
by PAR & ' Upon secretion, 11-6 induces pro-inflammatory activation of endothelial
cells through the JAK/STAT3 second messenger system which has been shown to
play a central role in cell fate decision, tumor progression and migration ' ™!,
Consequently, the JAKs gets trans-auto-phosphorylated leading to an overactive
STAT3 response [ In agreement, we demonstrate that LPS induce transient
phosphorylation of STAT3 in endothelial cells and pericytes (Figure 20+21).

The phosphorylation of STAT3 at Tyrosine 705 serves as a sentinel for its dimerization
followed nuclear entry and subsequently DNA binding. A growing body of evident
suggests that phosphorylated STAT3 enhances ICAM-1 expression '*"1. ICAM-1 is
implicated in cellular migration, and leukocyte endothelial interaction which is primary

to loss of barrier function and increase vascular permeability ['*"!

. phosphorylation of
STAT3 in endothelial cells makes its distinct from a quiescent endothelium since it is
associated with a decrease in the mRNA levels of ZO-1, VE-Cadherin, PECAM-1,
nectin-2 and claudin-5. These proteins are important for stabilizing the cell-cell junction
and contribute to the stability of the endothelial wall ['*®!. In agreement with these
studies, we observed an increase in STAT3 phosphorylation in endothelial cells and
pericytes in a time dependent manner coinciding with VE-Cadherin and N-Cadherin
downregulation. Overlapping studies suggest that knockdown of STAT3 ameliorates
[I-6 mediated loss of barrier function and reduces vascular permeability as it coincides
with strengthened VE-Cadherin complex '*® "%, However, overexpression of STAT3
by itself isn’t sufficient to induce barrier dysfunction indicating that in addition to
STATS3, II-6 requires the constitutive activation of further signaling pathways to induce

endothelial hyper-permeability ['°%!.
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5.7. Reinforcing the endothelial barrier

S1P increases the junctional localization of N-Cadherin and VE-Cadherin in septic
animals (Figure 18+19) and in vitro (Figure 23+24) thereby enhancing the vessel
function and stability "% "%l Increased junctional deposition of adhesion proteins
ameliorates edema and capillary leakage as observed in our work and others. Indeed,
pre-treatment with S1P induces rearrangement of VE-Cadherin and occludins at the
apical surface of endothelial tailored to decrease cellular gap in response to as
bradykinin, a proinflammatory mediator "%, The mechanism by which S1P elicits VE-
Cadherin trafficking is suggested to be through S1PR1 since S1PR1 KO mice exhibit
irregular localization of VE-Cadherin, a phenotype reminiscent to what we observed.
Interstingly, Gaengel et al. hint to an interaction between S1PR1 and VE-Cadherin to
overcome VEGF induced hyper permeability and angiogenic hyper sprouting '>".
Additionally, S1P induces the anchoring of the C-terminus of the N-Cadherin to the
actin cytoskeleton that provides mechanical support to the Cadherin complex "*?. It
has been shown that S1P induced the microtubule polymerization via the coupling to
the Gi receptor and thereby activating the Rac GTPase pathway. The tubules serve
as a pathway for transportation of N-Cadherin to the apical surface where it is
deposited at the endothelial pericyte site of contact. Paik et al. reveal that S1PR1
receptor signalling activates the trafficking of N-Cadherin to the polarized apical
surface of endothelial via S1PR1/Gi/Rac signalling pathway [*3.

Beside its influence on adhesion protein trafficking, S1P signals to preserve the
integrity of the endothelium by activating Ang1/Tie 2 signaling system. It known by
now that Ang2 overexpression mediates vascular permeability and pericyte drop off,
an observation that has been recapitulated in several lines of studies ** 4. In one of
very few studies, McGuire et al. demonstrate that S1P reduced Ang2 expression %!
which abrogates pericyte investment across the capillary wall contributing to

hemodynamic instability 4.

5.7. RhoGTPase and regulation of actin cytoskeleton
The internalization of Cadherins involves internal cytoskeletal rearrangement
mediated by the activation of RhoGTPase ©> '8 11 Also, their trafficking is a result
of orchestrated cytoskeletal dynamics leading formation of F-actin and microtubule

that facilitate the vesicular transport to cell junction site ©> 143,
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RhoA exhibits differential role in endothelial cells since many studies address the role

n 11551

of Rho A in reducing endothelial barrier functio while several others suggest the

(1561 " For

function of RhoA as a positive regulator of the endothelial permeability
example, RhoA/ROCK activation mediates the phosphorylation of MLC kinases and
formation of the contractile stress fibers ['*" 8. The isometric force mediate by F-actin
is sufficient to promote the loss of VE-Cadherin and increase gaps between cells !"*,
Inhibiting MLC kinase results in a decrease in the actomyosin related contraction and
attenuates hyper-permeability ['®”. In contrast to this, several studies show that RhoA
enhances endothelial barrier via its downstream effector protein Dia which belongs to
the formin family of actin binding proteins enhancing F-actin assembly ['®" 92 The
distinct activation profiles of RhoA depend heavily on the external stimuli which elicit
different cycles of internal phosphorylation events which result in different states of
RhoA %3 Here, we demonstrate that S1P increases RhoA activation and F-actin
assembly in endothelial cells (Figure 26+27). Consistent with our finding, it has been
shown that S1P elicits RhoA activation which results in the formation of F-actin along
the endothelial cells border to enhance the barrier function ['®*. On the other hand, the
same stimulus, S1P, could elicit an opposite response mediate by RhoA leading to
loss of barrier function. For example, Reinhard and colleagues reveal that S1PR2
couples to Gq13 leading to increased contraction 1'®®. These observations confirm the
notion of ‘dual function of RhoA’ suggested by Van Nieuw Amerongen et al. where

different activation profiles of RhoA are characterized in cultured endothelial cells ">,

5.8. The effects of Rho signaling
RhoA acts a cellular switch to regulate actin cytoskeleton, cell polarity, shape and even
cell fate. A recent elegant study by Dorn et al. demonstrate that RhoA signaling
mediates the formation of MRTF-A/SRF complex that is prominent to maintain
cardiomyocyte identity. The study demonstrates that cell-cell contacts at the site of the
intercalated disks signal via the RhoA-GTP to maintain a tight regulation of the G-actin
pool to promote an active MRTF-A/SRF complex that contributes to myocyte gene
expression. However, impaired contacts lead to cytoskeletal perturbations mediated
by RhoA activation to increase the pool of G-actin thereby reducing MRTF-A/SRF
nuclear event. The decrease in nuclear localization of MRTF-A prevents the activation
of myocytic genes and by default switches on the PPARYy expression as an alternative

adipocytic gene program. This results in a pathological myocyte to adipocyte switch
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favoring adipogenesis !'®®. The contribution of RhoA-GTPase in cell fate and decision
has been additionally investigated by Soredella et al. who showed that RhoA-GTPase
activity controls the insulin like growth factor 1, a potent regulator of the adipogenesis

-myogenesis cell fate decision of mesenchymal precursors %71,

5.9. G-actin regulation of MRTF-A
We present a novel observation by which S1P induces cytoskeletal rearrangements
that lead to the dissociation of Actin/MRTF-A complex (Figure 28) enhancing nuclear
localization of MRTF-A (Figure 29). Crystallography studies reveal the MRTF-A exhibit
3 actin binding domains at the N-terminus known as RPEL1,2 and 3 ['®®. RPEL 3 has
the weakest actin binding affinity however it contains B2 and B3 elements that
constitute the nuclear localization signal (NLS) "®¥. The actin mediated retention of
MRTF-A is strictly accomplished by RPEL domains since studies have shown that
mutant MRTF-A at RPEL domains are unable to bind to actin but could localize to the
nucleus and activate SRF eliciting corresponding cellular response "% " That is
because the binding of G-actin to REPL-domains competes with Importin alfa and
Importin beta, a family of nuclear import factors that retain MTRF-A in the nucleus "¢
While G-actin seems to regulate nuclear localization of MRTF-A in the cytosol, nuclear
actin exhibits the opposite effect promoting the nuclear exit of MRTF-A back to the
cytosol. Therefore, cytosolic and nuclear actin are crucial regulators of the cellular
localization. On the other hand, binding of nuclear actin to MRTF-A facilitates the
interaction of the recombinant RPEL-Crm-1 domain with nucleoporin, an exportin, to
promote for the nuclear export of MRTF-A ['?. In summary, actin modulates the sub-
cellular localization of MRTF-A via regulating the import/export signal. Besides its
direct interaction to actin, other mechanisms such as actin binding proteins or
phosphorylation of MRTF-A are known regulate its the spatial localization. In addition,
actin binding proteins are shown to mediate MRTF-A signaling upon regulating MRTF-
A/SRF nuclear complex. For example, B-catenin inhibits the inhibitory effect of SMAD3
on MTRF-A. Briefly, SMAD3/MRTF-A complex induces the phosphorylation of MRTF-
A leading to its ubiquitination and degradation ['"*. Therefore, a decrease in the
cytosolic B-catenin contributes negatively to the down regulation of MRTF-A in the

cytosol.
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5.10. Additional regulators of MRTF-A localization

S1P stimulates endothelial cell function and vascular stability upon enhancing the
nuclear localization of MRTF-A as has been shown previously. Indeed,
overexpression of MRTF-A using r.AAV.MRTF-A transduction in septic animals results
in a significant increase in endothelial to pericyte density coupled with and decrease
in the systemic hypotension at 12 and 24h during sepsis. Taken together,
overexpression of MRTF-A in septic animals resulted in enhanced survival rate!'
(data not shown). Here we suggest two possible mechanisms to promote
hemodynamic stability and pericyte investment. First, S1P induces RhoA activation
and cytoskeletal rearrangement enhancing MRTF-A nuclear localization promoting the
expression of CCN1 and CCN2 genes. CCN1 activation mediates angiogenesis and
collateral vessel formation while CCN2 promotes pericyte retention and vessel
maturationt”“. In light of this observation, S1P has been show to elicit MRTF-A nuclear
localization in cardiac progenitor cells. There, the coupling of STPR2 and S1PR3 to
Ga12/13 elicits RhoA activation and nuclear localization of MRTF-A leading to a
protective effect on cardiac progenitors . The second mechanism is through
overexpression of MRTF-A itself which enhanced survival in septic animals similar to
the observations of the S1P septic model ['")( Figure 30). Using genetic tools, our
group elucidates a further mechanism to alter MRTF-A activity in sepsis mediated by
overexpression of Thymosin 4. T4, when abundantly expressed, captures globular
actin resulting in increased nuclear translocation MRTF-A which interacts with Serum
response factor to activate target genes such as CCN1 and CCN2. Most importantly,
overexpression of TR4 in septic mice ameliorates pericyte loss and reduces
perivascular leakage during LPS induced sepsis. These results are coupled with
enhanced hemodynamic function suggesting the T4 signalling axis as a potential
therapeutic role in sepsis °®. Taken together, TB4/MRTF-A signalling axis is crucial
for pericyte investment which we have shown to be abolished by the Ang2 signaling
cascade “. Therefore, the mechanism to enrich for MRTF-A can be achieved either
by abolishing G-actin via T4 overexpression and S1P treatment or by overexpressing
MRTF-A itself.
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5.11. Future directions
Further work could be performed make use of MRTF-A knockout cell lines and
extrapolate our experimental setup with the LPS and S1P agonist treatment or
generate and analyse MRTF-A knockout mice in sepsis and in response to S1P. It
would be physiologically relevant to reproduce our in vivo septic model using cecal
ligation and puncture procedure. CLP results in physiologically relevant kinetics of
cytokines production that model the cytokine profile in sepsis better than the LPS
model ', We hope future studies will build upon the presented work to de-convolute
the molecular mechanism underlying S1P mediated barrier enhancement and pericyte

retention.

Summary
In this work, we investigated the potential of Sphingosine-1-phosphate (S1P) to

enhance barrier function and promote pericyte retention during LPS induced sepsis.
LPS stimulation leads to a moderate loss of endothelial cells and pericyte coverage in
the microcirculation which results in increased permeability and ultimately systemic
hypotension. We revealed that S1P reduces capillary rarefaction and promotes
pericyte investment in the microvascular unit. Improved capillary density led to
reduced vascular edema, enhanced systemic blood pressure and survival. The
observed microvascular disintegration is due to the dramatic loss in adhesion proteins
mainly VE-Cadherin and N-Cadherin that mediate the endothelial cell-cell junction and
endothelial pericyte contact respectively. The mechanism underlying enhanced barrier
function was further investigated in vitro. There, we found that S1P reduces
phosphorylation of Src kinase that phosphorylates VE-Cadherin at tyrosine 685
enhancing its internalization and degradation. The downregulation of VE-Cadherin in
response to inflammation coincides with dramatic remodelling in the actin cytoskeleton
orchestrated by RhoA activation. We observed that LPS stimulation alters the
balanced G/F actin ratio favouring an increase in G-actin, while S1P induces RhoA
activation and restores this balance by promoting F-actin assembly. The observed
alterations in the G/F ratio correlate to changes in the cellular localization of MRTF-A
since G-actin exhibits high binding affinity to MRTF-A. Therefore, in response to LPS,

accumulating G-actin retains MRTF-A in the cytosol reducing its nuclear localization.
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However, S1P overrides this effect and enhances MRTF-A nuclear localization due to
the observed reduction in the cytoplasmic pool of G-actin. Upon translocating to the
nucleus, MRTF-A regulates the transcription of target genes which are involved in
vessel maturation and pericyte retention. This novel observation is mediated by RhoA
activation which elicits severe changes in the actin network leading to the pronounced
effects of S1P.
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Figure30: (A) Under physiologic conditions, VE-Cadherin mediates the adhesion
between endothelial cells while N-Cadherin mediates the adhesion between
endothelial cells and pericytes. Both adhesion molecules are structurally supported by
actin cytoskeleton that is dynamically regulated by GTP bound RhoA. LPS induces
cytoskeletal rearrangements tailored to increase cytosolic G-actin and promote the
loss of adhesion molecules leading to pericytes de-attachment. The binding of G-actin
to MRTF-A ameliorates its nuclear translocation leading to downregulation of CCN1
and CCN2 genes which signal for vessel maturation and pericyte retention.
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Figure 30: (B) Administration of S1P restores adhesion molecule expression
promotes F-actin assembly via RhoA activation. The decrease in cytosolic G-actin
promotes MRTF-A nuclear localization and pericyte retention. Another possible
mechanism to restore this phenotype is via overexpression of MRTF-A using
rAAV.MRTF-A.
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