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Abstract

Hematopoietic stem cell transplantation causes development of such complications as veno-
occlusive disease (VOD), thrombotic microangiopathy (TMA) and idiopathic pneumonia
syndrome (IPS). The key pathophysiological mechanism in VOD and TMA is endothelial cell (EC)
damage, and a role of EC damage in IPS is presumed. Defibrotide demonstrated effects on

activated/damaged EC cultures and efficacy in VOD treatment and prophylaxis.

To demonstrate in vitro effects of defibrotide on human pulmonary microvascular endothelial
cells (HPMEC), the cells were activated with TNF alpha (TNFa), and treated with defibrotide
before and after TNFa activation. The doses 10-100 ng/mL of TNFa and 20-100 pg/mL of
defibrotide were applied for 4 and 24 hr. Changes in HPMEC gene expression were measured
by polymerase chain reaction (PCR) for VCAM1, NOS3, VWF, CASP3, BAX and BCL2, and
upregulation effects of TNFa and downregulation effects of defibrotide were demonstrated. For
the final experiments 20 ng/mL of TNFa and 20 pg/mL of defibrotide were chosen, and the
experiments were performed in 3 different donors cell cultures. HPMEC viability estimated by
lactate dehydrogenase cytotoxicity assay, was not affected by TNFa and defibrotide. From the
PCR results of TNFa effects on EC biology genes NOS3, SERPINE, CCL2, VCAM1, IL1B, MMP9,
PLAT, SELE, CASP3, BCL2 were selected. The effects of defibrotide were observed in a few genes
in single cell cultures. Immunofluorescent detection of eNOS and VCAM1 showed that
defibrotide treatment before and after TNFa activation reduced protein expression in cultures
from 2 of the 3 donors. Enzyme-linked immunosorbent assay was used to measure PAI1, MCP1,
tPA, E-selectin, MMP9 and IL1B in HPMEC supernatants, and only few effects in single cultures

were shown.

To conclude, the results demonstrate downregulatory effects of defibrotide on inflammatory
gene and protein expression in activated with TNFa HPMEC and suggest a possible mechanism

for the effect of defibrotide on IPS.
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Chapter 1. INTRODUCTION AND OVERALL AIMS

1.1. Hematopoietic stem cell transplantation

Hematopoietic stem cell transplantation (HSCT) (formerly called bone marrow transplantation
(BMT)) is a well-established curative option for various disorders affecting the hematopoietic
system. According to the report of the European Blood and Marrow Transplantation (EBMT)
group the list of indications for HSCT procedures has been growing over the past decade (1).
The total number of transplants in Europe and affiliated countries in 2015 reached 42171. The
most common indications are malignant disorders, predominantly of hematopoietic origin. For
these transplants both autologous and allogeneic grafts are used. They are respectively aimed
to rescue autologous haematopoiesis — destroyed by high dose chemotherapy or to provide
allogeneic graft versus tumour effect. Patients with non-malignant conditions, either acquired,
or congenital: bone marrow failures, primary immunodeficiencies (PID) and some metabolic
disorders require allogeneic HSCT to replace their defective haematopoiesis with healthy

donors’ cells.

HSCT is a methodologically complicated procedure leading to the development of number of
formidable and often live-threating conditions. Since the first successful allogeneic HSCT for PID
were performed in 1968 (2), (3), (4), a new era in therapy of patients with haematological,
immunological and some metabolic disorders has been started. First experience of allogeneic
transplantation procedures based on efforts of HSCT in animals and humans led to
understanding of the most important principles of this technology (5), (6). The need for
preparative regimens with chemo/ radiotherapy was required in most patients to provide
myeloablation and immunosuppression for adequate engraftment and prevention of graft
rejection. The importance of the major histocompatibility complex (MHC) donor/ recipient
compatibility and its role in the majority of HSCT-based immune effects was postulated. One of
the most frequent unfavourable immune mediated processes caused by alloreactivity due to
donor/ recipient MHC incompatibility is acute graft versus host disease (aGVHD) (7). An
important factor contributing to many post-HSCT complications is tissue damage, caused by
conditioning chemo/radiotherapy and other cytotoxic drugs used for prophylaxis or treatment

of post-HSCT complications.

With the development of new conditioning regimens and post-transplant immunosuppressive
therapy (IST), methods of graft manipulation and a dramatic improvement in antimicrobial
prevention and treatment, currently HSCT has become a more safe and effective therapeutic

1



method leading to better survival. However, despite many dramatic advances in understanding
of mechanisms of post-transplant complications, and development of strategies for prevention
and cure of most of them, several conditions remain fairly unclear. The most controversial in
pathogenesis and treatment options are overlapping syndromes with common features of
endothelial cell (EC) damage (8). They include thrombotic microangiopathy (TMA),
venoocclusive disease (VOD) (also known as sinusoidal obstruction syndrome (SOS)), idiopathic
pneumonia syndrome (IPS) (with diffuse alveolar haemorrhage (DAH)) and peri-engraftment
syndrome with features of capillary leak. These syndromes usually have devastating
consequences for patients, as they can induce organ failure with need of intensive care support
and in many cases eventually lead to patients’ deaths. The therapeutic strategies are still
limited due to poor understanding of underlying mechanisms and difficulties of diagnosis. The
role of EC damage in aGVHD development is debatable, but some authors believe that EC
damage is involved in early phases of aGVHD (9). More detailed observations on special clinical
aspects of EC injury syndromes, normal function of EC, mechanisms of EC damage and potential

treatment options will be discussed in the next sections.



1.2. HSCT-associated endothelial cell damage syndromes

1.2.1. Overview

Post-HSCT EC damage syndromes share features of other hereditary or acquired
microangiopathies (10). Microangiopathies are characterized by intravascular aggregation of
platelets and erythrocyte injury leading to thrombocytopenia, anaemia and microvascular
occlusion, which often prompts tissue ischemia. Depending on the cause and pathogenesis,
microangiopathy syndromes could be divided into primary and secondary syndromes. The
mechanisms of classic primary microangiopathy syndromes, such as thrombotic
thrombocytopenic purpura (TTP) and haemolytic uremic syndrome (HUS) are well established

today.

Thrombotic thrombocytopenic purpura

TTP is a syndrome characterized by microvessel microthrombi formation presenting with the
features of thrombocytopenia, microangiopathic hemolytic anemia and signs of organ ischemia
with neurologic symptoms being the most common (11). Schistocytosis and elevated lactate
dehydrogenase (LDH) are important markers helping to make the diagnosis. The incidence of
TTP has been reported at 2 to 6 people per million per year (12). TTP is caused by von
Willebrand factor (VWF) - cleaving metalloprotease — ADAMTS13 activity deficiency. From 2 to
10% of cases are hereditary and caused by mutations of the ADAMTS13 gene (12), but most
TTP cases are secondary to the development of anti-ADAMTS13 autoantibodies, which bind
ADAMTS13 protein and significantly decrease its activity (13). The accumulation of VWF in
plasma leads to microvascular thrombosis, where microthrombi are formed mostly by
inactivated platelets and vVWF and are poor in fibrin, which results in tissue ischemia. The
proposed therapeutic option for acquired TTP is plasma exchange (14). Rituximab is often used
in combination with plasma exchange to clear anti-ADAMTS13 antibodies (15). Moreover, few
targeted drugs such as recombinant ADAMTS13, caplacizumab (an anti-vWF agent blocking its
interaction with platelets) and N-acetylcysteine (causing VWF depolymerisation) demonstrate

favorable effects in congenital and acquired TTP (16), (17).



Hemolytic uremic syndrome

HUS is another well-defined thrombotic microangiopathy syndrome (18). The main feature of
HUS is kidney damage, which often presents with renal failure. Similar to other
microangiopathies, organ damage is accompanied by thrombocytopenia and mechanical
hemolytic anemia. The two main mechanisms of HUS development are: non-hereditary (or
acquired) and hereditary (or atypical (aHUS)) (19), (20). Non-hereditary HUS presents in about
90% of cases and is predominantly associated with toxins of Gram-negative bacteria and usually
occurs after gastroenteritis (mostly shiga toxin-producing Escherichia coli) or less frequently
cancer-, medication-, or autoimmune-induced. As the rate of infections varies from country to
country, the incidence of non-hereditary HUS is variable. Hereditary HUS is associated with
activation of the complement alternative pathway resulting in injury of small vessel walls. In
most cases of aHUS, mutations in complement genes can be detected; nevertheless, these
mutations are suspected to predispose to this condition, rather than to cause it. The incidence

of atypical HUS accounts 0.23 — 0.42 cases per million population.

Different triggers in HUS development, such as drugs, toxins, viruses, complement deposition
and others cause EC damage and lead to microangiopathic changes, affecting predominantly
kidney and more rarely other organs. The treatment strategy of acquired HUS is mostly
supportive and includes withdrawal of the triggering condition. Plasma therapy is often
empirically used despite the lack of established benefit. Complement blockade is a

recommended approach for aHUS (for more details see section 1.4.2) (21).

Secondary microangiopathies might be immune-mediated, such as associated with pregnancy
or autoimmunity, and non-immune mediated. Non-immune mediated microangiopathies may
be caused by malignant hypertension, metastatic tumours, medications or various therapies,
including solid organ or hematopoietic stem cell transplantations, where microangiopathy is
usually a consequence of a combination of various factors (22). These include direct EC damage
by drugs (mostly chemotherapy or IST), irradiation or inflammatory/ immune mediated
responses. Such post-transplant complications, including VOD, TMA, IPS, engraftment/ capillary
leak syndromes (ES) and aGVHD have different clinical features, but are presumed to have a

similar mechanism of development, which involves EC injury.



1.2.2. Engraftment/ capillary leak syndrome

One of the best-defined syndromes of EC damage is ES. It is usually well-recognised,
demonstrates a prompt and complete response to therapy and does not cause severe
morbidity and mortality. The reported incidence of ES after allogeneic HSCT in paediatric
patients varies from 17 to 48% (23), (24), (25), (26). Not so many factors are determined to
specifically influence ES development; it is strictly related to engraftment and happens within
96 hours of neutrophil engraftment after both autologous and allogeneic HSCT (27). The Spitzer
criteria are widely used for diagnosis (Table 1.1), which requires the presence of all three major
or two major and one or more minor criteria (27). Maiolino et al. suggest that diarrhea has to
be included within major ES criteria, though their experience is limited by autologous HSCT
(28). Some investigators use ES criteria with no limitation by time of development and propose

the term “peri-engraftment syndrome” (25), (29).

Of note, the pathogenesis of ES is still poorly understood and no specific pathognomonic
histopathological changes or biochemical markers are found (30). The supposed basic
mechanism of ES development is neutrophil activation, cytokine release and EC damage, which
can be a prior event induced by chemotherapy and leading to neutrophil activation, or
secondary event due to cytokine attack. Released pro-inflammatory cytokines (interleukin (IL)
1-beta, IL-6, interferon (IFN)-gamma, tumor necrosis factor (TNF)-alpha) induce fever, rash and
capillary leak (26), (31), (32). Several studies in ES demonstrate an increase of soluble

thrombomodulin and plasminogen activator type 1, which suggests EC involvement (33).

The indications for ES treatment are persistent fever and capillary leak development, especially
with lung involvement; however, in some patient it resolves without therapy (34).
Corticosteroids show a favourable effect with complete resolution of ES symptoms within
several days (30). The duration of treatment is usually limited to a few days and no

continuation of therapy is required.



Major criteria Minor criteria
1 Temperature of >38.3°C with no identifiable | Hepatic dysfunction with either total bilirubin
infectious etiology >2 mg/dL or transaminase levels two times normal
) Erythrodermatous rash involving more than | Renal insufficiency (serum creatinine of >two times
25% of body surface area and not baseline)
attributable to a medication
3 Noncardiogenic pulmonary edema, Weight gain >2.5% of baseline body weight
manifested by diffuse pulmonary infiltrates
consistent with this diagnosis, and hypoxia
4 Transient encephalopathy unexplainable by other
causes

Table 1.1. Engraftment syndrome criteria by Spitzer (29).



1.2.3. Thrombotic microangiopathy
Definition

TMA is an HSCT-associated EC injury syndrome, which commonly presents with
thrombocytopenia, microangiopathic haemolytic anaemia related to platelet aggregation and
microthrombi formation, leading to ischemic patterns of organ damage (35). Microvascular
occlusions cause predominantly renal and central nervous system (CNS) impairment, yet there
are some reports demonstrating TMA development in other organs — lungs, bowel, heart. All
clinical features of TMA are non-specific, with similar features to other conditions and can
mimic aGVHD, infection or drug organ toxicity. More complicated cases include several

different pathological processes occurring simultaneously.

As TMA reveals common features with other microangiopathy syndromes, before the
mechanisms of TTP and HUS pathogenesis were established, TMA was described as post-
transplant TTP or atypical HUS (36), (37). No specific clinical or laboratory symptoms are
defined for TMA. Historically, it was considered in cases of de novo post-transplant
microangiopathic hemolytic anemia with schistocytosis in blood, unexplained
thrombocytopenia with increased platelet transfusion requirement and elevated LDH level,
which was usually associated with renal and/or neurologic impairment. There were a few
attempts made by different groups to reconsider TMA criteria (38), (39), (40) (Table 1.2). The
abundance of proposed criteria with a need for their refinement demonstrates the complexity
of TMA diagnosis and non-specificity of the clinical signs. The most recent TMA criteria are
determined by a prospective study of Jodele et al., which distinguish a group of early criteria,
and where development of thrombocytopenia and microangiophathic anemia are attributed to
the late disease patterns associated with a more severe disease course and poor outcome
(Table 1.3) (41). Khosla et al. recently suggested that the Jodele criteria should be used in

combination with a few exclusion criteria (42).



European Group
for Blood and
Marrow
Transplantation
and the European
LeukemiaNet,
2007 (39)

peripheral blood;

2. a decrease in
hemoglobin or increased
red blood cell transfusion
requirement;

3. a decrease in serum
haptoglobin

thrombocytopenia | increase in LDH
with platelet count
less than 50x10*9/I
or a 50% or greater
decrease from

previous counts

Research group, | Microangiophathic Thrombocytopenia | Elevated LDH Renal and
reference anemia (above CNS
institutional impairment
baseline) without
other
explanations
Blood and 1. red blood cell - yes yes
Marrow fragmentation and 22
Transplant schistocytes per high-
Clinical Trials power field on peripheral
Network group, smear;
2005 (38) 2. negative direct and
indirect Coombs test
International 1. increased percentage de novo prolonged | sudden and -
Working Group of | (>4%) of schistocytes in or progressive persistent

Cho et al.
validation of
previously
propored criteria,
2010 (40)

1. 22 schistocytes per
high-power field on
peripheral smear;

2. a decrease in
hemoglobin or increased
red blood cell transfusion
requirement;

3. a decrease in serum
haptoglobin

4. negative Coombs test

yes yes

+ normal coagulation test

Tble 1.2. Former diagnostic criteria of HSCT-associated thrombotic microangiopathy.

LDH — lactate dehydrogenase, CNS — central nervous system




Early criteria

LDH elevation

Above the upper limit of normal for age

Proteinuria

Urine protein >30 mg/dL

Hypertension

Blood pressure in children >95 percentile value
for age, sex and height
Blood pressure in adult >140/90

Late criteria

outcome)

De novo
thrombocytopenia

>50% of platelet count

(associated with more
severe forms and poor

De novo anemia

Hemoglobin below the lower limit of normal for
age or transfusion support requirement

Evidence of
microangiopathy

Schistocytes in peripheral blood or histologic
evidence in tissue

Terminal
complement
activation

sC5b-9 above normal laboratory limit

Exclusion criteria

Coombs test positive
ADAMTS 13 decreased
expression

Coagulation test impaired

Table 1.3. HSCT-associated thrombotic microangiopathy definitions by Jodele et al. with
Kholska et al. exclusion criteria additions (43), (44).

LDH — lactate dehydrogenase




Although TMA predominantly affects the kidney, other organ involvement is reported, but it is
difficult to make the clinical diagnosis. From an autopsy study of adult patients who underwent
HSCT, in 8 of 20 patients with histopathologic evidence of kidney TMA, and 3 of them
demonstrated other organ involvement of TMA (1 — pancreas, 1 — lungs, 1 — lungs and heart)
(43). Interestingly, in this study no CNS involvement was detected in any patients, although it is
frequently present in TMA and can manifest with various symptoms of neurologic impairment
(44), (45). The most overwhelming CNS condition, described as part of TMA, is posterior
reversible encephalopathy syndrome (PRES). PRES is usually associated with calcineurin
inhibitor (CNI) administration and clinically presents with seizures (46), (47), although
confusion, headache, vomiting, vision impairment, and altered consciousness (from
somnolence to coma) may also occur (48). It results from acute uncontrolled TMA - associated
arterial hypertension, but in rare cases no significant blood pressure increase may be observed.

Characteristic magnetic resonance investigation (MRI) imaging in PRES is usually seen (49).

Intestinal TMA in HSCT recipients reveals ischaemic features, but the symptoms are non-
specific and could mimic other intestinal pathological processes, such as GVHD or infection. The
common clinical presentation of gut TMA is bloody diarrhea with abdominal pain; laboratory
markers of TMA or other organ involvement can be helpful, but the only way to prove gut TMA
and differentiate it from other intestinal issues is histological investigation (50), (51). The
differentiation between aGVHD and intestinal TMA is crucial, as IST intensification needed to
control GVHD may significantly increase the rate of non-relapse mortality in intestinal TMA

(51).

Jodele et al. proposed lung involvement in HSCT-TMA, although the definition criteria are vague
(35). In fact, pulmonary hypertension is the only indicative marker for lung TMA, although the

author would prefer to consider lung involvement in multisystem EC damage as IPS.

As proposed by the Jodele et al. TMA criteria (Table 1.2), a histological tissue sample
examination might be helpful in TMA diagnosis. However, organ biopsy cannot be
recommended routinely, as it is risky in severe organ impairment with associated coagulopathy.
Common TMA histological findings are non-specific and similar to other microangiopathy
syndromes. Capillary vessel dilatation, intraluminal formatted microthrombi, massive
haemorrhage with extravasation of red blood cells from capillaries into the lamina propria,
schistocytes, and fibrin found intraluminally or in the haemorrhagic lesions are observed in

TMA histology (50), (51). El-Bietar et al. defined common histologic findings for intestinal TMA:
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loss of glands, endothelial cell separation, total denudation of mucosa, intraluminal
schistocytes, intraluminal fibrin, and intraluminal microthrombi (52). Electron microscopy of
capillaries demonstrates EC degenerative swelling and separation and platelet aggregation
adhering to the vascular wall, in some vessels accompanied by necrosis and myxoid
degeneration of the wall. Immunohistochemically, anti-vWF, a-smooth muscle actin, single-
strand deoxyribonucleic acid (DNA) are used as the primary antibodies to evince EC activation
or damage. The Cincinnati group found renal arteriolar C4d deposition to be a peculiar marker
of renal TMA in HSCT recipients (53). If kidney biopsy is performed in renal failure after HSCT,
C4d staining is recommended to sustain a diagnosis of renal TMA. Nevertheless, the number of

studies in post-transplant TMA histology remains limited.

Incidence

The majority of TMA cases manifest within the first 100 days after HSCT; however, there are
some reports of late-onset TMA (40), (44), (45), (54). The incidence of TMA in HSCT recipients
is unclear; before common TMA definitions have been determined, it varied between 5.9% and
39% (Table 1.4). Such variability in reported TMA incidence is the result of difficulty of TMA
diagnosis. Remarkably, most of these studies demonstrate a significant mortality rate in the
patients with TMA. Acute kidney injury with dialysis requirement after HSCT itself is associated
with lower survival (55). El Seisi et al. reported up to 46% of renal impairment changes in

autopsy histology of HSCT recipients which display features of microangiopathy (56).
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Study Number of TMA definitions TMA TMA TMA survival/ mortality
HSCT recipients; incidence | median
median age at onset
HSCT
Choetal., | 672 patients; Cho et al. (40) 12.7% day 47 65/88 TMA patients died,
2010 (40) | 34 years in 44 TMA contributed to
death
Jodele et | 100 patients Cho et al. (40) 39% day 32 1 year NRM:
al.,, 2014 | (10/90- 46.2% in TMA group
(41) auto/allografts); 9.8% in no TMA group
6.1- 8.3 years
Martinez | 221 patients; evidence of 31% day 27 1 year survival:
etal, 35 years hemolysis in the 78% without TMA
2005(44) presence of 53% in TMA with normal
schistocytes in the schistocyte counts
blood smear 27% TMA with high
schistocyte counts
Inamoto 886 patients; bloody diarrhea, 80 (9%) 2 years OS:
etal, 41 years abdominal pain, patients 30% in intestine TMA
2009 (51) histological findings leth ' 2 years NRM:
Intestine 72% in patients without
TMA resolution of diarrhea
Shayani 177 patients Increase of serum 17% 4.6 2 years NRM:
etal., creatinine, LDH, defined, weeks 33.3% in TMA group
2013 (54) schistocytes, 22% 12.3% in no TMA group
prolonged/ probable
progressive
thrombocytopenia,
probable TMA in
presence of 3 of 4
Oran et 1219 patients; IWG of the EBMT 5.9% day 67 55/66 TMA patients died.
al., 2007 47 years and the.European 0S in responders 50%,
(57) LeukemiaNet, (39) in non-responders 0%

Table 1.4. HSCT-associated thrombotic microangiopathy incidence and mortality rate
demonstrated by several studies.

HSCT — hematopoietic stem cell transplantation, TMA — thrombotic microangiopathy, IWG -
International Working Group, EBMT — European Society for Blood and Marrow Transplantation,

OS —overall survival, NRM — non-relapse mortality
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Risk factors and pathogenesis

The pathogenesis of post-HSCT TMA appears complex with a crucial role of EC activation and
damage leading to pro-thrombotic and pro-inflammatory state, which results in micro-thrombi
formation and organ ischemia (58), (35). The mechanism of EC activation and contribution of

various factors, including the complement system, is described in more detail in section 1.3.

Particular triggers of TMA are not well-determined, but some treatments and other post-
transplant complications are associated with higher risks of TMA development. One of the best-
defined risk factors for TMA development is CNI administration. CNI are a group of
immunosuppressive medications widely used in HSCT for GVHD prophylaxis and treatment,
which target T-cell activation and transcription of IL-2 (59). In many allogeneic HSCT protocols,
CNI administration is started at day -1 before HSCT and continued until 3 - 6 months post-HSCT.
Nephrotoxicity is common side effect of CNI, potentiated by irreversible damage of renal
architecture (mostly by toxic effects on tubular epithelial cells), hemodynamic changes and
activation of the renin-angiotensin system (59). The most commonly used CNI are cyclosporin A
and tacrolimus, both of which significantly increase the incidence of TMA and acute kidney
injury in the early post-HSCT period (55), (51), (60), (61). More toxicity is observed in the use of
a combination of tacrolimus with mammalian target of rapamycin inhibitor - sirolimus (54),
(62). Anincreased blood concentration of tacrolimus in HSCT recipients was shown to raise the
incidence of endothelium damage syndromes (predominantly TMA) (61). The study of
tacrolimus exposure to rat intestine demonstrated massive microangiopathic changes in the
intestinal wall (63). These findings are important as the clinical picture of intestinal TMA
overlaps with gut aGVHD, where CNI are often used. Notably, CNI tapering is an important

option in TMA, as it leads to better outcomes in these patients (51).

The conditioning regimen is an important factor contributing to TMA development.
Myeloablative conditioning (MAC) versus reduced intensity conditioning (RIC) regimens play a
more significant role in TMA presentation (54), (64). Some chemotherapy drugs can be more
toxic for EC, although not so many comparative studies to evaluate the difference have been
performed. Oran et al. demonstrated the same rates of TMA after MAC and RIC regimens (57),
which can be explained by the use in both regimens of fludarabine. The toxic effect of
fludarabine on EC was demonstrated by in vitro studies (65). lonizing irradiation, which is often

used as a component of conditioning regimens, is also shown to damage EC (66).
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Indeed, TMA is a complication of both autologous and allogeneic HSCT. Palomo et al. showed
an increase of in vitro markers of EC damage after both autologous and allogeneic
transplantation, although, despite the use in both preparative regimens of high dose
chemotherapy, a higher incidence of TMA is demonstrated for allograft recipients (67), (68).
This might suggest the ability of alloimmune mechanisms to alter EC, which is discussed in

section 1.3.2.

The presence of GVHD or infection is also often associated with TMA (54), (57), (69), (70). It is
hypothesised that these processes could trigger EC damage directly or indirectly through a
number of cytokines, as both aGVHD and infection represent inflammatory patterns with
massive cytokine release. Wall et al. found an association between steroid-refractory
gastrointestinal aGVHD and an up to 80% increased TMA in this group, when histologic
evidence of TMA might be found within a week of GVHD onset (70). However, some studies do
not find any relation between GVHD and TMA development (41). For the explanation of GVHD

to not be a trigger, but rather a consequence of EC damage, see section 1.2.6.

There are a few reports of patients age (for the adult population) or sex influencing TMA
development (57), (44), (45), but this was not demonstrated by the majority of other studies.

For complement gene variants that might contribute to TMA risk, see section 1.3.4.

Treatment options for TMA are limited and described in section 1.4.
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1.2.4. Veno-occlusive disease (or sinusoidal obstruction syndrome)
Definition and incidence

VOD (or SOS) is one of the best-defined post-transplant EC injury syndromes. The primary VOD
criteria were established more than 30 years ago (71), (72). But despite the longstanding use of
well-established criteria for hepatic VOD diagnosis, the pathogenesis was not fully understood,
treatment options were limited and mortality rate was high. Use of the term VOD specifically

considers the hepatic process. Some authors emphasize pulmonary VOD, which has likely to be

classified as IPS.

From the review of 135 studies in VOD performed by Coppell et al., the overall mean incidence
of VOD is 14% (73). As with most HSCT-associated EC injury syndromes, it occurs both after
autologous and allogeneic HSCT with a higher incidence after allogeneic transplantation (74). It
usually manifests early after HSCT; the classic time of presentation is by day +21 (75), (72),
although there are some reports of late-onset VOD (76). No specific treatment has been
evaluated for many years and the VOD mortality rate remained dramatically high. In patients
with severe VOD (with no symptom resolution within 100 days after HSCT) it was up to 85%
(73).

VOD is characterized by clinical features of rapid weight gain, ascites, painful hepatomegaly,
and jaundice. The clinical criteria, proposed by two separate groups, Seattle and Baltimore are
commonly used to diagnose VOD (Table 1.5) (75), (72). Both criteria include the presentation of
symptoms within the first 21 days after HSCT, hyperbilirubinemia, painful hepatomegaly and
ascites with weight gain. Thrombocytopenia is often seen in VOD patients, although it is not
recommended for VOD criteria, as it often presents in early post-HSCT period. The EBMT group
recently complemented these criteria with a definition of late-onset VOD and proposed a VOD

severity grading for adult patients (77).
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Seattle

Baltimore

EBMT - late onset VOD

Presentation of 2 or more
the clinical features before
day 20 post-HSCT

Bilirubin = 2 mg/dL before
day 21 post-HSCT and at
least 2 of other clinical
features

Two or more of the following
criteria after day 21 post-HSCT

AND Hemodynamical or/and
ultrasound evidence of VOD

Bilirubin > 2 mg /dL (= 34
pumol/L)

Hepatomegaly (usually
painful)

Bilirubin >2 mg/dL (or 34 umol/L)

Hepatomegaly, right upper
guadrant pain

Ascites

Painful hepatomegaly

Ascites with or without
unexplained weight gain of
>2% over baseline

Weight gain >5% over
baseline

Weight gain >5% over baseline

Ascites

OR Classical VOD with Baltimore
criteria beyond day 21

OR Histologically proven VOD

Table 1.5. VOD clinical criteria by Seattle (75), Baltimore (72) and the EBMT (77) groups.

VOD — veno-occlusive disease, HSCT — hematopoietic stem cell transplantation, TMA —
thrombotic microangiopathy, EBMT — European Society for Blood and Marrow Transplantation
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Ultrasound investigation with Doppler studies may help with VOD diagnosis, although neither
methods are highly specific or highly sensitive and could be used only as an addition to clinical
criteria. Ultrasound findings in VOD include reversal of portal vein flow, abnormal portal vein
waveform, ascites, hepatomegaly, gallbladder wall thickening, and increased hepatic artery

resistance index (78).

The histological picture of VOD is well described. The most apparent histologic changes for VOD
include occluded hepatic venules, sinusoidal fibrosis and hepatocyte necrosis (64). However, as
VOD is often accompanied by coagulopathy, liver biopsy in these patients may lead to life-
threating complications, and thus cannot be recommended as a standard procedure for
diagnosis. If liver biopsy is performed, the transjugular technique is recommended to evaluate

the gradient of liver venous pressure (79), (80).

Corbacioglu et al. revealed some differences between the paediatric and adult VOD
presentation and clinical course (81). In children, the VOD incidence was higher (approximately
22 - 30% versus 10% in adults), more severe VOD presentations were observed (up to 60%)
with more frequent late-onset and anicteric forms. There is a higher predisposition to VOD in
infants and patients with some specific genetic disorders, such as familial hemophagocytic
lymphohistiocytosis, X-linked lymphoproliferative disease, Griscelli syndrome, infantile
osteopetrosis and thalassemia with iron overload. Hyperbilirubinemia, as well as hepatomegaly
and ascites, in children are frequently pre-existent to VOD or occur late during VOD and mostly
in severe forms. Regarding these particularities of paediatric VOD, the EBMT group proposed
new criteria for VOD diagnosis in paediatric patients, which are summarised in Table 1.6 (81).
By the disease severity scale, the simultaneous presence of renal, pulmonary or CNS
impairment are additional severity criteria for paediatric VOD, which likely heralds the

manifestation of systemic EC injury syndrome with TMA and IPS development.
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The presence of 2 or more of the following

1 | Unexplained consumptive and transfusion refractory thrombocytopenia

2 | Otherwise unexplained weight gain on three consecutive days despite the use of diuretics or a
weight gain >5% above baseline value

3 | Hepatomegaly (best if confirmed by imaging) above baseline value

4 | Ascites (best if confirmed by imaging) above baseline value

5 | Rising bilirubin from a baseline value on 3 consecutive days or bilirubin >2 mg/dL (>34 umol/L)
within 72 h

with no limitation for time of onset

Table 1.6. EBMT VOD criteria for pediatric patients (81).

VOD — veno-occlusive disease, HSCT — hematopoietic stem cell transplantation, TMA —
thrombotic microangiopathy, EBMT — European Society for Blood and Marrow

18



Risk factors and pathogenesis

The pathogenesis of VOD is not clearly understood, but it is thought to be caused by damage to
sinusoidal EC and hepatocytes in the liver acinus zone 3, the area surrounding the central veins,
which leads to sinusoidal obstruction, hepatocellular necrosis and fibrosis (Figure 1.1) (82).
Eventually, these events bring about liver failure, hepato-renal syndrome, multiorgan failure,

and death.

Diverse risk factors for VOD development are proposed. However, the influence of some
factors on VOD occurrence has been demonstrated by some studies, although not found by
others. The EBMT group review summarised main risk factors for VOD as: the use of a human
leukocyte antigen (HLA)-mismatched donor and non-T-cell-depleted graft, use of MAC versus
RIC regimens, use of some particular chemotherapy or monoclonal antibodies (such as
busulfan, gemtuzumab ozogamicin or inotuzumab ozogamicin), pre-existent liver damage with
increased bilirubin, transaminases (by pre-HSCT exposure of different hepatic damaging factors
including viruses, irradiation, or hepatotoxic drugs), increased ferritin level due to iron

overload, as well as older age, and reduced Karnovsky status for adult patients (77), (83).

The classic risk factors, associated with a higher incidence of VOD were the use in conditioning
regimens of total body irradiation (TBI), cyclophosphamide and busulfan (84). It was found that
GSTA1, CTH and CYP2B6 gene variants in HSCT recipients may predispose to a higher VOD rate,
as the encoded proteins are involved in busulfan and cyclophosphamide metabolism
respectively (85), (86). Polymorphisms of the HPSE gene encoding heparanase (an enzyme
involved in processes such as angiogenesis, tumor metastasis, tissue repair, remodeling,
autoimmunity and inflammation) were also found to predispose to VOD development in HSCT

recipients (87). Few other genetic variants were found to be associated with VOD risk (88).

Administration of non-busulfan/ cyclophosphamide based conditioning regimens leads to lower
risks of VOD development (89), (90). Use of the busulfan analogue — treosulfan- based
conditioning regimens is a promising option, significantly decreasing the incidence of VOD (90),
(91). Non-severe VOD cases predominantly resolve with no specific treatment. Therapeutic
strategies for VOD are limited; however, the use of defibrotide is changing the paradigm of

VOD prevention and treatment. For VOD treatment options see sections 1.4.1 and 1.4.5.
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Left: Normal blood flow with intact sinusoidal endothelial cells.

Right: Sinusoidal EC damaged by direct and indirect factors. The damage promotes the appearance of
gaps in the sinusoidal barrier. Red blood cells (RBCs), platelets and monocytes penetrate the space of
Disse due to an increase in the release and expression of cytokine molecules ICAM1, VCAM1, TNFa,
vWF, PAI1 and iNOS. The endothelial lining consequently detaches. The end result is a decrease in
the blood flow, and obstruction, that will lead to embolization and post-sinusoidal hypertension.

vWEF - Von Willebrand factor; ICAM1 - intercellular adhesion molecule-1; PAI1 - plasminogen activator
inhibitor-1; VEGF - vascular endothelial growth factors; ANG2 - angiopoientin2; TNFa - tumor necrosis
factor alpha; iNOS - inducible nitric oxide synthase. VCAM1 — vascular cell adhesion molecule-1.

Figure 1.1. Venoocclusive disease pathogenesis (Nassereddine et al. (82)).
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1.2.5. Idiopathic pneumonia syndrome and diffuse alveolar hemorrhage
Definition and incidence

For many years there has been no strict definition for IPS. Any manifestation of lung
inflammation with diffuse alveolar damage but no evidence of pulmonary infection in HSCT
recipients early after transplantation was suggested as IPS. The consensus in the IPS definition
of the American Thoracic Society (ATS) from 2010 includes 3 main criteria: 1. evidence of
widespread alveolar injury demonstrated by chest radiography or computer tomography, with
such clinical symptoms as cough, dyspnea, tachypnea and rales or functional respiratory test
(increased alveolar to arterial oxygen difference and increased restrictive pulmonary test
abnormality). 2. absence of lower respiratory tract infection demonstrated by bronchoalveolar
lavage (BAL) negative for any respiratory pathogens or transbronchial lung biopsy. 3. absence of
cardiac or renal failure, or iatrogenic fluid overload as an etiology for pulmonary dysfunction

(92).

The ATS review determined the incidence of IPS after MAC regimens to range from 3 to 15%
with the IPS onset varying from day +4 to +106 post-HSCT (92). The median time of IPS onset in
pediatric patients is 20 days (93). The mortality rate in most IPS studies was high - from 60 to
88% with more than 95% of IPS patients requiring mechanical lung ventilation (92), (94), (95). In
a prospective study of Yanik et al., 17 of 28 enrolled pediatric patients with IPS required lung
ventilation support (93). Interestingly, a recent study of the Seattle group re-examined BAL and
autopsy tissue samples of IPS patients, who underwent HSCT from 1992 to 2006 with new
diagnostic methods used to detect infections. They found that about 50% of patients with IPS
had occult respiratory infections (predominantly with respiratory viruses) (96). The mortality
rate in this group was higher in comparison to the patients without detected pathogens. This
important observation shows that the real IPS incidence may be lower than was previously
reported due to cases of misdiagnosis. The reason is in poor diagnostic methods to identify
some infections, and limited criteria for IPS with other diagnostic techniques used in earlier
studies. As IPS is a dramatically rare HSCT complication, more prospective studies in bigger

cohorts of patients are needed to evaluate its incidence and mortality rate.

DAH is an early complication of HSCT, which appears as a particular phenomenon of IPS. It
manifests with progressive shortness of breath, cough and hypoxemia with return of blood-
stained BAL fluid. Reported incidence and mortality rate are similar to those in IPS (92). The ATS
expert group also considers peri-engraftment respiratory distress syndrome to be a pattern of
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IPS presentation (see section 1.2.1) (92). But the author would not share this opinion because
of the rapid complete response of ES to steroid therapy versus the very poor response and

prognosis in patients who experience IPS or DAH.

There are no specific clinical, laboratory or instrumental signs of IPS. Chest radiography is
helpful for IPS diagnosis and reveals features of lung injury, which however, look quite non-
specific for a non-infectious inflammatory process (97), (98). As in other post-transplant EC
injury syndromes, lung biopsy in a critically ill patient may be associated with life-threating
risks. Nevertheless, the histological examination of lung tissue appears to be a good diagnostic
tool for IPS. There are no specific histological patterns for IPS, but the differentiation with the
exclusion of other lung injury syndromes may be helpful for diagnosis. Histological findings
associated with IPS include diffuse alveolar damage with hyaline membranes, lymphocytic
bronchitis, bronchiolitis obliterans organizing pneumonia or interstitial pneumonitis (99). In
murine IPS models, histological features include alveolar and endothelial injury accompanied by
T-cell infiltration (100). Liu et al. found in the majority of mice with aGVHD after allogeneic
HSCT, non-infectious lung damage characterised by dense mononuclear cell infiltrates around
pulmonary vessels and bronchioles, and acute pneumonitis involving both the interstitial and
alveolar spaces (97). The alveolar infiltrate was composed of macrophages, lymphocytes (CD4+
later followed by CD8+), epithelial cells, and scattered polymorphonuclear cells within a fibrin
matrix. The Altmann et al. study of pre- and post-mortem lung histology of 8 severe combined
immunodeficiency (SCID) patients with IPS revealed evidence of wide-spread capillary leak of
fibrin to alveolar spaces and arterial myointimal thickening (indicative of pulmonary
hypertension) in most of the observed samples, intraepithelial T-cells in 2 of 8 patients, and
obliterative pneumonitis in 3 of 8 patients (94). High predisposition of some primary
immunodeficiency (PID) patients (mostly SCID) to IPS is likely related to pre-transplant

pulmonary damage by persistent lung immune mediated or infectious inflammation.
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Risk factors and pathogenesis

The pathogenesis of IPS remains poorly understood, but appears to be complex with innate and
adaptive immune cell activation, massive cytokine production, and endothelial cell activation/
damage. Several studies in murine models showed an important role for T-cells in the
development of IPS. Cook et al. demonstrated that T-cell elimination from allogeneic grafts
effectively prevented the development of systemic GVHD and significantly reduced lung injury
(101). Host-reactive donor T-cell expansion was found in the BAL, but not in the spleens of T-
cell depleted transplant recipients, which in the authors opinion might suggest that host-
reactive donor T-cells can significantly contribute to IPS development. Panoskaltsis-Mortari et
al. showed that although TBI- and cyclophosphamide- based conditioning regimens caused lung
damage, T-cells were needed for IPS development (100). Histological examinations of lung
tissue revealed the predominant presence of cytotoxic T-cells, although another study showed

the rise of CD8+ cells following an increase in CD4+ cells (97).

Several murine IPS studies demonstrated an important association of increased chemokines
responsible for attraction of donor monocytes/macrophages and T-cells into the lungs with
lung injury (102), (103). Fowler et al. in BMT murine model experiments demonstrated
beneficial outcomes of IPS with nuclear factor (NF)-kappaB targeting (104). The NF-kappaB
inhibition caused the blockade of inflammatory responses, which is remarkable in terms of the
important role of NF-kappaB signaling for many inflammatory cells (especially lymphocytes), as

well as EC.

A proteomic study of IPS patients plasma revealed changes in concentrations of some proteins
associated with IPS that are involved in innate immunity, pattern recognition and the acute
phase response signalling pathway (105). BAL proteomic analysis of IPS patients presents a
pattern distinct from infectious lung injury patterns in HSCT recipients (106). Seo et al. in a
proteomics study of IPS patient plasma, suggested that TNF alpha, as well as IL-6 and
stimulation-2 (ST2, receptor for IL-33, increased in patients with acute lung injury), could be
used as a IPS biomarker, but only the TNF alpha level varied significantly between the patients

with IPS and viral pneumonia (107).

Studies in lethally irradiated mice showed significant lung injury to be associated with increased

BAL levels of TNF alpha (108), (109), elevated numbers of donor-derived T cells secreting TNF-

alpha, and increased pulmonary macrophage production of TNF alpha to lipopolysaccharide

(LPS) stimulation (109). Remarkably, use of TNF alpha”- donors led to significantly reduced IPS
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severity, while use of TNF alpha deficient recipients had no impact on IPS risks. Reduced risks of
IPS were also observed in the absence of donor T-cell-derived TNF alpha. These observations
suggest that donor TNF alpha is critical for the development of IPS. Furthermore, LPS was

demonstrated to contribute to IPS development (110), (111).

Interestingly, Zhou et al. found an association of human herpes virus type 6 (HHV6) and Epstein
Barr virus infections with increased risk of IPS in HSCT recipients (112). They also demonstrated
serious lung damage in murine BMT models pre-infected with viruses, whereas these viruses
were not detected in BAL. These findings support the ideas either of frequent IPS misdiagnosis
in cases of undetected viral infections, or non-pulmonary viral infections playing important

triggering role for IPS via immune cell activation and cytokine production.

The data showing EC damage contributing to IPS pathogenesis are sparse. In lethally irradiated
transplanted mice, pulmonary endothelial damage was found in both large and small peripheral
vessels, and the number of vessels with detected EC apoptosis correlated with severity of lung
damage (108). Lung tissue samples of SCID patients with IPS were indicative of EC activation: of
7 investigated for EC activation markers samples all were histologically positive for intercellular
adhesion molecule 1 (ICAM1), 3 of 7 to vascular adhesion molecule 1 (VCAM1), and 5 to

endothelium nitric oxide synthase (eNOS) expression (94).

The conditioning regimen could influence IPS development, with a higher predisposition found
in patients receiving MAC or TBI (113), (114). By some reports, the use of busulfan in the
conditioning regimen enhances the risk of developing IPS (115). A few studies found increased
IPS incidence in older patients or in those who had high risk malignancies as an indication for
HSCT (114), (115). Sano et al. also showed prior HSCT to be a risk factor for IPS development in
pediatric patients (95). There are some studies demonstrating high association between IPS and

aGVHD (see section 1.2.5) (96), (95), but controversially other studies show no relation (115).

The therapeutic options for IPS are restricted and described in section 1.4.
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1.2.6. Graft versus host disease

Acute GVHD is one of the main complications of allogeneic HSCT leading to high morbidity and
mortality (7). The frequency of aGVHD in some studies is reported to be up to 70%. The
fundamental principal of aGVHD is donor T-cell activation via HLA - presentation of host’s tissue
antigens by either host, or donor antigen presenting cells (APC), leading to tissue damage (116),
which is described in detail in Figure 1.2. Acute GVHD affects skin, gastrointestinal tract and
liver. Typical aGVHD symptoms include a skin maculopapular rash; hyperbilirubinemia with
jaundice due to small bile duct damage leading to cholestasis in liver; nausea, vomiting and
anorexia in upper gastrointestinal tract or watery/bloody diarrhoea and crampy abdominal pain

in lower gastrointestinal tract involvement (117).

Proposed risk factors for aGVHD development are quite similar to risks for other post-
transplant complications, associated with EC damage. The main factors for aGVHD
development are MAC regimen and TBI, as they massively damage recipients tissue, causing
cytokine release (118), (119). As HLA — incompatibility is a trigger of alloreactivity, it is a crucial

factor of GVHD risks and less important for other EC damage syndromes development.

Although aGVHD is not considered as classical EC damage syndrome, there is evidence of a
crucial role of EC damage in GVHD development. Vascular EC were demonstrated by a few
histological investigations to be involved in aGVHD of skin and gut (120), (121). The
contribution of EC damage to GVHD is supposed to be a result of EC activation by GVHD
effectors (mainly cytotoxic T-lymphocytes and different pro-inflammatory cytokines). However,
in vitro models demonstrating the role of EC in GVHD development are limited. A few studies,
where EC cultures were exposed to plasma or serum of allogeneic HSCT recipients with aGVHD,
showed a rise of EC activation markers (9), (122), (123). There was also found that some EC
markers were increased in patients with GVHD before disease onset, which suggests enhanced

EC vulnerability can predispose patients to GVHD development.

Histological patterns of aGVHD are well defined. Remarkably, epithelial apoptosis — a specific
histological marker of GVHD (124) is often observed in other EC damage syndromes. It was also

described in the lung histology of IPS patients (99).
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cytokine storm.

(3) Cellularand
inflammatory
effectors

Figure 1.2. Acute graft versus host disease pathogenesis (Ghimire et al. (116)).
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A variety of cytokines and chemokines are involved in aGVHD development (117), but the
major attention is focused on TNF alpha. Cytokine release is primarily induced by tissue damage
caused by the conditioning regimen (118), (119), and is later potentiated by immune cell
activation. The experiments in a murine BMT model showed that TNF alpha is derived from
monocytes/ macrophages (125) and activated donor T-lymphocytes (126), (127). However, the
increase of serum TNF alpha and IL-1 beta levels was observed both in allogeneic and syngeneic
transplant suggesting that alloreactivity is not playing a leading role in cytokine release (118).
During aGVHD, TNF alpha impacts on T-cell activation (126). TNF alpha blockade in mice
postponed aGVHD presentation (119) or lead to reduced GVHD severity and improved survival

(118) (see section 1.4.3).

Many clinical studies demonstrate a high association between IPS and aGVHD (96), (97), (101).
In a lethally irradiated murine BMT model, clinical presentation of IPS followed aGVHD
development (101), (111), suggesting similar pathogenesis with a role for massive tissue
damage and alloreactivity. Interestingly, increased levels of TNF alpha are observed before the
manifestation of both process (97). Some studies also showed the increased levels of other

cytokines during both IPS and aGVHD, such as IFN gamma and IL-6 (97), (100), (101).

Few studies demonstrate similar clinical and histological patterns between intestinal TMA and
aGVHD (51). ST2 is a decoy receptor for IL-33 and drives a type 2 T-lymphocyte toward a type 1
T-lymphocyte helper phenotype, and is highly expressed on hematopoietic cells and secreted
by epithelial cells, EC, and fibroblasts. Interestingly, ST2 increase found in plasma of IPS patients
(see section 1.2.5) was also observed in plasma of HSCT recipients with steroid-refractory

aGVHD and demonstrated to be associated with TMA development (128).

The relationship between aGVHD and ES (for ES details see section 1.2.2) also appears
controversial. Some similar patterns are observed in both syndromes. There are few reports
about increased incidence of aGVHD in those patients, who developed ES earlier (34), (29).
Chang et al. reported higher non-relapse mortality in patients with ES (29), which is
hypothesized to be linked not directly to ES presentation, but to further higher risks of severe
aGVHD development in these patients. Histological findings of skin GVHD could be found in ES

patients, but the mechanism of this observation is not completely clear (129), (130).
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1.3. Pathogenesis of endothelial cell injury

1.3.1. Normal endothelium

The endothelium is a monolayer of EC forming the inner part of the blood vessel wall.
Endothelium function is not limited to that of a barrier, but also significantly contributes to
regulation of blood fluidity and coagulation, the maintenance of adjacent tissue homeostasis
with regulation of permeability for fluids and macromolecules and transfer of proteins and

cells, vasculogenesis, regulation of vascular tone, inflammation and others (131).

Different types of blood vessels reveal distinct histological and molecular structures to enable
various physiological functions. Apart from EC forming the inner layer of the vessel, there are
connective tissues (extracellular matrix proteins (ECM)) and other cells (pericytes, smooth
muscle cells) forming medium and outer vessel layers and being more or less full-fledged in
different types of vessels (132). Endothelium represented in different vessels vary significantly,
playing slightly different tissue and organ specific roles (133), (134). According to the size and
type of blood vessels, endothelium is divided into macro- (arteries, veins) and micro (arteriola,
venula and capillaries) types, representing its own structure and function. Importantly, lung

micro-endothelium represents its unique features with participation in gas exchange.

Pulmonary endothelium is not static. Being a barrier in such an organ as lung with its high
volume blood circulation, to maintain homeostasis and allow normal organ function, it has to
respond promptly to a variety of changing conditions including hypoxia, shear stresses,
inflammation, etc. External stress signals are important inducers of EC intracellular signaling
and lead to diverse cellular responses that depend on signal intensity and duration (from cell

activation to death).

Barrier function is maintained by the components of adherent and tight conjunctions (vascular
endothelial cadherins (VE-cadherin), occludens, claudins, catenins and others) and focal
adhesions (integrins) to ECM proteins (135). Inter-endothelial junctions also implement
transcellular protein/fluid transport. Peculiar EC structures formed by cell surface vesicles -

caveolae are the main mechanism of intracellular transport by transcytosis (135).

Quiescent endothelium maintains blood fluidity by promoting the activity of numerous
anticoagulant pathways. The most important are fibrinolytic mechanisms working via
expression of: thrombomodulin, which activates protein C and prevents thrombin forming clot

with fibrinogen and activating platelets; and tissue-type plasminogen activator (t-PA), which
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degrades thrombi by activating transformation of plasminogen into plasmin (136). Vessel
damage or exposure of pro-inflammatory stimuli shifts the balance towards a pro-
coagulant/pro-thrombotic phenotype of EC. EC secrete a variety of pro-coagulative agents
contributing to: 1. platelet activation (with platelet-activating factor (PAF) and vVWF) 2.
facilitation of plasma coagulation cascade (with tissue factor (TF), and enhancement of plasma
factor activation binding it with co-factors on EC surface) 3. fibrinolysis inhibition (with

plasminogen activator inhibitor type 1 (PAI1) inhibiting tPA).

The main mechanism for EC regulation of vasoactivity is nitric oxide (NO) synthesis. Many
vasoactive humoral factors, such as bradykinin, adenosine triphosphate, histamine, endothelin
-1 and others induce vascular dilatation through EC-derived NO release. This is mostly regulated

by the increase of Ca2+ activating eNOS (137).

EC play an important role in inflammatory and immune responses. Being a barrier between
blood (containing many immune cells) and inflamed tissues or lymphoid organs the
endothelium contributes to all initiating events in cell extravasation via cytokine-driven
expression and cell surface presentation of chemoattractants and adhesion molecules (138).
The most crucial of these are: platelet and endothelial cell adhesion molecule 1 (PECAM1, or
CD31), ICAM1, VCAM1, P- and E-selectins. There are many studies demonstrating high

expression of these molecules in EC activation (68), (67), (139).

EC might contribute to innate immunity. Interaction of pattern recognition receptors with
bacterial components activates several intracellular pathways, subsequently leading to NF-
kappaB activation and transcriptional induction of inflammatory cytokines, enzymes and

adhesion molecules (140), (141), (142).

Importantly, EC are one of the central parts of humoral regulatory processes called
‘immunothrombosis’ and 'thromboinflammation’, which is based on close interaction of EC,
coagulation and the immune system, including complement, at the site of endothelial injury
(143). Immunothrombosis is very complex and demonstrates diversity of blood and EC
functions and mechanisms of actions. For example, thrombomodulin widely secreted by EC not
only participates in anticoagulation, but is also known to downregulate some inflammatory
processes via controlling mechanisms for complement activation or expression of a variety of
pro-inflammatory molecules, such as cytokines or adhesion factors (133), (136). Or, P-selectin —

adhesion molecule secreted by EC and platelets is important not only for cross-talking between
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EC and platelets and thrombi formation, but also regulates immune cell activation and cytokine

production (144).

30



1.3.2. HSCT-associated triggers for endothelium activation/damage

Quiescent EC can be activated by a variety of factors. As one of the main functions of
endothelium is the maintenance of tissue homeostasis, in healthy conditions EC predominantly
undergo activation by such agents as shear, heat and osmotic stress or reactive oxygen species
(132). In a state of disorder or treatment of the disorder, especially such invasive procedures as
HSCT, EC activation can be potentiated by such factors as toxins, irradiation, some chemical
agents, or various effectors of inflammatory response. Interestingly, EC activation patterns may
vary not only depending on endothelium type and location, but also in response to distinct
triggers (145). Here are described the most crucial mechanisms of EC activation and damage,

which can play a role in EC injury syndrome development.

Conditioning regimens and immunosuppressive therapy

As was discussed in sections 1.2.3 - 1.2.6, chemo- and radiotherapy, especially included in MAC
regimens, plays a significant role in development of EC damage syndromes. Importantly, this is
the first cell- and tissue- damaging agent administered during the HSCT procedure, thus some
patterns of EC activation are observed in patients serum at day 0, before graft infusion (68),
(67). Remarkably, either VOD, or TMA can develop as a consequence of non-HSCT associated

chemotherapy (10), (146).

Many studies demonstrate damaging effects of chemotherapeutic agents and irradiation on
cultured EC (147), (66). A significant increase in expression of endothelial molecules - ICAM1,
VCAM1], E- and P-selectin and PAI1 was observed in arteries of previously irradiated patients

compared with non-irradiated controls (148).

CNI administration is a risk factor for TMA development (see section 1.2.3.). In vitro, CNI and
sirolimus exposure to EC caused pro-inflammatory and pro-thrombotic effects; however, an
alteration of EC morphology was observed after cyclosporine A, but not sirolimus exposure

(139). Cyclosporine A was shown to increase EC permeability via phosphorylation of Src/VE-
cadherin and translocation of VE-cadherin from cell surface to cytoplasm, and increasing the

production of pro-inflammatory cytokines contributing to vascular permeability (149).
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Alloreactivity

Alloreactivity is a certain mechanism for aGVHD and might play a significant role in IPS
development (see sections 1.2.5 and 1.2.6). The complex pathophysiology of alloreactivity
involves host tissue damage (induced by the conditioning regimen, prior infection and
underlying disease), pro-inflammatory cytokine release, tissue antigen presentation by APC and
effector mechanisms by activated immune cells (mostly cytotoxic T lymphocytes and natural
killer (NK) cells): direct cytotoxicity and secretion of cytokines (e.g. TNF alpha), which could lyse
target cells, activate other effector cells or affect the growth, differentiation or susceptibility of
target cells (150). However, the effects of alloreactivity after allogeneic HSCT on EC damage are
controversial. Fludarabine was shown to increase the allogeneicity of EC targets for CD8+ T-cells

(65).

As mentioned in section 1.2.6, EC damage is often observed in aGVHD. At the same time EC do
not appear to be a major target of aGVHD, the role of epithelial cell injury appears more crucial.
Kummer at el. demonstrated vascular EC escape the attack of cytotoxic T-cells due to their
impaired capacity to present antigenic peptides in comparison to leukocytes and epithelial cells
(151). Injured EC can however potentiate alloreactivity by either expression of antigen
molecules, which could be presented by APC to newly activated T-cells, or by playing a role of

non-hematopoietic APC (138).

Lipopolysaccharide

LPS is an endotoxin of Gram-negative microorganisms, many of which colonise human
intestine. It plays a crucial role in acute lung damage in sepsis. One of the mechanisms of LPS-
induced lung damage is supposed to be caused by EC activation and injury (152), (153), (154),
(155). EC respond to LPS via pattern recognition receptors (140), (156). The role of LPS in non-
septic EC damage after HSCT is debatable. Levy et al. showed the serum levels of C-reactive
protein, and LPS-binding protein plasma endotoxin concentrations to be significantly increased
early after HSCT in paediatric patients (157). Even in absence of active bacteraemia in early
post-transplant period, LPS is hypothesised to leak through the intestinal mucosa damaged by
the conditioning chemo/ radiotherapy (118). In absence of tissue and blood immunocompetent

cell defence, intestinal LPS could translocate to other organs.
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There are some studies demonstrating LPS contributing to aGVHD development. High doses of
TBI, which significantly increased the incidence and severity of GVHD, did not lead to the
increase of LPS in murine serum after syngeneic HSCT in comparison to allogeneic HSCT (118). It
seems that allogeneic donor effector cells (T- and NK-) may play here an important role here
with a direct toxic effect on the gastrointestinal tract. The same study showed TNF alpha
production by monocytes/macrophages, exposed to chemotherapy occurred only in the
presence of LPS (118). In monocyte/macrophage models non-responsive to LPS the TNF alpha
production and GVHD severity were significantly reduced (independently of T-cell responses to
host antigens) (158), which demonstrates an important role of LPS in aGVHD development. The

role of LPS in other EC damage syndromes is less evident.

Cytokines

Tissue damage caused by pre-HSCT conditioning potentiates extensive cytokine release, which
results in massive inflammation with activation of various effector cells, also releasing
cytokines. (119). However, the increase of serum TNF alpha and IL-1 beta levels is observed
both after allogeneic and syngeneic HSCT in mice suggesting that alloreactivity does not play a

leading role in cytokine release (118).

Many studies demonstrated that the incubation of EC cultures with various cytokines leads to
upregulation of genes and proteins associated with EC activation (159), (160), (161). BAL from
patients at early and late stages of acute respiratory distress syndrome with elevated active
TNF alpha and angiostatin levels was cytotoxic to primary human pulmonary microvascular EC
(HPMEC), and neutralization of TNF alpha or angiostatin attenuated cytotoxic effects on

cultured EC (162).

In study by Takatsuka et al. in post-HSCT patients, the plasma levels of soluble thrombomodulin
and PAI1 were significantly increased in patients with HSCT-related complications (such as
aGVHD, VOD, TMA, and CMV pneumonia) in comparison to those without complications (31).
Thrombomodulin and PAI1 increase was preceded by significant increase of various cytokines,

suggesting EC activation followed cytokine release.

As TNF alpha is a major cytokine in aGVHD and IPS development (sections 1.2.5 and 1.2.6), its
role in post-HSCT EC damage syndromes pathogenesis and its effects on EC cells is described in

more detail in section 1.3.5.
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Viruses

Viral infections are frequent after HSCT and often lead to morbidity and mortality. Clinical data
demonstrating virus-induced EC damage in HSCT recipients are sparse. Some studies show the
tropism of herpes viruses such as cytomegalovirus (CMV) or HHV6, commonly affecting HSCT
recipients, to EC (163), (164). Higher levels of EC activation markers were observed in patients
experiencing CMV and HHV6 infections in comparison to those with no infections (165). CMV
and HHV6 infection of EC does not promote a direct cytopathic effect, but increases the
secretion of neutrophil and macrophage attraction chemokines (likely for direct cell-to-cell
contact virus transmission), which can provoke EC activation. Furthermore, viral infections
could potentiate indirect damaging effects on EC through activation of immune cells with either

cytotoxicity or high secretion of cytokines (166), (167).
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1.3.3. Endothelial cell activation/damage

As discussed above, the results of many studies suggest that in response to stimuli such as
irradiation, LPS, and TNF alpha EC either become activated, or undergo cell death. The strength
and duration of signaling pathway activation are known to adjust cellular responses, from

homeostasis regulation and survival in weak activation, to apoptosis in strong activation.

EC activation occurs via interaction between potentiating agent and EC receptor, which initiates
a variety of intracellular pathway cascades and finally leads to activation of transcription factors
(such as NF-kappaB, STAT-1/3 and others), which regulate the expression of genes coding many
procoagulant, proinflammatory or vasoactive proteins and cell survival/death (168), (169),

(170), (171).

At the same time, via Ca2+ - dependent and independent mechanisms EC change their
structure, which cause an increase in vascular permeability (with disruption of cell to cell and
cell-matrix conjunctions via cadherins and connexins) and secretion of intracellular structures
(as Weibel-Palau bodies) to deliver intracellular pro-coagulant/inflammatory molecules into

blood (172).

There are several distinct mechanisms of cell death. Most of them happen via lysosomes, which
are involved in necrotic and autophagic cell death (173). The most common mechanism of
death for EC is apoptosis — programmed cell death. The induction of apoptosis may be
conducted by two different pathways: extrinsic — through cell surface or ‘death’ receptors of
the TNF superfamily, such as Fas and tumour necrosis factor receptor-1 (TNFR1) (see section
1.3.5) and intrinsic — through various genotoxic agents, metabolic insults or transcriptional cues
(174), (175). The activation of both apoptotic pathways leads to activation of downstream
caspases, and finally caspase-3, which translocates to the nucleus and dismantles it (Figure 1.3).
Caspases cleave different substrates, activate DNases and orchestrate cell destruction and
engulfment. However, some studies have demonstrated that lysosomes can be involved in

caspase-independent apoptosis or apoptosis-like cell death (173).

BCL-2 family proteins play crucial role in apoptosis regulation (174). They regulate the intrinsic
pathway via induction of mitochondrial synthesis of apoptogenic molecules, which promote
caspases downstream, and can modulate the extrinsic pathway. In mammals, there are at least
12 core BCL-2 family proteins, which display a range of bioactivities, from inhibition (as BCL-2 or

BCL-A2) to promotion (BAX, BAK) of apoptosis.
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In the BCL2 (intrinsic) pathway, interactions between opposing factions of BCL2 family
proteins (pro-apoptotic BH3-only sub-family proteins and pro-survival BCL2 sub-family
proteins) determine whether the effector sub-family proteins BAK and BAX become
activated. Activation of BAK and BAX results in mitochondrial permeability and release of
apoptogenic factors such as cytochrome C, which, in turn, leads to activation of the
caspase cascade via caspase 9. In the death receptor (extrinsic) pathway, death receptor-
ligand engagement by their cognate receptor leads to activation of the caspase cascade
via caspase 8. In some cell types, caspase 8 cleaves the BH3-only protein BID, yielding its
active, truncated form (tBID) that can activate BAX and BAK.

Figure 1.3. Schematic of apoptosis pathways (Watson et al (175)).
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1.3.4. Complement activation

The complement system is a fundamental component of innate immunity; however, it also
plays an important role in regulation of inflammation and homeostasis (176). Many
endogenous and exogenous stimuli can activate the complement system via three classic
pathways: classic, lectin and alternative (Figure 1.4) (177). More recently, the fourth pathway —
extrinsic was proposed, indicating an interaction between the complement and coagulation
systems. This interaction is an important component of recently described processes, called
thromboinflammation and immunothrombosis, where EC activation plays its own pivotal role
(178), (179). The complement system activation via any mechanism and pathway results in C5b-
9 (or terminal complement complex, or membrane attack complex) formation targeting cells’

plasma membrane and causing cytolysis.

Apart from direct EC alteration by the terminal complement complex, there are several
mechanisms of EC interaction with the complement system. EC express many receptors for
various components of complement (180). Binding of complement elements to EC receptors
lead to the expression of pro-inflammatory (cytokines, chemokines, adhesion molecules and
others) and pro-coagulant factors and cause EC cytoskeletal changes facilitating
transendothelial migration and leakage of blood components to tissues. EC can also be a target
for the circulating inactive terminal complement complex, resulting in EC activation and release
of pro-inflammatory, pro-thrombotic and vasoactive proteins and increasing vascular
permeability. Furthermore, EC play an important homeostatic role in the complement system

maintenance via expression of complement proteins and regulators (179).
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Figure 1.4. Schematic of complement activation pathways (Orsini et al. (177)).

PAMPs — pathogen-associated molecular patterns, DAMPs — damage-associated molecular
patterns MBL — mannose binding lectin, MASP - MBL-associated serine proteases
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Many disorders are associated with complement deficiency or dysregulation (181).
Complement system impairment is a leading pathogenic mechanism in aHUS and a contributing

factor to endothelial damage in TTP (179).

There are many studies demonstrating complement activation in post-HSCT TMA. Increased
levels of sC5b-9 and markers of alternative and terminal pathway activation are detected in
serum of patients with HSCT-associated TMA (41), (70), (182). The renal arteriolar C4d
deposition is seen in TMA renal biopsy samples (53). An in vitro study in erythroblast cell lines
lacking expression of the complement regulatory proteins CD55 and CD59 (making them
susceptible to complement-mediated cell death), showed that cell exposure to serum of
patients with HSCT-associated TMA increased the percentage of nonviable cells in comparison
to healthy controls and non-TMA HSCT recipients serum (183). Abnormal C5b9 formation on
microvascular EC was observed after EC exposure to serum of patients with hypertension-
associated non-HSCT TMA, while no complement abnormalities were found in patients serum
(184). Furthermore, the response of the part of TMA patients to complement blocking therapy

(see section 1.4.2) also suggests an important role of complement activation in TMA.

Although in microangiopathies the complement system is mostly activated via alternative
pathway, the role of lectin pathway is apparent. The elevation of mannan-binding lectin-
associated serine protease-2 (MASP2) was observed in serum of patients with aHUS, TTP and
HSCT-associated TMA, although it was also significantly increased inHSCT recipients without

TMA (185).

Not only pathologic loss- or gain-of-function mutations of complement genes, but also some
complement and coagulation gene polymorphisms were found to be associated with hereditary
microangiopathies (186). When these genetic factors were investigated in HSCT recipients,
various likely functional genetic variants were identified in 65% of TMA patients and only in 9%
of patients without TMA (187). Noteworthy, a higher number of gene mutations were observed
in non-white recipients, who developed more severe forms of TMA with a higher mortality rate.
These findings could support the hypothesis that complement genes may modify susceptibility

to TMA in HSCT recipients.
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1.3.5. TNF alpha

TNF alpha is an important regulator of immunity and inflammation via modulation of
intracellular responses. It regulates cell proliferation and inflammation signaling pathways and
cell survival through pro-apoptotic and anti-apoptotic pathways (188). TNF alpha interacts with
2 types of transmembrane receptors (TNFR1 and TNFR2) which activates of several signalling
pathways (Figure 1.5) (189). TNF alpha is widely produced by a variety of mammalian cells and
targets many cells participating in inflammatory process, and appears to be one of the crucial

mediators involved in EC activation and injury.

TNF alpha can cause direct tissue damage by inducing necrosis or apoptosis of target cells. TNF
alpha as well as IL 1 beta and LPS are known to induce EC activation and apoptosis in NF-

kappaB dependent and independent pathways (190), (191), (192). Eissner et al. showed that in
vitro upregulation of EC membrane TNF by LPS and irradiation treatment induces EC apoptosis
(66). Moreover, following activation with LPS and pro-inflammatory cytokines, EC also actively

produce TNF alpha (193).

As discussed earlier (sections 1.2.5 and 1.2.6), TNF alpha plays an important role in IPS and
aGVHD development. The experiments in murine HSCT model showed that TNF alpha is derived
from monocytes/macrophages (118), (125) and activated donor T-lymphocytes (126), (127),
(109). Interestingly, in BMT models of lethally irradiated mice, the reduction of GVHD was seen
in TNFR1-deficient mice, whereas the reduction of lung damage associated with decrease of
RANTES (CCL5), monocyte chemoattractant protein-1 (MCP1) and ICAM1 in BAL was found in
TNFR2-deficient mice (194).
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Both TNFR1 and Fas transduce apoptotic and anti-inflammatory signals through the
recruitment of Fas-associated death domain protein (FADD) and subsequent recruitment and
activation of caspase 8. TNFR1 also mediates anti-apoptotic and inflammatory responses
through the recruitment of TNF-receptor-associated factor 2 (TRAF2) and receptor-interacting
protein 1 (RIP1). Other members of the TNF receptor family, such as TNFR2, recruit TRAF2
and TRAF1 to transmit their anti-apoptotic and inflammatory signals.

Figure 1.5. TNF receptors type 1 and 2, and Fas; their signal-transduction pathways and
regulating effects on apoptosis and inflammation (Baud et al. (188)).
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1.4. Therapeutic strategies for endothelial cell damage syndromes

1.4.1. Overview
For many years a variety of strategies have been used to treat EC injury syndromes, but very

few of them have demonstrated evident efficacy.

As alloreactivity is a major component of aGVHD, GVHD treatment is based on
immunosuppression, which is usually in non-severe disease based on steroids and in more
severe and steroid-refractory forms has to be complex. IST in aGVHD is a comprehensive topic
and not a key pillar of this study, so for detailed information follow references (117). It is
important to notice that evaluation of TMA and GVHD with specific criteria is crucial for
employing further treatment strategies. The tapering of CNl is a first option in TMA treatment
(see section 1.2.3), on the other hand, intensification of IST is the basic approach for aGVHD

treatment. In simultaneous processes, a rationale balance in IST has to be found.

The most efficient therapy for EC damage-associated syndromes after HSCT is currently
evaluated for ES. A short course of steroids in the majority of cases leads to robust resolution of
ES (see section 1.2.2). Steroid therapy is widely used, but is not effective in most cases of IPS
and has no or poor effects in other EC injury syndromes. The high efficacy of steroids in ES and
aGVHD, partial effect in IPS and no effect in TMA and VOD may suggest that steroids do not
target EC, but mostly block immune cell inflammatory responses, which could be the leading
events in aGVHD and ES pathogenesis and play some role in IPS. However, few reports
demonstrate in vitro downregulating effects of corticosteroids on EC inflammation and

permeability proteins (195), (196).

Marik et al. showed that early intravenous use of a combination of vitamin C, corticosteroids
and thiamine prevents progressive organ dysfunction in patients with severe sepsis and septic
shock, decreasing mortality rate from 40 to 8,5% (197). The same group demonstrated an in
vitro protective effect of the synergistic action of hydrocortisone and vitamin C on LPS-induced
HPMEC activation and damage by blockade of mechanisms responsible for vascular injury and

hyperpermeability (155).

The proposed strategy for severe TTP with ADAMTS13 deficiency is plasma exchange therapy
(198). Before the distinct nature of TTP and post-HSCT TMA was found, plasma exchange was
widely used in these patients. However, many studies demonstrate no significant effect of
plasma exchange on post-HSCT TMA outcomes, hence there is no rationale to recommend it as

an option in TMA (199), (38).
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There are single reports in small groups of patients of TMA response to anti-CD20 monoclonal
antibodies - rituximab (35). Rituximab in combination with plasma exchange may be

presumably beneficial in cases of TMA with detected factor H autoantibodies (58).

Due to micro-thrombosis in liver sinusoids in VOD, anticoagulant and fibrinolytic therapy was
used as treatment. The beneficial effects were limited, but it significantly increased the risk of
hemorrhagic complications, including fatal hemorrhage (200), (201). There are few reports of
recombinant antithrombin Il efficacy demonstrated in small cohorts of patients with VOD
(202), (203). Use of ursodeoxycholic acid in a randomised controlled trial resulted in a reduction
in VOD and mortality rates (204) and it is currently recommended to reduce risks of VOD (205).

However, no benefits of ursodeoxycholic acid in VOD treatment were found.
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1.4.2. Complement inhibitors

Due to the crucial role of complement activation in TMA development (see section 1.3.4), one
of the promising targeted therapies for this disease is complement blockade (35). Eculizumab is
humanized monoclonal IgG antibody that binds to complement protein C5, preventing cleavage
into C5a and C5b, and inhibiting the production of C5b-9. Eculizumab use in aHUS
demonstrated favorable outcomes with decreased mortality and end-stage kidney damage
(21). There are few reports of its efficacy in HSCT-associated TMA. In a study of eculizumab
efficacy in pediatric patients, 4 of 6 patients had complete resolution of severe HSCT-TMA after
achieving steady therapeutic eculizumab levels, which required higher doses of eculizumab
than are usually administered in aHUS (206). These results were later confirmed in a bigger
cohort of patients with overall response to therapy - 61% and 56% of overall survival, which
was significantly higher than in a historical untreated TMA group (207). In adults, an overall
hematologic response rate of 70% and an overall survival rate of 60% were reported in TMA
after eculizumab use (208). However, in Bohl et al. study despite the response to eculizumab

observed in about 60% of TMA patients, the overall survival was only 33% (182).

The efficacy of new long-acting anti-complement C5 monoclonal antibody - ravulizumab

(designed by targeted modifications of eculizumab) was recently demonstrated in aHUS (209).

N-acetylcysteine, widely used as a mucolytic agent, was found to cause a reduction of
complement activation and vWF multimerization and might also have a possible therapeutic

effect in post-HSCT TMA (210).

The introduction of the lectin pathway blocking agent — narsoplimab, binding MASP2, in pre-
liminary clinical studies led to favorable outcomes in HSCT-associated TMA compared to

historical controls (211).

The role of complement activation is not evaluated for other HSCT-associated EC damage
syndromes, therefore potential efficacy of complement blockage in other EC damage
conditions is doubtful. There is also a question as to whether complement blockade is an
adequate pharmaceutical strategy for HSCT-TMA, as it targets only late organ-damaging effects.
The use of complement blocking agents is limited by high cost and more randomised studies

are needed to evaluate the safety and efficacy in post-transplant TMA.
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1.4.3. TNF alpha inhibitors

Due to the role of TNF alpha in IPS and GVHD development (sections 1.2.5 and 1.2.6), TNF alpha
inhibitors were widely studied in pre-clinical IPS and GVHD models in lethally irradiated mice
receiving allogeneic HSCT. Hill et al. showed that administration of TNF alpha inhibitors in
comparison to human IgG infusions led to improved survival (118). Another study
demonstrated that TNF alpha inhibitors dramatically reduced mortality and prevented the
exacerbation of lung injury caused by LPS administration and progression of systemic GVHD

(111).

One of the most widely implemented TNF inhibitors in clinical practice is etanercept, which is a
fusion protein of recombinant TNF receptor and Fc-fragment of human IgG1. Although the first
line therapy of aGVHD remains steroids, addition of etanercept to steroids in patients with
aGVHD leads to better response than in patients receiving steroids alone (212). In many clinical
studies in steroid refractory aGVHD, etanercept was used as a second-line treatment itself or in
combination with other IST. Usually it induced a response, which, however, was mostly short-
term and was associated with poor long-term survival, even in responders (213), (214), (215),
(216). Therefore, TNF inhibitors are advisable as an option but still cannot be recommended as

a standard approach for steroid refractory aGVHD.

Historically, in addition to supportive care with diuretics and lung mechanical ventilation, high
dose steroids were recommended as the only possibly beneficial therapy for IPS. As IPS is a less
frequent HSCT complication than aGVHD, there are few clinical data on etanercept use in IPS.
Improved survival was shown in IPS patients receiving a combination of steroids and etanercept
compared to steroid only, but the two-years OS still remained poor —18% (217). In a
prospective study in pediatric patients with IPS, 71% of complete response was seen within day
28 after initiation of combined therapy, with steroids and etanerceptwith one-year OS of 65%
(93). Of note, the same therapeutic scheme in an adult group lead to the same low rate of
response as was seen the placebo group and only 23% one-year OS in the etanercept group
(218). Hence, etanercept for IPS as well as for steroid refractory aGVHD cannot be
recommended as a standard of therapy, but regarding the lack of other curative options, it

could be administered in addition to steroids.
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1.4.4. Defibrotide

Defibrotide is the sodium salt of a single-strand polydeoxyribonucleotide with mean molecular
weight 15 to 30 kDa, which is derived by controlled depolymerisation of DNA obtained from
porcine mucosa (219), (220). Defibrotide mainly targets EC, and a variety of in vitro effects of
defibrotide were demonstrated: anti-inflammatory and anti-oxidant (221), (222), (223), anti-
thrombotic (revealing both anticoagulant and fibrinolytic properties) (139), (221), (224),
angiogenesis-altering (223), (225), anti-apoptotic (147) and even anti-tumor effects (226).
Interestingly, defibrotide was shown to facilitate fibrinolysis not only via modulation of
fibrinolytic factors release by EC, but also by directly enhancing the activity of plasmin (227).
Defibrotide was shown to prevent EC damage caused by fludarabine and CNI exposure (65),

(139), (223).

Importantly, to answer the questions as to whether defibrotide could attenuate effects of
chemotherapy drugs on tumor cells (as it does with EC) and could interfere with tumor-stromal
interactions influencing the response of malignant cells to various therapeutic agents,
Mitsiades et al. performed a study in cell culture and SCID/NOD deficient mice, lacking T-, B-
and NK- cell function (226). They demonstrated that defibrotide did not counteract the anti-
tumor activity of several cytotoxic chemotherapy agents, apart from doxorubicin. Defibrotide
conferred a modest tumour growth delay as a single agent, supressed invasiveness of tumour
cells via its interaction to EC and enhanced the anti-tumour activity of several

chemotherapeutic agents.

Nevertheless, to date the mechanism of action of defibrotide remains unclear. The greatest
effort to study its mechanism of action was performed by Palomo et al (222). When cultured
human EC were exposed to defibrotide, it firstly became attached to the external cell
membrane and then internalised by micropinocytosis. The authors also presumed that because
of micropinocytosis defibrotide might not reach lysosomes to be degraded there. After 24
hours of incubation with defibrotide, it remained in the cell cytoplasm, but not passed to
nucleus. No specific receptors for defibrotide were found, but adenosine receptors primarily
sought to bind defibrotide, were shown not to play a role in defibrotide - EC interaction.
Moreover, no interaction was found between defibrotide and healthy donors’ peripheral blood
mononuclear cells, also exhibiting macropinocytic capacities. When EC were pre-treated with
defibrotide and then exposed to cyclosporin A in absence and presence of macropinocytosis

blocking agents, a decreased expression of adhesion molecules, restoration of eNOS levels and
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activation of intracellular proinflammatory mechanisms were observed, suggesting that

defibrotide could act at the membrane level.

The first report of clinical efficacy of defibrotide in VOD was delivered by Richardson et al in
1998 (228). Since then, many clinical studies have demonstrated the effect of defibrotide on
VOD treatment (229), (230), (231), (232) and prophylaxis (205), (233). However, defibrotide
does not fully prevent VOD; in a randomised study in pediatric patients, prophylactic
implementation of defibrotide decreased the incidence and severity of VOD (234). It did not
lead to complete resolution of VOD in all patients, but led to an increase of 100 days survival of
up to 40% in adult and 60% in pediatric patients (146). The effectiveness of defibrotide was also
demonstrated in cases of non-HSCT chemotherapy-associated VOD (235). Remarkably, the
recent report of Klein et al. demonstrates beneficial effects of defibrotide in post-HSCT lung

injury in BMT mice models (236).

There are also single reports of defibrotide efficacy in such conditions involving the vascular
wall, as ischemic and thrombotic disorders (219). Interestingly, one of the first reports of
defibrotide effectiveness in humans was published in 1985, where it was administrated in 8
patients with TMA (237). There are few recent reports on defibrotide monotherapy efficacy in
about 60% of post-HSCT TMA in children and adult patients (238), (239). Nevertheless, in a
randomised study of VOD prophylaxis with defibrotide in pediatric patients, the incidence of
TMA did not differ between patients receiving and not receiving defibrotide prophylaxis,
although, the overall incidence of TMA was low (around 3%) (234). A low incidence of TMA

upon prophylactic use of defibrotide was also observed in another study (240).

Interestingly, in the study of Corbaciouglu et al., in those who received prophylaxis with
defibrotide, a lower aGVHD incidence and severity were seen with reduced requirement of
steroids (234). Similar results were obtained in a few other studies of defibrotide use for VOD
prophylaxis (240), (241), although the preventive effect of defibrotide on aGVHD development

was not seen in the majority of studies on defibrotide.

Remarkably, defibrotide did not cause severe adverse effects in most cases of prophylactic use
and in healthy volunteers (229), (205), (233), (242). In a randomised study of VOD prophylaxis,
defibrotide was well tolerated (234); however, when it was used for VOD treatment, the
incidence of side effects with the prevalence of hemorrhagic events was reported in up to 23%
(231), (232), (240). However, more studies in larger cohorts of patients are needed to evaluate
the risks of defibrotide toxicity.
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The main limitation for defibrotide implementation in clinics is its high cost. The price of 80 mg/
mL of Defitelio (defibrotide commercially produced by Jazz Pharmaceuticals) is around 400
United States dollars. The standard recommended dose of defibrotide is 25 mg/kg/day divided
into 4 infusions by 2 hours each (231). For VOD prophylaxis, defibrotide is usually administrated
from conditioning till day +21 or +30 after HSCT (205), (234). In a few studies, a treatment dose
for VOD was increased to 40 mg/kg/day. However, the randomised study for use of defibrotide
for VOD treatment showed no efficacy benefit for defibrotide dosed at 25 versus 40 mg/kg/day
with a better safety profile in the group receiving 25 mg/kg/day, especially in a paediatric
cohort of patients (230). The median time to defibrotide therapy discontinuation in VOD is
about day +22 post-HSCT (243). Although Rodriguez et al. showed the cost-effectiveness of
defibrotide in VOD treatment (244), more studies might be required to prove this (245). Its
routine implementation for VOD prophylaxis, due to the high cost of the drug remains doubtful.
Other strategies of VOD prophylaxis, like use of reduced-toxicity regimens might be more

reasonable (246).
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1.5. Summary

HSCT-associated EC damage syndromes have similar patterns. The main clinical and
pathophysyological features are summarised in Table 1.7. The diagnosis is often interweaved
due to imprecise definitions and no specific clinical and laboratory markers. Moreover, these
syndromes often overlap and can arise as different features of one systemic process. The onset
time predominantly within the first 100 days after HSCT and compatible risk factors also reveal
common mechanisms of development. The pathogenesis of these syndromes is complex. Pre-
HSCT conditioning regimen causes tissue damage, which triggers or contributes to further
events, such as innate immune cell activation, or adaptive immunity activation via alloreactivity
(pivotal in aGVHD), massive cytokine release (with the exclusive role of TNF alpha noted in
aGVHD and IPS), complement activation (crucial in TMA development) and EC damage, which is

more evident in VOD and TMA pathogenesis and less clear in aGVHD and IPS.

However, key events of pathogenesis remain unclear; therefore, no effective therapeutic
options are established and the mortality rate for EC injury syndromes remains dramatically
high. The complement activation contribution to EC damage is exclusively seen in TMA;
however, it appears a late event in TMA pathogenesis, and therapeutic complement inhibition
is not curative for all TMA cases. Defibrotide demonstrated many EC-protecting effects in vitro,
and showed clinical efficacy in prophylaxis and treatment of VOD; some studies demonstrated
its efficacy in TMA, and few studies revealed decreased aGVHD incidence associated with

defibrotide use.

IPS remains a highly lethal condition and IPS pathogenesis is poorly understood. There is a
hypothesis of an important role of EC injury in IPS development. Regarding defibrotide efficacy
in EC damage syndromes, it might cause beneficial effects in IPS prevention and treatment;
however, regarding the high cost of defibrotide, clinical studies in non- VOD EC damage
syndromes, including IPS, are limited and more laboratory-based evidence of its potential

efficacy is required.
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Syndrome | Incidence, | Typical | Key Risk factors | Main Prognosis
organs time of | pathogenetic treatment
involved | onset mechanism options
post-
HSCT
Veno- About 14% | 21 days | Sinusoidal cell - MAC Defibrotide Poor,
occlusive - Liver damage, pro- - Busulfan, up to 80%
disease thrombotic gemtuzumab mortality in
factors release, ozogamicin/ severe forms
sinusoidal inotuzumab without
microthrombosis, | ozogamicin defibrotide,
hepatocellular use 44% 100 days
necrosis and - Pre-existent survival after
fibrosis liver damage defibrotide
- HLA-
mismatched
donor
- T-cell
replete graft
- Pre-HSCT
iron overload
Thrombotic | 6-39% 100 EC damage, - MAC Complement | Poor, up to
micro- - Kidney days complement - Irradiation inhibitors, 70% mortality
angiopathy | - CNS activation, - CNI use defibrotide (including
- Intestine platelet - after
aggregation, Alloreactivity eculizumab
thrombocytopenia | - GVHD usage)
and - Infections
microthrombis, -
organ ischemia Complement
gene variants
Idiopathic 6-39% 100 EC activation?, - MAC Steroids, Poor, up to
pneumonia | - Lung days macrophage and - GVHD TNF alpha 88% mortality
syndrome T-cell activation, - Irradiation inhibitors with 95%
cytokine release, - Busulfan (poor requiring lung
lung damage - HLA- response to | ventilation
mismatched both)
donor
Acute graft | Upto70% | 100 Alloreactivity - MAC Immuno- Good in
versus host | - Skin days (donor T-cell - HLA- suppression | responders to
disease - Gut activation via HLA- | mismatched immuno-
- Liver presentation), EC | donor suppression,
activation?, organ | - ES worse in poor
damage response

Table 1.7. Main pathophysiological and clinical features of HSCT-associated endothelial cell
damage syndromes

HSCT — hematopoietic stem cell transplantation, ES — engraftment syndrome, EC — endothelial

cell, CNS — central nervous system, MAC — myeloablative conditioning regimens, CNI —

calcineurin inhibitors
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1.6. Hypothesis and overall aims

The study hypothesis was:

Endothelial cells involved in the pathogenesis of well-defined post-HSCT complications, such as
VOD, TMA, play a key role in the pathogenesis of IPS, and defibrotide has an effect on

pulmonary endothelial cells.

The overall aims of the study were to:

1. Simulate IPS with endothelial cell cytokine-triggered activation and damage in a

pulmonary microvascular cell culture.

2. Develop a functional model of cytokine-triggered activation and damage of pulmonary

endothelial cells.

3. Demonstrate in vitro effects of defibrotide on activated/ injured endothelial cells.
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Chapter 2. MATERIALS AND METHODS

2.1. Endothelial cell culture

Materials, reagents and equipment

Primary HPMEC (PromoCell GmbH)

Endothelial cell growth basal medium MV 2 (PromoCell GmbH)

Endothelial cell growth medium MV 2 supplement mix (PromoCell GmbH)
Penicillin/ Streptomycin 10.000 U/mL (Thermo Fisher Scientific)

Amphotericin B (Thermo Fisher Scientific)

Recombinant human TNF alpha (Invitrogen, Thermo Fisher Scientific)

Defibrotide (Jazz Pharmaceuticals)

Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)
CellAdhere™ Type | Collagen Bovine (StemCell™ Technologies)

Fibronectin from bovine plasma (Sigma-Aldrich)

Trypsin - ethylenediaminetetraacetic acid (EDTA) solution 0.25 % (Sigma-Aldrich)
Accutase® Cell Detachment Solution (BioLegend)

RNAlater (Sigma-Aldrich)

Paraformaldehyde (PFA) Solution, 4% in PBS (Thermo Fisher Scientific)

T25 Nunc™ EasYFlask™ cell culture flasks with ventilation cap (Thermo Fisher Scientific)
T75 cell culture flasks with ventilation cap (Sarstedt)

Corning® Costar® 6-, 12- and 24-Well TC-Treated Well Plates (Corning Incorporated)
Cover glasses, 13mm, round (VWR)

10 % Dimethyl sulfoxide (DMSQ) (Sigma-Aldrich)

Foetal bovine serum (FBS) (Sigma-Aldrich)

Gibco™ Recovery™ cell culture freezing medium (Thermo Fisher Scientific)
Nalgene® Mr.Frosty freezing container (Sigma-Aldrich)

Propanol-2 (Fisher Scientific)

Nikon TMS Inverted Microscope (Nikon)
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Methodology

For cell culture experiments primary human pulmonary microvascular endothelial cells
(HPMEC) were used. The cells were obtained from PromoCell GmbH, and are derived from
single donor lung parenchyma after removing large vessels, and contain both lymphatic and
blood capillary cells. After cell-derivation, HPMEC test positive for CD31 and vWF and negative
for smooth muscle alpha-actin by immunofluorescent staining. Available donor characteristics

of the HPMEC used in the current study cells are shown in Table 2.1.

All tissue culture was performed using a Class Il biological safety cabinet and utilising sterile
equipment and reagents. For tissue culture, primary HPMEC were used between passage 3 and
5. Primary HPMEC were grown in an incubator with EC medium, containing EC growth basal
medium MV 2 supplemented with EC growth medium MV2 supplement mix and antibiotics (5
mL penicillin/ streptomycin + 1 mL amphotericin B, or later without amphotericin). The medium
was warmed for 15 min in a water bath at 37 °C before being added to cells. The humidified

incubator was set at 37 °C and with 5 % carbon dioxide (CO>).

Cell confluence was determined with light microscopy. Cells were visualized daily and used for

further passages or cell culture treatments upon reaching approximately 80-90 % confluence.

Primary HPMEC were cryopreserved with cell freezing medium (FBS + 10 % DMSO or
commercially produced cell culture freezing medium). Freezing tubes were allocated in freezing
container filled with Propanol-2 in -80 °C freezer and next day were transferred to be stored in

liquid nitrogen.

53



Donor number Age Sex Race Health status
#1 54 female Caucasian COPD

#2 65 male Caucasian COPD

#3 68 female Caucasian No COPD

#4 60 male Caucasian No COPD

Table 2.1. Donors’ characteristics of HPMEC obtained from PromoCell GmbH.

COPD — chronic obstructive pulmonary disease
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For cell culture, cryopreserved HPMEC were thawed rapidly at room temperature and seeded
in a T75 flask in prepared medium (for cell density and volume of medium see Table 2.2). Once
seeded they were incubated for 24 hr before the medium was changed. Following this initial

change, the medium was exchanged every 48 to 72 hr.

To split cells for cell culture treatment or cryopreservation, confluent cells were removed from
the flask. The cells were washed with PBS and then incubated with 5 mL of 0.25 % trypsin- EDTA
or accutase solution for 5 - 7 min at 37 °C. The cells were detached by a sharp tap on the side of
the flask. Trypsin-EDTA was de-activated with the addition of 5 mL of warmed EC medium. The
detached cells were centrifuged at 250 X g for 5 min, the supernatant discarded, and the pellet

re-suspended in warmed EC medium.

Re-suspended cells were divided for either further passage, or cryopreservation. To seed the
cells for cell culture treatment described below (see section 2.2.1), the numbers of cells and
medium volumes were used as described in Table 2.2. The medium was exchanged every 48 -

72 hr.

If necessary to cryopreserve, re-suspended cells were re-centrifuged at 250 X g for 5 min, the
supernatant discarded, and the pellet re-suspended in cell freezing medium at 0.3 - 0.5 x 10°

cellsin 0.5 mL of 10 % DMSO in FBS or freezing medium per 1 freezing tube.
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T75 flask

T25 flask

6-well plate

12-well plate

24-well plate

Number of
HPMEC seeded

0.3-0.5x10°

0.2x10°

0.1x 10°

0.05 x 10°

0.02 x 10°

Volume of
medium used
for cell
treatments

10-12mL

5mL

1.5mL

0.75-1mL

0.5mL

Volume of
RNAlater for
RNA
preservation

1.5mL

0.75 mL

0.5mL

Table 2.2. Cell counts and medium volumes used for cell culture grown in different glassware.

HPMEC - human pulmonary microvascular endothelial cells, RNA - ribonucleic acid
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Cell culture treatments and material collection/ storage

For HPMEC activation, E.coli derived recombinant human TNF alpha from Invitrogen, Thermo

Fisher Scientific, was used.

For all experiments, 80 — 90 % confluent HPMEC seeded in plates or flasks were treated with
the solutions of EC medium with different concentrations of TNF alpha and defibrotide (doses
and volumes of the solutions used in each experiment are described in the Results chapters 3, 4

and 5).

After treatment, supernatants were collected and stored in microtubes frozen at -18 °C, and
RNAlater was applied (for volumes see Table 2.2), the material was collected with cell scraper,

and subsequently frozen at -18 °C.

For immunofluorescence staining, HPMEC were seeded in 24-well plates on coverslips, pre-
coated with a mixture of collagen 50 pg/mL and fibronectin 50 pg/mL solutions in PBS (75 uL
each) and left at 37 °Cin the incubator for 30 - 60 min. After the cells reached confluence and
were treated with TNF alpha and defibrotide, the medium was aspirated, cells were washed
with warmed PBS and incubated at room temperature with 4% PFA solution for 20 min. After
PFA aspiration, the cells were washed 3 times with PBS and left in 300 pL of PBS per well. The
plates covered with lids were wrapped in parafilm to prevent contamination and kept for up to

2 months at 4 °C.
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2.2. Enzyme-linked immunosorbent assay (ELISA)

Materials, reagents and equipment

- DouSet ELISA kits for human vVWF-A2; CCL2/ MCP-1; t-PA; Total Serpine E1/ PAI-1; E-
selectin/ CD62E; MMP-9; IL1B (all R&D systems):

* Capture Antibody
* Detection Antibody
* Recombinant Standard

» Streptavidin - horseradish peroxidase (HRP)

- ELISA kits for human IL1B (Thermo Fisher Scientific):
* Capture Antibody
* Biotinylated Detection Antibody
* Standard

» Streptavidin - HRP

- BD OptEIA™ (BD Biosciences):
* Substrate Reagent A
* Substrate Reagent B
- Sulphuric acid solution (Sigma-Aldrich)
- Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)
- Tween® 20 (Sigma-Aldrich)
- Bovine serum albumin (BSA) (Sigma-Aldrich)
- 96 well Nunc™ MaxiSorp™ ELISA Plates (BioLegend®)
- 96 well microplate lids with condensation rings (VWR™)
- FLUOstar Omega microplate reader (BMG Labtech)
- MARS Data Analysis Software (v.3.02 R2) (BMG Labtech)
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Methodology

To detect protein in HPMEC supernatants after treatment with TNF alpha and defibrotide (see
section 2.2.1) an indirect ELISA assay was used according to the manufacturer’s instructions. All
reagents from ELISA kits were reconstituted with recommended amounts of PBS, distilled water
or reagent diluent and stored according to suggested conditions. Recommended working
concentrations for each kit reagent were prepared with PBS and reagent diluent. For wash
buffer, 0.05 % Tween 20 in PBS and for reagent diluent 1 % BSA in PBS solutions were used. For
substrate solution, 1:1 mixture of Substrate Reagents A and B was used. For stop solution, 2 N
sulphuric acid solution was used. All incubations were performed with plates covered with 96

well microplate lids.

Each tested sample and control sample was assessed in technical triplicate. All steps were
performed either with recommended volumes of reagents per well or half the volumes used in
each reaction. Diluted capture antibody in appropriate working concentrations was applied at
50 or 100 pL into standard wells of 96 well microplate and incubated overnight at room
temperature. After plates were emptied and 3 subsequent washes with 250 uL per well wash
buffer performed, 150 or 300 uL of reagent diluent was added to each well and incubated 1 -
1.5 hr at room temperature. After 3 repeated washes, 50 or 100 pL of seven 2-fold serial
dilutions of recombinant standards in reagent diluent and one blank control containing pure
reagent diluent were added to wells in triplicates, and 50 or 100 uL of cell culture supernatants
(or their dilutions in reagent diluent) were added to separate wells in triplicates and incubated
overnight at 4 °C. After 3 repeated washes, 50 or 100 uL of detection antibody diluted to
working concentration in reagent diluent were added to each well and incubated for 2 hr at
room temperature. After 3 repeated washes, 50 or 100 pL of streptavidin-HRP in 40-fold
dilution were added to each well and left to develop for 20 min at room temperature in the
dark. After 3 repeated washes, 50 or 100 pL of substrate solution was added to each well,
incubated for 20 min at room temperature in the dark, followed by the addition of 30 pL of
stop solution to each well. The optical density of each well was measured with a microplate
reader machine set to 450 nm. An arithmetic mean of technical replicate values for each

sample was estimated as a sample value.
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2.3. Polymerase chain reaction (PCR)

Materials, reagents and equipment

All from Thermo Fisher Scientific:

- PureLink™ RNA Mini Kit
* Lysis Buffer
* Wash Buffer |
* Wash Buffer Il
* RNAase free water (Diethylpyrocarbonate (DEPC) - treated)
* Spin Cartridges, Collection and Recovery tubes
- SuperScript® IV Reverse Transcriptase (200 U/uL)
- 5x SuperScript® IV buffer
- DTT 100 mM
- 50 uM random hexamers
- dNTP Mix 10 mM
- PowerUp™ SYBR™ Green Master Mix
- DEPC- Treated Water
- 2-Mercaptoethanol (Gibco)
- TagMan™ Array Human Endothelial Cell Biology 96-well plate, standard (configurated)
- TagMan™ FAM™ Gene Expression Assay - single-tube assays
- TagMan™ Fast Advanced Master Mix
- Custome Primers (prepared individually)
- MicroAmp® Fast 96-well Reaction Plates
- MicroAmp® Optical Adhesive Film
- NanoDrop™ One Microvolume UV-Vis Spectrophotometer
- QuantStudio™ 3 Real Time PCR System

- QuantStudio™ Design and Analysis Application Software
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Methodology

To investigate the level of messenger ribonucleic acid (MRNA) gene expression, quantitative

real-time PCR was used, according to the following methodology.

Extraction of mRNA

The EC cultures (see section 2.1 “cell culture treatments and material collection/ storage”)
exposed to RNAlater and stored frozen, were thawed at room temperature. The cell suspension
with RNAlater was centrifuged for 5 min at 4 °C x 10,000 revolutions per minute (RPM) to
pellet. After the supernatant was discarded, 350 pL lysis buffer (supplemented with 2-
mercaptoethanol 1%) was added, and vortexed thoroughly until cell pellet dispersion. 350 uL
70 % ethanol was added to each microtube sample and vortexed thoroughly. 700 pL of solution
from each microtube was transferred to a spin cartridge and centrifuged 12,000 x g at room
temperature for 15 sec. After the addition of 700 pL of wash buffer I, the spin cartridges were
centrifuged 12,000 x g at room temperature 15 sec and placed into new collection tubes. After
the addition of 500 pL wash buffer II, the spin cartridges were centrifuged 12,000 x g at room
temperature 15 sec, followed by repeated spin cartridges washes with wash buffer Il and
centrifugation. After washing, the spin cartridges were transferred to microtubes, 30 - 32 pL of
RNAse free water was added to each spin cartridge to elute RNA and centrifuged 12,000 x g for
2 min at room temperature. Purified mRNA was collected into microtubes, and if needed stored

at -18 °C freezer before conversion into complementary deoxyribonucleic acid (cDNA).

cDNA synthesis

For PCR performed in primer-containing microarray plates, in order to convert mRNA into
cDNA, to 25 pL of each mRNA sample was added a mixture of: 0,5 puL SuperScript® IV enzyme, 1
pL random primers, 1 uL dNTP Mix nucleotides and 3,5 pL 5x SuperScript® IV buffer. 6 pL of
each solution sample was transferred onto wells of a 96-well reaction plate, covered with film
and placed into a Real Time PCR System for conversion. The conversion was performed by
QuantStudio™ 3 Real Time PCR System utilising the following program: 30 min at 50 °C and

terminated by heating at 85 °C for 5 min.

For PCR performed with single gene primers, to convert mRNA into cDNA, the mRNA

concentration was measured in 1 plL of each sample by NanoDrop spectrophotometer. To each
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10 plL of sample was added a mixture of SuperScript IV cDNA synthesis reaction: 1 pL
SuperScript IV enzyme, 1 puL random primers, 1 uL dNTP Mix nucleotides, 1 uL 100 mM DTT, 4
uL 5x SuperScript® IV buffer and 2 pL RNAse free water. The conversion was performed by
QuantStudio™ 3 Real Time PCR System utilising the following program: 10 min at 23 °C,

followed by 10 min at 55 °C and terminated by heating at 80 °C for 10 min.

Quantitative real-time PCR

For PCR performed in primers-containing microarray plates (for details see the next section), to
0.5 -1 plL of each sample of cDNA was added 5 pL of SYBR Green Master Mix and 4 - 4.5 pL of
RNA free water to give a final reaction volume of 10 uL. For PCR performed with single gene
custom primers, the primers were reconstituted with DEPC-treated water to 100 umol
solutions. Each sample was diluted with RNAse free water to a concentration of 10 ng mRNA
per reaction and 6.5 pL total volume and mixed with 7.5 uL of SYBR Green Master Mix, 0.5 pL of
forward and 0.5 pL of reverse primer for each gene tested to total final reaction volume of 15
uL. For PCR performed with single gene TagMan primers, the primers stored at -18 °C were
defrosted and spun for 10 sec at 2000 RPM. Each sample was diluted with RNAse free water to
a concentration of 10 ng mRNA per reaction and 5 pl total volume and mixed with 10 pL of
TagMan Master Mix, 1 uL of TagMan gene primers and 4 pL of RNAse free water to a total final
reaction volume of 20 uL. All sample/ reagents solutions were prepared in a total volume of
single reaction volume multiplied by the number of genes tested per sample and technical

replicates where applied.

Every sample/ reagent solution was transferred to 96-well plate wells of either primer-
containing microarray plate or empty reaction plates, which was covered with film and placed
in the PCR system machine for reading. Thermal cycle for SYBR Green Master Mix was started
with incubation for 2 min at 50 °C, denaturation at 95 °C for 10 min, followed by 40
amplification cycles at 95 °C for 10 sec and melting curve generation at 95°C for 15 sec followed
by 60 °C for 1 min and termination at 95 °C for 1 sec (Figure 2.1A). For TagMan Master Mix the
reactions were incubated for 2 min at 50 °C, followed by 20 sec enzyme activation at 95 °C and
40 amplification cycles with 1 sec at 95 °C for denaturation and 20 sec at 60 °C for annealing

(Figure 2.1B).
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Figure 2.1. Thermal cycle of quantitative PCR (adopted from QuantStudio™ software, Thermo

Fisher Scientific).

A. Thermal cycle used for SYBRGreen™ Master Mix dye detection
B. Thermal cycle used for TagMan™ Master Mix dye detection
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Design of gene panels

Two gene panels were designed for EC activation markers, containing 6 and 45 genes of
interest respectively. Both were based on Custom TagMan® Array Plates from Thermo Fisher
Scientific. Gene primers were designed and validated by Thermo Fisher Scientific, gene
identification numbers are listed in Appendix 1. For the 6 gene panel, 3 genes encoding the
most common EC activation markers — VCAM1, NOS3 and VWF and 3 genes encoding apoptosis
proteins - CASP3, BAX and BCL2, were chosen to determine cell activation patterns when
different doses of TNF alpha and defibrotide were applied (Table 2.3A). For the 45 gene panel
the standard TagMan® Array Human Endothelial Cell Biology 96-well plate from Thermo Fisher
Scientific was used, which was modified to the needs of the current study. From 83 target
genes from the standard panel, 37 were selected to represent various EC functions and 8
additional genes were added in view of relevance to EC biology and TNF alpha response. The
strategy of gene selection is described in chapter 3 (section 3.2). For targeted gene encoded
protein function, see Table 3.2. For the 6 gene panel, GAPDH and TUBULIN, and for the 45 gene
panel, 18s rRNA, ACTB and GAPDH were used as housekeeping genes. One 96 well plate
accommodated 12 gene repeats for the 6 gene panel, or 2 gene repeats for the 45 gene panel

(Table 2.3).

Single gene primers

For a few specific genes of interest chosen for the final PCR experiment, the custom primers
were ordered from ThermoFisher Scientific. For primer sequences design, human gPCR primer
pairs from OriGene Technologies were used (Table 2.4). TagMan Gene Expression Assay single
gene primers were ordered from Thermo Fisher Scientific according to the gene identification

numbers used in microarray plates, which are displayed in Appendix 1.
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1-12 1-6and7-12

A | GAPDH A 18srRNA | ACTB GAPDH | MMP2 TEK CFLAR
B | TUBULIN B FN1 COL18A1 | ITGB1 IL1B BCL2A1 | BCL2
C | VWF C PGF FAS PTGIS TNFRSF10C | CDH5 PLAT
D | VCAM1 D MMP9 TFPI IL6 VCAM1 CX3CL1 | VWF
E | NOS3 E THBD IL11 CASP3 BCL2L1 FASLG TNF

F | CASP3 F BAX VEGFA PECAM1 | ACE ICAM1 | NOS3
G | BAX G CccL2 EDN1 ITGAV SELE PAI1 SELP
H | BCL2 H p38MAPK | NFkB MCP1 PI3K CAV1 SRC

Table 2.3. Design of TagMan microarray 96-well plate panels with primers for endothelial cell
genes of interest.

A. The panel contains 6 genes of interest and 2 control genes (GAPDH, TUBULIN)
B. The panel contains 45 genes of interest and 3 control genes (GAPDH, ACTB, 18s rRNA)
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Gene Reverse primer sequence (5’ to 3’) | Forward primer sequence (5’ to 3’)
eNOS (NOS3) GAAGGCGACAATCCTGTATGGC TGTTCGAGGGACACCACGTCAT
PAI1 (SERPINE1) CTCATCAGCCACTGGAAAGGCA GACTCGTGAAGTCAGCCTGAAAC
MCP1 (CCL2) AGAATCACCAGCAGCAAGTGTCC TCCTGAACCCACTTCTGCTTGG
VCAM1 GATTCTGTGCCCACAGTAAGGC TGGTCACAGAGCCACCTTCTTG
IL1B TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG
MMP9 GCCACTACTGTGCCTTTGAGTC CCCTCAGAGAATCGCCAGTACT
PLAT (tPA) GTTACACAGCGTGGAGGACCAA CACGTCAGCTTTCGGTCCTTCA
ITGAV (CD51) AGGAGAAGGTGCCTACGAAGCT GCACAGGAAAGTCTTGCTAAGGC
SELE (CD62E) TCAAGGGCAGTGGACACAGCAA GGAAACTGCCAGAAGCACTAGG
BCL2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC
BAX TCAGGATGCGTCCACCAAGAAG TGTGTCCACGGCGGCAATCATC
CASP3 GGAAGCGAATCAATGGACTCTGG GCATCGACATCTGTACCAGACC
ACTB AGGTCTTTGCGGATGTCCACGT CACCATTGGCAATGAGCGGTTC

Table 2.4. Custom reverse and forward primer sequences used for quantitative polymerase

chain reaction.
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Analysis of real time quantitative PCR

The threshold cycle (Cr) for expression analysis of each tested gene of interest was estimated
using QuantStudio™ software analysis. The relative fold change in gene expression was used to
demonstrate the change in gene expression relative to the reference sample, where the

untreated control exposed to EC medium only, was used as a reference.
The relative fold change in gene expression was evaluated by the following steps (247):
1. Allrow Crwere corrected for zero values.

2. To determine the relative quantification of each gene (ACy), the comparative Cr method
was used by the equation: ACr = Crgene of interest - Crcontrol genes, where Crcontrol

geneis an average load of Cr, for all control genes per tested sample.

3. For enabling comparisons across experimental plates, evaluated ACr were normalised to
the internal reference control sample, which was calculated as a change relative to
reference sample (AACy) by the equation: AACy = ACy gene of interest — ACrreference
sample, where ACrreference sample is an average of ACrfor reference samples, if more

than one tested.

4. The relative fold change was calculated with 222" method by the equation: relative fold

change = 2°84¢T,
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2.4. Lactate dehydrogenase cytotoxicity assay

Materials, reagents and equipment

- CyQUANT LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific):

Lysis Buffer
Substrate Mix
Assay Buffer

LDH Positive Control

Stop Solution

- Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)

- Bovine Solution Albumin (BSA) (Sigma-Aldrich)

- 96 well Microtest Plate (Sarstedt)

- FLUOstar Omega microplate reader (BMG Labtech)

- MARS Data Analysis Software (v.3.02 R2) (BMG Labtech)

Methodology

For the reaction mixture preparation, 11.4 mL of substrate stock solution (with 11.4 mL of

deionised water added to substrate mix) was added to 600 L of assay buffer. For 1x LDH

positive control 1.5 pL LDH positive control was diluted with 1 mL of 1% BSA in PBS. To each

well of 96-well microplate was transferred 50 pL of each tested sample or 50 uL of 1x LDH

positive control (in triplicate) and 50 pL of reaction mixture. After 30 min incubation (protected

from light), 50 pL of stop solution was added to each well. The absorbance of red formazan

product (Figure 2.2) was measured at 490 nm and 680 nm with a microplate reader.
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Damage to the plasma membrane releases LDH into the surrounding cell culture media. The
extracellular LDH in the media can be quantified by a coupled enzymatic reaction in which LDH
catalyzes the conversion of lactate to pyruvate via NAD+ reduction to NADH. Oxidation of
NADH by diaphorase leads to the reduction of a tetrazolium salt (INT) to a red formazan product
that can be measured spectrophotometrically at 490 nm. The level of formazan formation is

directly proportional to the amount of LDH released into the medium, which is indicative of
cytotoxicity.

Figure 2.2. Schematic of CyQuant LDH cytotoxicity assay mechanism (from Thermo Fisher
Scientific).
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2.5. Immunofluorescent microscopy

Materials, reagents, equipment

Anti-eNOS antibody (Abcam)

Anti-VCAM-1/ CD106 antibody (R&D systems)

- Isotype control antibody (Abcam)

- Anti-Mouse Alexa Fluor (AF) 488 Antibody (Thermo Fisher Scientific)

- Anti-Mouse Alexa Fluor (AF) 595 Antibody (Thermo Fisher Scientific)

- 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich)

- Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)
- Bovine Solution Albumin (BSA) (Sigma-Aldrich)

- Triton™ X-100 (Sigma-Aldrich)

- ProLong™ Glass Antifade Mountant (Thermo Fisher Scientific)

- Microscope slides Superfrost PLUS (Thermo Fisher Scientific)

- Nikon Eclipse Ni-E Upright Microscope (Nikon)

- Nikon NIS Elements Imaging software (5.02.01 (Build 1270) LO 64bit) (Nikon)

- Fiji Image J software

Methodology

Primary and secondary antibody characteristics are shown in Table 2.5.

The coverslips with HPMEC fixed with 4% PFA and stored at 4 °C in PBS (see section 2.1 “cell

culture treatments and material collection/ storage” ) were transferred to clear 24-well plate

wells and blocked for 60 min with 250 pL of blocking buffer (5% BSA and 0.3% Triton in PBS).
After aspirating the blocking buffer, 150 uL of primary antibody solution in antibody dilution
buffer (1% BSA and 0.3% Triton in PBS) was applied and incubated overnight at 4 °C. After
aspirating the primary antibody solution, the coverslips were washed with PBS for 5 min
incubation, repeated 3 times. 150 pL of 1:1000 secondary antibody solution in antibody dilution
buffer was added and incubated 1.5 - 2 hr, protected from light. Isotype control antibody was

applied at the same dilution as the tested primary antibody.

After aspirating the secondary antibody solution, the coverslips were washed with PBS for 5
min incubation protected from light, repeated 3 times. 150 pL of DAPI solution 1:1000 was

added and incubated for 5 min in the dark. The coverslips were rinsed with PBS, and
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transferred to the glass slides, disposing the stained cells to the drop of mountant and left at

room temperature in a dark overnight.

Microscopy was performed the following day using a Nikon NiE fluorescent microscope
equipped with a 20x 0.7 NA Plan Apo lens, using DAPI, FITC and tetramethylrhodamine (TRITC)
filter cubes (Table 2.6), excited with a CoolLed pE300 (CoolLed) and captured with an Andor
Zyla 5.5 camera applying NIS Elements software. Excitation intensity and exposure times were

set using control samples and maintained throughout the experiments.

After the images were taken, they were processed and analysed with Fiji Image J software. The
fluorescent intensity was measured and displayed on graphs in arbitrary units (a.u.). The
fluorescent intensity mean was estimated in the red channel, by measurement of fluorescent
intensity of a single cell cytoplasm (avoiding the nuclei area) in 20 random cells from each
sample and adjusting the mean values to fluorescent intensity mean of area containing no cells.
When images were processed for representative micrographs, in each case within an

experiment, brightness and contrast were adjusted equally. The scale bars are shown in um.
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Antibody | Antibody type | Manufacturer | Product Species Source, Immunogen
name, reactivity | clone
product
number
Anti- Primary, Abcam Anti-eNOS Human, Monoclonal | Recombinant
eNOS unconjugated antibody Mouse Mouse IgG;, | fragment
antibody (ab76198) clone M221 | corresponding
to Mouse eNOS
aa 1024-1202 (C
terminal)
Anti- Primary, R&D systems Human Human Monoclonal | Activated
VCAM- unconjugated VCAM-1/ Mouse IgGi1, | human umbilical
1/CD106 CD106 clone BBIG- | vein endothelial
antibody Antibody Vi cells (HUVEC)
(BBA5)
Isotype Primary, Abcam Mouse Human, Monoclonal | Trinitrophenol
control unconjugated IgG2a, Mouse Mouse and keyhole
antibody kappa IgG2a, limpet
monoclonal kappa, clone | haemocyanin
- Isotype MG2a-53
control
(ab18415)
Anti- Secondary, Invitrogen Goat anti- Mouse Polyclonal Gamma
Mouse Alexa Fluor (Thermo Fisher | Mouse IgG Goat IgG immunoglobins
Alexa 488 Scientific) (H+L) Cross- heavy and light
Fluor 488 | conjugated Adsorbed chains
Antibody Secondary
Antibody,
Alexa Fluor
488
Anti- Secondary, Invitrogen Goat anti- Mouse Polyclonal Gamma
Mouse Alexa Fluor (Thermo Fisher | Rabbit IgG Goat IgG immunoglobins
Alexa 594 Scientific) (H+L) Highly heavy and light
Fluor 594 | conjugated Cross- chains
Antibody Adsorbed
Secondary
Antibody,
Alexa Fluor
594

Table 2.5. Immunofluorescence antibodies characteristics.
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Filter cubes Light Fluorophores | Excitation filter Dichroic Emission filter
channel (wavelength, mirror (wavelength,
nm) nm)
Nikon DAPI Blue DAPI 340 - 380 400 435 - 485
Nikon FITC Green AF 488 465 - 495 505 515-555
Nikon TRITC Red AF 594 527 -552 565 557 -633

Table 2.6. Filter applied with Nikon NiE fluorescent microscopy.

DAPI - 4’,6-diamidino-2-phenylindole, FITC - fluorescein isothiocyanate, TRITC —
tetramethylrhodamine, AF - Alexa Fluor
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2.6. Cell counting

Materials, reagents and equipment

- Laborlux 11 Technical Binocular Microscope (Leitz)

- Bright-Line™ Phase Hemacytometer (Hausser Scientific)

- Trypan Blue Powder (Sigma-Aldrich)

- Tali® Image-Based Cytometer (Life Technologies)

- Tali® Cellular Analysis Slides (Life Technologies)

- LUNA-FL™ Dual Fluorescence Cell Counter (Logos Biosystems)
- LUNA™ Cell Counting Slides (Logos Biosystems)

- Trypan Blue Stain 0.4% (Logos Biosystems)

Methodology

To count HPMEC and T-cells, three methods of cell counting were used.

For a quick count, light microscopy of cell suspension stained with 0.4% trypan blue (prepared
from trypan blue powder and deionised water, filtered) was used. After 0.4% trypan blue
solution was added to the cell suspension 1:1 and incubated for 3 - 5 min, a drop of solution
was inserted into hemacytometer chamber under the cover glass and counted with light
microscopy. When trypan blue is used, dead cells stain blue, whilst viable cells exclude trypan
blue. Live cells per 1 square millimeter were counted. To estimate the number of cells per 1 mL,

the number of cells counted per square millimeter was multiplied by 10,000.

Alternatively, for the cell counting and viability assay, the LUNA fluorescent cell counter was
used. 10 pL cell suspension was stained with 10 plL 0.4% trypan blue solution. After the stained
suspension was transferred onto the slide, slides were inserted into the cell counter and the

“bright field” programme was used to count the cells, cell viability and average cell size.

For the T-cell migration results assessment (section 2.7), the Tali cell counter machine with Tali
analysis slides were used. After transferring 25 uL cell suspension onto the slides, slides were
inserted into the Tali cytometer and the “quick count” programme was used to estimate the

average cell size and number of cells counted.
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2.7. Transendothelial T-cell migration assay

2.7.1. Human T-cell derivation

Materials, reagents and equipment

- BD Vacutainer® sodium citrate tubes (Becton Dickinson)

- RossetteSep™ Human T Cell Enrichment Cocktail (Stemcell technologies, UK)

- Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)
- Foetal bovine serum (FBS) (Sigma-Aldrich)

- Ficoll-Paque™ PLUS (GE Healthcare)

- 10 % Dimethyl sulfoxide (DMSO) (Sigma-Aldrich)

Methodology

For healthy volunteer blood donation and use, the ethical approval Ne 12/NE/0121 was granted
by the County Durham and Tees Valley Research Ethics Committee. To obtain human T-cells,
healthy volunteer blood was collected in BD Vacutainer sodium citrate tubes 30 min before the
start of the derivation process. To each 9 mL blood tube 450 pL (50 pL/mL sample) of T-cell
enrichment cocktail was added, thoroughly mixed and then incubated for 20 min at room
temperature. After incubation, the blood was diluted with 9 mL of recommended medium (PBS
+ 2% FBS). The density gradient medium of 1.077 g/mL (Ficoll-Paque™ PLUS) was added to the
bottom of 50 mL tube. The mixture of blood diluted with medium was gently added to the
same tube, to cover the layer of density medium, avoiding their mixing. The sample was
centrifuged x 1200 g for 20 min, with the brake off. After centrifugation, the cell layer, formed
between yellow plasma and transparent medium layers, was collected with a pipette,
transferred to 15 mL tube, diluted with the medium (PBS + 2% FBS) and centrifuged x 300 g for

10 min, with the brake low. After the supernatant was discarded, the washing was repeated.

After the second wash, the cells were re-suspended in 1 mL of medium (PBS + 2% FBS) and
counted (see section 2.6). When used directly for T-cell migration assay, after counting, the
cells were topped up with the medium (PBS + 2% FBS) centrifuged at room temperature x 400 g
for 8 min and re-suspended in warmed EC medium (see section 2.1). If cryopreservation was
required, after counting, the cells were topped up with the medium (PBS + 2% FBS), centrifuged
at 4 °C x 400 g for 8 min, and after discarding supernatant, were re-suspended in 500 pL of

freezing medium (FBS + 10% DMSO) per cryovial and frozen in the -80 °C freezer.
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When used after freezing, the cells were thawed in a 37 °C water bath, diluted with medium
(PBS + 2% FBS) and spun at 400 g for 8 min at room temperature. After discarding supernatant,
the cells were re-suspended with 1 mL PBS + 2% FBS medium and counted to estimate cell

viability (see section 2.6).
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2.7.2. Jurkat T-cell culture

Materials, reagents and equipment

- Jurkat T lymphoblastic immortalised cell line (clone E6-1) (obtained from
Musculoskeletal Immunotherapy Group, Newcastle University)

- T75 cell culture flasks with ventilation cap (Sarstedt, Germany)

- RPMI-1640 with L-Glutamine medium (Lonza, USA)

- Penicillin/ Streptomycin 10.000 U/mL (Thermo Fisher Scientific)

- Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)

- Gibco™ Recovery™ cell culture freezing medium (Thermo Fisher Scientific)

- Foetal bovine serum (FBS) (Sigma-Aldrich)

- Nalgene® Mr.Frosty freezing container (Sigma-Aldrich)

Methodology

To culture Jurkat cells, RF10 medium was used, which contained: RPMI-1640 supplemented
with L-glutamine medium, penicillin/ streptomycin solution (5 mL per 500 mL of medium),
supplemented with 10% FBS. Jurkat cells were cultured in a T75 flask in a volume of 12 mL RF10
in an incubator set at 37 °C with 5% CO,. Cultures were maintained at a cell concentration
between 1 x 10° - 10° of viable cells/mL of medium. When the cells appeared to be of high
density on microscopy, or the culture medium became yellow, the cells were split. To split the
cells, 1.2 mL of Jurkat cell suspension was transferred to a new T75 flask and diluted with 11.8

mL of pre-warmed RF10 medium.

To proceed with the cells for freezing or use in the T-cell migration assay, the cell suspension
was diluted with RF10. To cryopreserve, the cells were centrifuged at x 400 g for 8 min at 4 °C,
and after discarding the supernatant, were re-suspended in 500 - 1000 pL of freezing medium
per cryovial and frozen at -80 °C in freezing container, and for long-term storage were
transferred to liquid nitrogen. When used for T-cell migration assay, the cells diluted with RF10
were centrifuged at x 400 g for 8 min at room temperature and after discarding the
supernatant were re-suspended in warmed EC medium (see section 2.1) and counted (see

section 2.6).
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2.7.3. Migration assay

Materials, reagents and equipment

- 6.5 mm Transwell® with 8.0 um Pore Polycarbonate Membrane Insert (Corning
Incorporated)

- Corning® Costar® 24-Well TC-Treated Well Plates (Corning Incorporated)

- Recombinant human TNF alpha (Invitrogen, Thermo Fisher Scientific)

- Defibrotide (Jazz Pharmaceuticals)

- Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)

- CellAdhere™ Type | Collagen Bovine (StemCell™ Technologies)

- Fibronectin from bovine plasma (Sigma-Aldrich)

- Recombinant Human SDF-1a. (CXCL12) (PeproTech)

- Paraformaldehyde (PFA) powder, 95% (Sigma-Aldrich)

Methodology

The method was adapted from Ludwig et al (248). HPMEC culture grown in T25 or T75 flasks
was split and seeded into transwells at 0.3 — 0.5 x 10° cells per transwell in 100 pL warmed EC

medium (for HPMEC culture details see section 2.1).

The schematic of T-cell migration assay is shown in Figure 2.3. The lower chambers were filled
with 750 pL warmed EC medium. The transwell membranes were pre-coated with collagen 50
ug/mL, fibronectin 50 ug/mL or collagen with fibronectin solution 50 pg/mL each in PBS 100 uL
and left at 37 °Cin an incubator for 30 - 45 min. According to the results of the first experiment
in chapter 5.1, the mixture of collagen and fibronectin 50 pug/mL each was used for all further
experiments. After 24 hr, or 48 hr of incubation at 37 °C with 5% CO,, EC medium in upper and
lower chambers was changed to fresh EC medium (and then changed every 24 - 48 hr). When
needed, the cells in upper chambers were treated with 20 ng/mL TNF alpha or 20 pg/mL
defibrotide solution in 100 pL of EC medium and incubated for 24 hr. After chemoattractant -
CXCL12 100 ng/mL 750 pL solution in EC medium was added in the lower chamber, a cell
suspension of human T-lymphocytes or Jurkat T-cells (see sections 2.7.1 and 2.7.2) 5 x 10° in
100 pL of EC medium was added to each transwell and the plate was left in incubator. Aftera 3

hr incubation, the number of cells in lower chamber were counted with Tali cell counter (see
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section 2.6). After cell counting, all samples were treated with 2.5% PFA solution in PBS (750 pL

in lower and 100 pL upper chamber) and stored at +4 °C.
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Figure 2.3. Schematic of transendothelial T-cell migration assay
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2.8. Endothelial permeability to dextran

Materials, reagents and equipment

- ThinCerts® TC inserts for 12-well plates with 0.4 um pore polyethylene translucent
membrane (Greiner Bio-One)

- CELLSTAR® cell culture multiwell plate, 12 wells (Greiner Bio-One)

- Fluorescein isothiocyanate (FITC) dextran with average molecular weight 3 - 5 or 40 kDa
powder (Sigma-Aldrich)

- Recombinant human TNF alpha (Invitrogen, Thermo Fisher Scientific)

- Phosphate-buffered saline (PBS) without calcium and magnesium (Sigma-Aldrich)

- CellAdhere™ Type | Collagen Bovine (StemCell™ Technologies)

- Fibronectin from bovine plasma (Sigma-Aldrich)

- 33 mm sterile syringe filter with 0.45 um pore PES membrane (Starlab)

- Paraformaldehyde (PFA) powder, 95% (Sigma-Aldrich)

- 96 well Microtest Plate (Sarstedt)

- FLUOstar Omega microplate reader (BMG Labtech)

- MARS Data Analysis Software (v.3.02 R2) (BMG Labtech)

Methodology

The method was adapted from Ludwig et al (248). The schematic of endothelial permeability to
dextran assay is shown in Figure 2.4. HPMEC cultures grown in T25 or T75 flasks were split and
seeded into inserts, 0.5 — 0.8 x 10° cells per transwell in 200 uL warmed EC medium (for HPMEC
culture details see section 2.1). The lower chambers were filled with 1.5 mL warmed EC
medium. The membranes were pre-coated with collagen 50 pug/mL and fibronectin 50 pg/mL
solution in 200 pL of PBS and left at 37 °C incubator for 30 - 60 min. After 24 hr, or later 48 hr,
after seeding and incubation at 37 °C with 5% CO;, EC medium in upper and lower chambers
was changed to fresh EC medium (300 pL upper chambers and 1.5 mL lower chamber). When
needed, the cells were treated with 20 ng/mL TNF alpha solution in 300 uL EC medium and
incubated for 24 hr. To prepare FITC-dextran solution, FITC-dextran powder was diluted in
deionised water and filtered through a syringe filter. After cell incubation, the TNF alpha or EC
medium solutions in upper chamber were changed to 300 pL of FITC-dextran solution in EC
medium; and 50 pL aliquotes were taken in duplicates from the lower chambers at 30 min and
1, 2, 3, 4 hr and transferred to 96-well microplate wells (protected from light). The permeability
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through the insert membrane with no HPMEC was used as a positive control sample. The
permeability through the insert membrane with growing HPMEC, not treated with TNF alpha

was used as a negative control.

To prepare the standard curves of FITC-dextran, the tested in experimental concentration was
serially diluted in a ratio of 1:2 seven times with EC medium, and pure EC medium was used for
the last dilution; 50 pL of standard dilutions were transferred to microplate wells in duplicate.
The fluorescence was measured with a microplate reader at an excitation wavelength 490 nm
and emission wavelength 520 nm. The concentrations of permeated FITC-dextran were
calculated from the standard curve meanings. All readings were corrected to zero values from

the value of pure EC medium sample.

When the HPMEC cultures grown on membranes were to be used again, after the dextran
assay, they were washed three times with warmed sterile PBS, the transwells were transferred

to previously unused wells, filled with EC medium and left for overnight incubation.

After the end of experiment, the samples were treated with 2.5% PFA solution in PBS (1 mL in

lower and 150 uL upper chamber) and stored at 4°C.
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TNF alpha 20ng/mL 24hr Transwell insert

Upper compartment
s aA b Ea Rt Microporous membrane
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Figure 2.4. Schematic of endothelial permeability to dextran assay
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2.9. Transendothelial electrical resistance (TEER)

To assess cell integrity with tight junction formation, transendothelial electrical resistance
(TEER) was measured in HPMEC cultures seeded on insert membranes. For TEER assessment in
cell cultures for the transendothelial T-cell migration assay, the EVOMZ2 Epithelial Volt/Ohm
Meter (World Precision Instruments) and STX2 “chopstick” electrode pair were used according
to the manufacturer’s instructions; and the voltage was measured and expressed in millivolts.
By Ohm’s law, the resistance (ohms, Q) can be calculated as voltage (volts)/ current (amps), and

the current applied by the Volt/Ohm Meter is about 10 pamp.

For TEER assessment in cell cultures for permeability to dextran assay, Millicell® ERS-2 Epithelial
Volt-Ohm Meter (Millipore) and Millicell® ERS “chopstick” electrode pair were used according

to the manufacturer’s instructions; TEER levels were expressed in ohms (Q).

To unify TEER measurements, all of them were performed under the same conditions (after EC

medium in both upper and lower chambers was changed to a fresh warmed medium).
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2.10. Hematoxylin & eosin staining

Materials, reagents and equipment

- Hematoxylin Solution, Gill No. 1 (Sigma-Aldrich)

- Eosin Y solution, alcoholic (Sigma-Aldrich)

- Glycerol for molecular biology, 299.0% (Sigma-Aldrich)

- Microscope slides Superfrost PLUS (Thermo Fisher Scientific)
- Cover glasses, 13mm, round (VWR)

- ApoTome microscope (Zeiss)

- ZEN 2.6 pro software (Zeiss)

- Fiji Image J software

Methodology

Insert membranes stored at 2.5% PFA in PBS solution (see sections 2.7.3 and 2.8), were cut out
with a scalpel. The membranes were exposed to hematoxylin solution for 5 min, washed with
tap water for 5 min and then exposed to eosin solution for 30 sec. After staining, the
membranes were displayed on microscope slides, covered with glycerol and cover glass. The
photographs of hematoxylin & eosin staining slides were taken with a Zeiss ApoTome
microscope utilising Zeiss ZEN software and microphotographs were processed with Fiji Image J

software.
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2.11. Statistical analysis

For graphical representation of data Prism version 9.0 (GraphPad Software) was used.

The statistical significance was considered at p values of less than 0.05. Multiple comparisons
displayed on graphs indicate the difference as nonsignificant with ‘ns’ and as significant with

asterisk: * for <0.05, ** for <0.01 and *** for <0.001, **** for <0.0001.

PCR results (section 3.2)

The unpaired t-test was used to estimate the significance of change in mRNA expression in PCR

results for TNF alpha activated samples tested in three donor cell cultures.

PCR and ELISA results (sections 4.1 and 4.2.1)

The one way ANOVA test was used for comparisons, when the data had no obvious violations
of normality and residuals were normally distributed by QQ plot. One way ANOVA test with
repeated measurements was used for multiple comparisons when the samples were tested in
three donor cell cultures under the same conditions and then compared between the
treatment conditions. Fisher’s LSD test was used to estimate the p value, no corrections for

multiple comparisons were performed.

Immunofluorescence results (section 4.2.2)

For the comparison of fluorescence intensity between the 20 measurements taken from each
sample, the data were tested for normality using the D’Agostino & Pearson normality test. As
no normal distribution was seen, the Kruskal-Wallis test was used to estimate p values and the

Dunn’s correction for multiple comparisons was applied.
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Chapter 3. ENDOTHELIAL CELL CULTURE MODEL AND RESPONSE TO ACTIVATION

3.1. Cultured endothelial cell activation and treatment with defibrotide

3.1.1. TNF alpha doses titration and exposure timing

As the pathologic process involving vascular wall and endothelium in IPS patients’ pathology
samples was mostly observed in lung arterioles (94), primary HPMEC were chosen for the study
cell culture models. As discussed in sections 1.2.5 and 1.3.5 and mentioned in section 2.1, TNF
alpha plays an important role in IPS development; therefore, for all cell culture experiments
TNF alpha was used to activate HPMEC. In in vitro studies of EC cultures different doses and
timing of TNF alpha exposure mostly varying between 0.1 and 100 ng/mL are used (145), (249),
(250).

To evaluate an appropriate dose of TNF alpha and timing for its exposure, a PCR panel of 6
genes was used: 3 genes encoding EC activation markers — VCAM1, NOS3 and VWF and 3 genes
encoding apoptosis proteins — CASP3, BAX and BCL2. For the protein assay, an ELISA technique
for vWF detection was used. The experiments were performed in three separately grown
HPMEC cell cultures from one donor, each was exposed to TNF alpha at concentrations of 0.1,
1, 10, 50 and 100 ng/mL under a 4 or 24 hr incubation time. The HPMEC culture treated with EC

medium only — as an untreated control, was used as a reference sample.

Quantitative PCR (Table 3.1, Figure 3.1) demonstrated an increase of mRNA expression for all
genes, even with the smallest dose of TNF alpha used — 0.1 ng/mL, with maximum fold increase
of gene expression seen with the highest dose of 100 ng/mL. No appreciable change in VWF
expression was seen in any of the samples. Higher mRNA expression fold change in expression
was observed for NOS3 and apoptotic genes: CASP3, BAX, BCL2, in contrast to VCAM1 which
demonstrated a moderate increase of expression. Longer TNF alpha exposure by 24 hr versus 4

hr caused higher increase in gene fold expression, but this effect was not consistent.

An ELISA assay of supernatants from HPMEC treated with TNF alpha concentrations from 0.1, 1,
10, 50 and 100 ng/mL after 4 and 24 hr incubation detected no vWF at any doses and timing of

TNF alpha exposure.
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TNF alpha | Timing | mRNA expression average fold change relative to reference sample
working
concen- VWF VCAM1 | NOS3 | CASP3 BAX BCL2
tration,
ng/mL
0.1 4 hr 0.16 0.20 2.32 26.91 0.85 12.91
24 hr 3.73 1.37 64.73 74.56 7.39 181.83
1 4 hr 0.25 11.85 8.95 224.20 3.09 831.27
24 hr 0.92 8.63 15.71 772.68 9.19 522.13
10 4 hr 0.13 75.79 52.17 5079.95 37.72 433.72
24 hr 1.26 32.27 329.91 127088.36 | 166.81 850.39
50 4 hr 0.15 65.05 107.94 27296.17 190.40 5499.96
24 hr 0.72 63.33 169.37 14064.77 165.67 8295.08
100 4 hr 0.25 579.31 399.16 41573.30 2837.88 | 6588.92
24 hr 0.98 429.24 5225.48 | 101262.63 | 5781.94 | 22373.31

Table 3.1. mRNA expression by HPMEC after TNF alpha exposure in various doses and timing.

Human pulmonary microvascular endothelial cells (HPMEC) from one donor seeded in triplicate
in 12-well plates were treated with 1 mL of EC medium only (untreated control) and endothelial
cell medium with TNF alpha at concentrations 0.1; 1; 10; 50 and 100 ng/mL and incubated for 4
and 24 hr. Quantitative PCR analysis performed on the panel of 6 genes: VCAM1, NOS3, VWF,
CASP3, BAX and BCL2. HPMEC mRNA expression is represented with average fold change
relative to reference sample for each TNF alpha dose at time points 4 and 24 hr of incubation.
An arithmetic average of ACr for untreated controls incubated for 4 and 24 hr was used as a
reference sample.
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