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Abstract

Understanding the mechanisms of phosphatidylserine exposure in sickle cells
Rasigh Wadud

Sickle cell disease (SCD) is the most common severe inherited disorder affecting millions of
people worldwide. HbS polymerisation leads to a change in red blood cells” (RBCs) membrane
permeability, high phosphatidylserine (PS) exposure, altered RBC rheology and fragility. The
high PS exposure is considered to cause some of the hallmark complications of the disease such
as vascular occlusion, anaemia and inflammation. This study investigates the possible
physiological and cellular signalling pathways involved in PS exposure in RBCs from SCD
patients. In the first part, conditions specific to the renal medulla were examined as the majority
of SCD patients suffer from nephropathy early in life. It is hypothesised that the ambient
conditions of the renal medulla promote polymerisation of RBCs and PS exposure, and so
contribute to the detrimental effects of SCD. Thus, the impact of the medullary environment,
which is hypoxic, acidotic, hyperosmotic and hypertonic, on RBCs of SCD patients was
investigated. In the second part of the thesis, intracellular signalling pathways which could cause
high PS exposure were investigated. The study aimed to establish the molecular identity of Psickie
and strengthen the link between Psickie and PS exposure. It was hypothesized that PIEZO1, a
mechanosensitive ion channel, is a potential candidate for Psickie and a major channel for Ca2*
entry in RBCs. Thus, drugs acting on PIEZO1 such as Yodal, Dookul and GsMTx4 were used
to examine their effects on Ca?" entry and PS exposure. The results from the first part of the
thesis suggest that while the hypoxic, hyperosmotic and hypertonic environment have a
substantial effect on sickling and PS exposure, the effect of pH is minimal. Furthermore, the
experiments have also shown that urea inhibits both sickling and PS exposure (highly
significantly in all the above conditions). Results from the second part of the thesis strongly
suggest that PIEZO1 can be a major channel for Ca®* entry leading to PS exposure, together
with a Ca?*-independent pathway leading to PS exposure, which is reliant on protein kinase C
(PKC). Furthermore, the sphingomyelinase (SMase) signalling pathway was also explored to
identify its role in PS exposure. Results with a SMase inhibitor and ceramide on RBCs of SCD
patients showed a strong correlation between SMase activity and PS exposure. Moreover,
experiments revealed that urea inhibited SMase strongly and might be potentially working
through this pathway to reduce PS exposure. These findings further increase our understanding
of the conditions and mechanisms, which promote PS exposure and suggest potential future

therapeutic targets.
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1 INTRODUCTION
1.1 Sickle cell disease

Sickle cell disease (SCD) was identified as a molecular disease in 1949 when Pauling et al.
using gel electrophoresis showed a significant difference in mobility of haemoglobin of
normal individuals (HbAA) compared to those with SCD (HbSS), which evidently proved
that there must be a structural difference in the haemoglobin of the two groups. It is known
that in SCD a simple genetic mutation causes aberrant cellular behaviour making it a
multifaceted disease with complex pathophysiologic mechanisms. Vermont Ingram
identified that the defect of the disease lay in the sixth position of the B chain of
haemoglobin, a protein only expressed in red blood cells (RBCs), where a single base pair
change from A (adenosine) to T (Thymine) results in alteration of single amino acid
(glutamic acid to valine) (Ingram, 1957; Marotta et al., 1977). Individuals known to have
the sickle cell trait have one copy of the normal B gene and one of the HbS (HbAS). They
usually lack symptoms, although their cells can be induced to sickle ex vivo and they are
protected from malaria. However, under conditions of high stress (e.g. athletes) or low oxygen
tensions (e.g. high altitude) symptoms of SCD have been reported (Key and Derebail, 2010;
Lew and Bookchin, 2005). While the homozygous individuals (HbSS) are the most common
amongst SCD patients and develop the most severe form of SCD, other notable genotypes

also exist which are described below (Stuart and Nagel, 2004):

e HbS/p thalassaemia Severe double heterozygote for HbS and [°
thalassaemia and almost indistinguishable from SCD

phenotypically.

e HbSC Double heterozygote for HbS and HbC with
intermediate clinical severity.

e HbS/ B* thalassaemia Mild to moderate severity, but variable in different

ethnic groups.

eHDbS/hereditary persistence Very mild phenotype or symptom free
of fetal HbS/HPHP



e HbS/HbE syndrome Very rare and generally very mild clinical course.

e HbS/GD6P (Glucose-6- Heterozygote for HbS and GD6P (metabolic enzyme
phosphate dehydrogenase) involved in the pentose-phosphate pathway in RBC
metabolism) deficiency.

e Rare combinations HbS with HbD Los Angeles, HbO Arab, G-

Philadelphia, among others.

The name “sickle” derives from the “peculiar elongated and sickle-shaped red corpuscles”
which were first observed by Dr James Herrick and Dr Ernest Irons in 1910 in a dental
student from Grenada as shown in Figure 1.1. James Herrick subsequently published the

findings in a medical journal in which he used the term sickle-shaped cells.
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Figure 1.1: Initial examinations of SCD. (A) Describes the peculiar appearance of sickle RBCs (Herrick,
1910). (B) Electrophoresis of different blood genotypes. (C) Peripheral blood smear from a patient with SCD
obtained during a routine clinic visit (Frenette and Atweh, 2007).

Later in 1927, Hahn and Gillespie showed that RBCs of these patients in low oxygen
conditions resulted in the sickle shape. This sickling of RBCs takes place due to the loss of
negative charge and insolubility of HbS when it becomes deoxygenated leading to formation

of polymers that aggregate into tubular fibres. The mutated valine in the B® position of the

2



HbS molecule is able to bind to the adjacent phenylalanine & and leucine p8 of the
neighbouring HbS molecule resulting in polymerisation (Figure 1.2). As they enlarge, they
distort the RBCs causing the characteristic sickle shape as well as creating other bizarre
morphologies. This polymerisation of HbS occurs with a lag time following deoxygenation
during which no polymer is detected, followed by an exponential increase in polymer
formation. This lag time is inversely proportional to a very high power of the HbS
concentration ([HbS] ¥ is often quoted), showing that a small increase in HbS concentration
substantially promotes sickling of red cells (Eaton and Hofrichter, 1987). If the transition
time of RBCs through hypoxic regions of the circulation is shorter than the lag time then
RBCs can escape HbS polymerisation. However, if the transition time is prolonged through
the hypoxic regions (due to blocked vessels) then RBC polymerisation is initiated and, with
repeated episodes, sickling eventually becomes irreversible (Ferrone, 2004; Scheinman,
2009). Another reason for RBCs to sickle is due to dehydration which occurs because of
abnormal activity of multiple channels and transporters in the plasma membrane, resulting
in loss of cations with water following osmotically, eventually causing haemolysis, removal

by phagocytes and other deleterious sequelae (Apovo et al., 1994; Borgese et al., 1991).

e
o

a-chain

HbS deoxy-HbS polymer

o, B%,
Figure 1.2: Formation of linear aggregates between molecules of sickle haemoglobin (Odiévre et al.,
2011). Removal of oxygen from the haemoglobin opens a complementary site (phenylalanine and leucine) in
the B8 and p® position to which valine binds to and results in the formation of polymer. The polymer is a rope

like helical fibre, made up of 7 double stranded HbS chains.



Thus, the drugs developed until now have been designed to target one or more of these
pathophysiological factors, in order to improve the overall prognosis of the disease, as well
as to treat or minimize the cardinal manifestations. However, none of them has made a
serious impact in curing the disease. Moreover, the ones that did appear beneficial had major
side effects limiting their use. Therefore, it is of utmost importance to unravel the

pathogenesis of the disease in order to design novel therapeutic agents.

1.2 Epidemiology

SCD is one of the commonest severe inherited disorders in the world, affecting 71 % of 229
countries and these affected countries include 89 % of all births worldwide. Approximately 5.2
% of the world’s population carries trait genes for haemoglobin disorders, with 1.1 % of
couples worldwide at risk of giving birth to children with a haemoglobin disorder (2.7 per 1000
conceptions are affected) (Modell and Darlison, 2008). In the UK around 250,000 people are
carriers of the sickle gene and approximately 12-15,000 people are affected by the disease (Piel
et al., 2013). In a more recent survey by Dormandy et al. 2017 using the information from the
national database it was calculated that 14,000 people in the UK are living with SCD,
equivalent to 1 in 4,600 people (Table 1.1). It is also estimated in the UK that one baby out of
2,400 is born with the condition and that the frequency is significantly higher in certain urban
areas at 1 in 300 (Modell and Darlison, 2008). In USA approximately 100,000 are affected by
SCD. About 1 in 13 African-American babies are born with sickle cell trait and SCD occurs in
1 out of 365 African-American births (WHO, 2006).



Table 1.1 Estimates of people living with SCD in UK (Dormandy et al., 2017)

Data source Numbers Notes

NHS Sickle Cell and Thalassaemia Screening Programme 1670 Screen positive babies for 5 years 2009/10-2013/14
Screen positive includes HbSS, HbS/ beta thalassaemia, HbS/HPFH, HbSC,
HbS/D-Punjab, HbS/E, HbS/O Arab

National Haemoglobinopathy register 9677 This includes peaple with HbSS, HbSC, HbS/DPunjab, HbS/O Arab, HbS/
HPFH, HbS/Lepore, HbSE, HbS pOthal, HbSp+thal
There are 750 children under 5 years old

Newborn outcomes project 1154 Children (793 SS babies and 361 SC babies)
under 5
Cardiff Sickle Cell and Thalassaemia centre 79 This includes HbSS, HbSC, HbS/beta thalassaemia
National Specialist and Screening Services Directorate 168 This includes HbS/beta thalassaemia, HbSC, HbSD and HbSS
(NSD), NHS National Services Scotland
Newborn Screening Northern Ireland <5 Screen positive babies (SCD suspected) for the 2 years 2012/13-2013/14
Royal Belfast Hospital for Sick Children 7 Number of children known to the service with sickle cell disease living in
Northern Ireland
Republic of Ireland 358 paediatric Paediatric haematology lead Ireland
305 5SS Adult haematology lead Ireland
45 sC
<55 D Punjab
<5S B 0 thal
4<55Sp + thal
68 adult

Although countries in Africa are most affected, the highest frequency being in sub-Saharan
Africa, the disease in these regions is poorly studied due to lack of diagnostic facilities, absence
of routine screening tests, causes of death not properly documented, etc (Rees et al., 2010).
Estimates suggest that approximately 230,000 affected children are born in this region every
year and up to 70 % of these occur in sub-Saharan Africa and approximately 50-80 % of
affected children die annually (Makani et al., 2010; Modell and Darlison, 2008). However, the
WHO and United Nations have established early life screening in several parts of the countries
in Africa and have also formed Global Sickle Cell Disease Network which promotes research

in the field in an attempt to reduce prevalence of the disorder.

High HbS gene frequency can also be found in some parts of the Middle East and India. Saudi
Arabia and Iraq are as high as 12-22 %, and others including Qatar (7 %), Kuwait (6 %) and
Oman (6 %) (El-Hazmi et al., 2011). The frequency in endemic areas such as Guijarat,
Maharastra, Madhya Pradesh, Chhattisgarh, western Odisha, Tamil Nadu and Kerala in India
can be as high as 35-40 % (Desai and Dhanani, 2003; Serjeant, 2013). SCD in India mainly
exists in tribal populations who are very isolated from the mainstream society (Desai and
Dhanani, 2003). However, studies have shown that both Saudi Arabia and India have a milder
form of SCD or delayed onset of SCD complications than patients of African ancestry, due to
a higher concentration of fetal haemoglobin which also continues to be produced into adulthood
(Alsultan et al., 2014; Jastaniah, 2011; Kar et al., 1987; Perrine et al., 1972; Serjeant, 2013).
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Figure 1.3: Global Distribution of HbS (Rees et al., 2010).

Since the mutation affords protection from malaria caused by Plasmodium falciparum, it is
thought to originate from places where the parasite is endemic (Livingstone, 1958; Nagel and
Steinberg, 2001). This is supported by a five year study conducted in Tanzania which showed
that the frequency of malaria in sickle cell anaemia patients was lower compared to that in
individuals with normal haemoglobin (Makani et al., 2010). Although in the western world
the disease was first observed in 1910, the symptoms of sickle cell disease, which are now
recognized, were in fact recorded thousands of years ago. The first recorded cases of sickle cell
disease were observed in Egypt (3,200 BC), in the Persian Gulf (2,130 years before present),
and in Ghana (1,670 AD). Moreover, malaria specifically that caused by Plasmodium
falciparum in Egypt occurred approximately 4,000 years ago, but the presence of Plasmodium
falciparum in Africa could have been several thousand years earlier (Konotey-Ahulu, 1974;
Marin et al., 1999).

Previously, the B globin gene has been classified into five haplotypes according to geographic
regions: Arabian/Indian, Benin, Cameroon, Central African Republic (CAR), and Senegal.
These designations do not necessarily mean the place in which they originated, although earlier
epidemiological studies were thought to have shown that the HbS mutation had separate origins
in equatorial Africa, Middle East and India. Later, slave trading, wars, voluntary migration,
etc. allowed HbS to spread throughout the world (Antonarakis et al., 1984; Bhagat et al., 2013;
Hanchard et al., 2007; Kulozik et al., 1986; Lapoumeroulie et al., 1992; Pagnier et al., 1984).

One good example of such increased incidence is France, which is one of the countries in



Europe with the highest prevalence of SCD, in which the overall birth prevalence was 1 in
2065 in 2007, ahead of other genetic disorders such as phenylketonuria (1/10,862), congenital
hypothyroidism (1/3,132), congenital adrenal hyperplasia (1/19,008) and cystic fibrosis
(1/5014). This is due to massive immigration from North and sub-Saharan Africa, and now
SCD is a major health problem and the most common genetic disorder in France (Bardakdjian-
Michau et al., 2009).

Recently a paper published by Shriner and Rotimi (2018) identified a single origin for SCD.
Their data suggest that the sickle mutation might have originated in the middle of the Holocene
Wet Phase, or Neolithic Subpluvial, which lasted from 7,500—7,000 BC to 3,500-3,000 BC.
At this time, the Sahara experienced wet and rainy conditions, encouraging mosquito breeding
and thus suggesting “Green Sahara” as the most likely place where the sickle cell mutation
originated, approximately 7,300 years ago. After that, a population split occurred from this
original location, which is in present day Cameroon, which was later followed by the Bantu
expansion around 5,000 years ago to yield the five different haplotypes of B globin gene
(Shriner and Rotimi, 2018).

1.3 SCD as a red cell membrane transport disorder: ions and membrane lipids

(1) lons

In RBCs, intracellular cation homeostasis is maintained mainly by movements of Na* and
K* through various transport pathways in the membrane. A major difference between the
RBCs of SCD patients and those from normal individual is their increase in cation
permeability, which eventually leads to dehydration (Figure 1.4). This dehydration causes
extensive polymerization due to the increase in HbS concentration as aforementioned,
leading to formation of the densest sickle cells and irreversibly sickle cells with marked
membrane abnormalities. Moreover, the changes in membrane integrity lead to vaso-
occlusion due to increased adhesiveness of the RBCs, which is discussed later in the
Chapter. Tosteson and Hoffman were the pioneers in describing and defining the
abnormalities of cation homeostasis, mainly of Na* and K, in deoxygenated HbSS RBCs.
The table (Table 1.2) below gives an historical account of our understanding of the altered
permeability of HbSS RBCs, highlighting some of the more significant finding. Later
thorough research in the field revealed these movements of cations are regulated by three
important membrane transport systems present in the membrane of RBCs: (a) the Ca®*-
activated K* channel (or Gardos channel) (b) the KCI cotransporter (KCC) and (c) Psickle.



Table 1.2 Historical account of the transport systems present in RBCs and their actions

Authors

Findings

Tosteson, 1955; Tosteson et al., 1952

Tosteson and associates were the first to
describe an abnormal monovalent cation (K*
and Na*) homeostasis in deoxygenated HbSS
RBCs

Tosteson and Hoffman, 1960

Formulated the “pump-leak” concept using
sheep RBCs. Showed swelling and bursting of
RBCs was prevented by maintaining cation
homeostasis inside RBCs with the help of

pump.

Gardos, 1958, 1956

Showed that in human RBC membrane an
electrogenic calcium-dependent potassium
pathway is present. Gardos found the channel
through metabolic depletion of RBCs.

Schatzmann, 1966

Described for the first time the presence of a
ATP-dependent Ca?* pump using human
RBCs.

Hamill et al., 1981

The patch-clamp technique was used for the
first time in RBCs and provided direct
electrophysiological evidence for the presence
of ionic channels. First ever recording of Ca?*-
activated K* channel.

Lew et al., 1982; Schatzmann, 1983

More work on Ca?* pump in RBCs and
showed its effectiveness in maintaining
intracellular Ca?* concentration.

Ellory and Stewart, 1982

Provided evidence of at least two distinct CI- -
dependent transport pathways for K*. Later
found to be NKCC and KCC.

Mohandas et al., 1986

Provided evidence that deoxygenation
induced  morphological  changes and
formation of polymers which caused an
increase in cation permeability in HbSS
RBCs.

Haas, 1989

Provided evidence for the existence of
potassium/sodium/two chloride cotransporter
(NKCC)




Semplicini et al., 1989

Provided evidence for the existence of
sodium/proton (Na*/H") exchanger.

Rhoda et al., 1990

Provided evidence that deoxygenation in
HbSS RBCs increased Ca?* permeability
which can activate channels sensitive to Ca?*
like the Gardos channel.

Borgese et al., 1991

Showed the sensitivity of KCC to oxygenation
in trout red cells.

Joiner et al., 1995, 1993, 1988

Showed Psickie is activated in deoxygenated
condition in HbSS and is permeable to
inorganic mono- and divalent cations and
partially inhibited by stilbenes and
dipyridamole.

Gibson et al., 1998, 1994

Showed sensitivity of KCC to different
oxygen tensions in equine, and in human HbA
and HbSS RBCs.

Xuetal., 1994

Identified the gene encoding for NKCC.

Pellegrino et al., 1998

Identified the molecular identity of KCC in
RBCs.

Hoffman et al., 2003

Provided evidence that hSK4 is the gene that
codes for the Gardos channel in human RBCs.

Browning et al., 2007a; Ellory et al., 2008,
2007

Showed Psicke might also be permeable to non-
electrolytes.

Vandorpe et al., 2010

Provided evidence that deoxygenation
induced Ca?* permeability is inhibited by
Grammastola spatulata  mechanotoxin-4
(GsMTx4).

Ma et al., 2012

Showed deoxygenation induced non-specific
cation conductance was inhibited by tarantula
spider toxin GsMTx4 and aromatic aldehyde
in HbSS RBCs.

(a) Gardos channel

George Géardos provided the first evidence of the existence of a Ca?*- activated K* channel

and indeed this was the first channel to be found in the RBC’s membrane. In mature human




RBCs the channel normally remains functional, unlike in many other mammals where their
functional state is lost when the RBC is matured (Brown et al., 1978). However, due to very
low levels of intracellular Ca%* ions in HbAA RBCs the channels are mostly inactive. The
activation of the channel is dependent on an increase in free intracellular Ca?* concentration.
Usually the free intracellular concentration of Ca?* is approx 20-50nM, whilst in order to
activate this channel a free intracellular concentration of about 100-150nM is required
(Simons, 1976; Tiffert et al., 1988). The presence of a high capacity plasma membrane
calcium pump (PMCA) in the membrane of RBCs which actively removes intracellular Ca®*
using energy from ATP hydrolysis, together with their relative impermeability to Ca?*, is
the main reason for the Gardos channel remaining inactive (Tiffert et al., 2007; Tiffert and
Lew, 2001).

The channel has also proved to have a peculiar temperature dependence in relation to
saturating Ca2*. The single channel conductance showed a continuous decrease in Gardos
activity with decrease in temperature. However, increased activity of the channel was
observed at a saturated concentration of intracellular Ca?* (10 uM) when the temperature
was decreased from 35 °C-30 °C. Moreover, upon decreasing the temperature to 0 °C and
reducing the intracellular Ca?* in RBCs to half the ECso for the Ca?*, there is a marked
increase in activity of the channel. This indicates that even at very low temperatures with a
minimal concentration of Ca®*, the Gardos channel may be activated (Grygorczyk, 1987).
Numerous times blood is kept refrigerated for storage purposes, later to be used for
transfusion or analyses, and it is important to be aware that the Gardos channel may be active

and may have a harmful effect on the cell volume under these conditions.

The physiological function of the Géardos channel in normal RBCs is still uncertain. Some
studies have shown a protective role against haemolysis induced by mechanical stress and
others also suggested that it is involved in reduction of cell volume in early erythroid
development (Halperin et al., 1989; Johnson and Tang, 1992). Conversely, it is also
described as a “suicide mechanism”, triggered by increase in intracellular Ca?* during clot
formation in thrombotic events as well as during RBC clearance. Moreover, prolonged
activation of the channel affects the rheological, rigidity and stiffness properties of the RBCs
which is essential for proper circulation (Fermo et al., 2017; Glogowska et al., 2015; Rapetti-
Mauss et al., 2015). In HbSS cells, the channel becomes hyperactive, as there is an elevation

of intracellular Ca?* due to entry via Psickie. The ensuing efflux of K* with CI- following
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electrically through separate anion channels, leads to dehydration and contributes to

shrinking of the red cell.

(b) KCI cotransporter (KCC)

KCC is found in variety of cell types including RBCs and is a solute-linked carrier causing
a coupled efflux of both K™ and CI'. It is a member of the SLC12 family with four
homologous polypeptides, SLC12A4/KCC1, SLC12A5/KCC2, SLC12A6/KCC3, and
SLC12A7/KCC4. KCC1, KCC3 and KCC4 are present in RBCs, whilst KCC2 is confined
to neural tissues (Arroyo et al., 2013; Crable et al., 2005; Gamba, 2005; Markadieu and
Delpire, 2014).

In RBCs, the activity of KCC is majorly regulated by the level of oxygen tension, although
there are other factors that might contribute such as intracellular acidification, cell swelling,
cell aging, concentration of Mg?*, oxidation of sulfuhydryl groups and urea. KCC is
activated through dephosphorylation of serine-threonine residues for which its functional
state is regulated by conjugate protein kinase and phosphatase enzymes (Bize et al., 2003,
1999). Levels of Mg*-ATP are therefore important. Activity of KCC in HbAA RBCs
increases with an increase in oxygen tension but is reduced substantially as the RBC matures
and the transporter becomes quiescent. Its high activity in reticulocytes results in volume
reduction of larger reticulocytes in the blood stream during their maturation, which is
considered to be one of the crucial physiological functions of KCC. However, the opposite
is observed in HbSS, where the KCC remains very active although the RBCs have matured.
This occurs possibly to compensate for the ongoing anaemia, for which there is an increased

number of reticulocytes in the circulation, and thus the KCC activity is high in HbSS RBCs.

Additionally, there is an altered relationship between activity of KCC and oxygen tension.
The activity of KCC remains high in high oxygen tension and does show a reduction in
activity as the oxygen tension decreases, but as the oxygen tension falls below 40 mmHg it
becomes active again reaching a maximum at 0 mmHg (Gibson et al., 2004, 2001,
Hannemann et al., 2011). This abnormal activity in HbSS RBCs causes about a 50-fold more
rapid loss of K™ and CI- compared to that observed in HbAA RBCs, leading to substantial

loss of water osmotically and dehydration, which eventually results in sickling of RBCs.

(C) Psickle
In 1973, Eaton et al. and Palek et al. reported independently an increased intracellular

concentration of Ca?* in HbSS cells during deoxygenation especially in irreversible sickle
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cells (ISCs), which suggested a permeable pathway for Ca?* in HbSS RBCs. Later this
pathway was named as “Psickie”. Psickle IS referred to as a deoxygenation-induced non-specific
cation channel and is thought to be activated by HbS polymerisation and the sickling shape
change (Mohandas et al., 1986). However, deoxygenation-induced activation of Psickie
appears to be stochastic, occurring in only a proportion of the cells during each episode of
deoxygenation (Lew et al., 1997). Radioisotope flux and electrophysiological studies of the
channel have shown it is able to transport various mono- and di-valent cations such as Na*,
K*, Ca** and Mg?*, while it is inhibited by Zn?* and Mn?* (Browning et al., 2007b; Joiner et
al., 1993; Lew and Bookchin, 2005; Ma et al., 2012). Investigations have also revealed that
it is poorly permeable to other small inorganic monovalent and divalent cations (Joiner et
al., 1993). Moreover, experiments with anion fluxes showed no significant effect upon
deoxygenation of HbSS RBCs, which shows that anion movement through this channel is
either absent or so low that it has no physiological impact (Clark and Rossi, 1990; Joiner et
al., 1990). In recent times, Psickie is thought to have a major influence in the overall prognosis

of the disease.

As aforementioned, deoxygenation causes this channel to become abnormally active, which
allows K™ efflux and Na* entry into the cell (Gibson et al., 2001; Hannemann et al., 2011;
Joiner et al., 1993). The greater loss of K* causes net solute loss and water to follow
osmotically which culminates in dehydration of RBCs (Ellory et al., 2008, 2007; Joiner et
al., 1993). Moreover, opening of this channel allows Ca?* to enter into the cell, which then
is responsible for activation of the Gardos channel. Up-regulation of Psicue also causes efflux
of Mg?* which then leads to activation of KCC via altered activity of the phosphorylation
cascade, all of these contributing to loss of cations and water (Rhoda et al., 1990).
Additionally, entry of Ca®* may also lead to abnormal intracellular signalling which can be
detrimental to RBCs, such as through increasing phosphatidylserine (PS) exposure (Barber
et al., 2009; Cytlak et al., 2013; Henseleit et al., 1990). Since the activity of Psickie IS
dependent on sickling of RBCs, the factors that causes polymerisation of RBCs such as low
pH and temperature also increase Psickie permeability even in oxygenated conditions (Joiner
et al., 1993; Ma et al., 2012). Activity of Psickie IS also increased when oxygen tension falls
below 40 mmHg, similarly to KCC (Gibson et al., 2001; Hannemann et al., 2011). It has
been suggested that HbS polymerisation causes polymers to randomly come into contact
with regulatory sites in the cell membrane of RBCs which causes this increase in

permeability (Lew et al., 1997). However, Psickie is still enigmatic as its molecular identity
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and regulatory pathways are yet to be uncovered unlike the case for the Gardos channel and
KCC. The table below (Table 1.3) provides evidence of the work done on all the potential

candidates until now.

Oxygenated Deoxygenated
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channel

(i) Gardos channel

(iii) KCC
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(i) Deoxygenation-
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Figure 1.4: Summary of the pathways involved in solute loss causing dehydration of HbSS RBCs
(Hannemann et al., 2015). HbSS RBCs in oxygenated conditions (left) shows that only KCC is active and
others are inactive. However, HbSS RBCs in deoxygenated conditions (right) activates other transport systems

which lead to loss of cations and water leading to dehydration, HbS polymerisation and sickling.

Table 1.3 Potential candidates for Psickie

Authors Findings

PIEZO1

van der Harst et al., 2012 Showed a genome-wide association screen
that PIEZOL1 locus is responsible for affecting
the RBC mean corpuscular hemoglobin
concentration (MCHC) in humans.

Zarychanski et al., 2012 Showed that PIEZO1 mutation is associated
with anemic disease hereditary xerocytosis.

Albuisson et al., 2013 Showed that gain-of-function of PIEZO1
phenotype increased permeability of cations
in red blood cells of dehydrated hereditary
stomatocytosis patients.
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Andolfo et al., 2013; Archer et al., 2014

Showed that R2456H and R2488Q mutations
in PIEZO1 alter mechanosensitive channel
regulation, leading to increased cation
transport in erythroid cells.

Ma et al., 2012

Showed that deoxygenation-induced non-
specific cation conductance was inhibited by
tarantula spider toxin GsMTx4 in HbSS
RBCs.

Bae et al., 2013

Showed that mutation of PIEZO1 in
xerocytosis patients alter the kinetics of the
mechanosensitive channel.

Faucherre et al., 2014

Showed that PIEZO1l is involved in
erythrocyte volume homeostasis, disruption
of which results in swelling/lysis of red blood
cells and consequent anemia in zebrafish.

Cahalan et al., 2015

Showed Yodal, which is a chemical activator
of PIEZO1, causes influx of Ca?* and
subsequent dehydration of RBCs in mice.

Cinar et al., 2015

Showed that PIEZO1 is involved in release of
ATP from human RBCs by controlling the
shear-induced Ca®*. Moreover, showed
human RBCs treated with PIEZO1 inhibitors
or having mutant PIEZO1 channels, the
amounts of shear-induced ATP release and
Ca?" influx decreased significantly.

Glogowska et al., 2017

Showed evidence of channel inactivation,
alterations in mutant PIEZO1 channel
kinetics, differences in response to osmotic
stress, and altered membrane protein
trafficking in individuals with hereditary
xerocytosis (HX) and/or undiagnosed
congenital hemolytic anemia with PIEZO1
mutation.

Ma et al., 2018

Provided evidence that one third of African
population carry a PIEZO1 gain-of-function
allele. Mice with PIEZO1 gain-of-function
showed symptoms of hereditary xerocytosis
and were protected from malaria.

Woadud et al., 2020

Showed that PIEZO1 is major channel for the
passage of Ca?" into the RBCs of sickle cell
patients, utilizing Yodal, Dookul and
GsMTxA4.
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N-methyl-d-aspartate (NMDA)

Genever et al., 1999 Showed the presence of NMDAR1 and
NMDAR2D receptors in rat marrow cell and
human megakaryocytes.

Makhro et al., 2010 Showed the presence of NMDA receptors in
rat reticulocytes and erythrocytes.

Makhro et al., 2013 Showed the subunit composition of the
NMDA receptor present during human
erythropoiesis and in circulating RBCs and its
function. Showed decrease in NMDA
receptors in circulating RBCs compared to
erythroid precursor cells.

Peripheral-type benzodiazepine receptor

Glogowska et al., 2010 Showed the presence of maxi-anion channel
with multiple conductance level in human
erythrocytes.

Bouyer et al., 2011 Showed that the maxi-anion channel is a

peripheral type benzodiazepine receptor.
Ligands blocking this receptor in Plasmodium
falciparum infected erythrocytes showed
reduction  membrane  transport  and
conductance.

Transient receptor potential channels of canonical type (TRPC channels)

Foller et al., 2008 Showed the presence of TRPC6 channel in
human and mouse erythrocytes. Moreover,
showed TRPC6 channel causes Ca*" leak in
erythrocytes leading to apoptosis.

Tong et al., 2008 Showed that activation of TRPC3 by
erythropoietin allows entry of Ca?* in human
erythroid cells.

(d) PIEZOL1 as a candidate for Psickie

PIEZO1, which is a mechanosensitive ion channel, has been considered as a potential
candidate for Psickie. PIEZO1 is a multi-pass transmembrane protein with a propeller-like
structure and contains a central cation selective pore, allowing Na*, K* and Ca?* ions to pass

through (Figure 1.5). However, PIEZO1 has shown to exhibit preference for Ca?* influx in
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endothelial cells in response to fluid shear stress (Saotome et al., 2018; Zhao et al., 2018).
Both PIEZO1 and PIEZO?2 are found to be expressed in hollow organs such as the stomach,
intestines, bladder and endothelial cells lining the lumen of blood vessels. PIEZO1 is
involved in many important physiological functions such as blood flow, vascular
maturation, blood pressure regulation, urinary osmoregulation and axonal growth. Its
pathological significance has also been identified by both gain-of-function and loss-of-
function, which includes haemolytic anaemia, hereditary xerocytosis, lymphoedema and
arthrogryposis (Coste et al., 2013; Fotiou et al., 2015; Gudipaty et al., 2017; Li et al., 2014,
Ranade et al., 2014a; Retailleau et al., 2015). PIEZOL1 is also assumed to have a central role
in erythrocyte volume regulation, causing efflux of ions and water osmotically. Knock-outs
of PIEZOL1 in mice have shown to cause vascular architecture deformity and embryonic
lethality as well (Li et al., 2014; Ranade et al., 2014b).

Extracellular view Side view Intracellular view

Figure 1.5: Overall structure of PIEZO1 (Zhao et al., 2018).

Consecutive deoxygenation episodes in sickle cells triggers increases in Ca?* permeability
and thus the deoxy-induced increase in Ca?* channel/pathway was named Psickie. Patch clamp
studies on sickle RBCs treated with Grammastola spatulata mechanotoxin-4 (GsMTx4)
have shown inhibitory effects on Psickie activity, suggesting that it is some kind of stretch-
activated channel (Andolfo et al., 2013; Archer et al., 2014; Bae Chilman et al .,2011;
Vandorpe et al., 2010; Zarychanski et al., 2012). Shear stress under physiological conditions
release ATP in normal RBCs which was shown to depend on external Ca?* and this was
inhibited by GsMTx4 suggesting the role of PIEZO1 in stimulating Ca?* influx under normal
physiological stress (Cinar et al., 2015). A recent paper published by Ma et al. 2018 showed
that RBCs in mice expressing a mutated gain-of-function form of PIEZO1 showed RBC
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dehydration and protection from cerebral malaria. Additionally, Ma et al. 2018 showed that
almost one third of the African population were heterozygotes for this mutation. Based on
these considerations PIEZO1 appears to be a prime candidate for Psickie, however more

conclusive results are required in order to be absolutely certain.

Currently there are no known endogenous agonists or antagonists of PIEZO1. However, it
is known to be activated by mechanical stimuli and a recently discovered synthetic small
molecule called Yodal. Yodal was discovered in 2015 through high throughput screening.
It is an invaluable tool to study PIEZO1 as it modulates the channel without the need for
mechanical stimulation (Syeda et al., 2015). Yodal acts as a gate modifier by stabilizing the
open conformation of the channel as a result of a wedge-like mechanism which partially
activates it (Botello-Smith et al., 2019; Lacroix et al., 2018). Moreover, Cahalan et al. 2015
showed that Yodal in RBCs causes influx of Ca?* leading to dehydration of RBCs. In this
report, Yodal was used to study its effect on HbSS RBCs.

(i) Membrane lipids: Phosphatidylserine (PS) in SCD

(a) Cell membrane components of RBCs

The plasma membrane of mature RBCs is made up of a lipid bilayer that interacts with
integral membrane proteins. The lipid bilayer is composed of phospholipids, cholesterol and
glycolipids. Cholesterol is spread out uniformly throughout the membrane and there are 4
major phospholipids that are asymmetrically arranged. The aminophospholipids, which are
PS and phosphatidylethanolamine (PE), are on the inner side of the membrane whereas the
choline-containing phospholipids, phosphatidylcholine (PC) and sphingomyelin, are on the
outside (Figure 1.6) (Kuypers, 2007). Disruption of this asymmetry of the phospholipids can

cause premature destruction of RBCs.
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Figure 1.6: Distribution and perturbations in RBC membrane lipids in SCD (Stuart and Nagel, 2004).
SM = Sphingomyelin. PC = Phosphatidylcholine. PE = Phosphatidylethanolamine. PS = Phosphatidylserine.
Phosphatidylserine exposed on the cell surface forms a docking site for prothrombinase complex (factor Xa,
Va, and I1). Additionally, phosphatidylserine is recognised by macrophages and interacts with proteins such
as annexin V, allowing its measurement by flow cytometry. Cell-surface phosphatidylserine also aids

erythrocyte adhesion to the vascular endothelium.

(b) Mechanism of PS exposure

The exact mechanism of the externalization of PS on to the outer surface of RBCs is still
not known, however, it is assumed that membrane proteins might facilitate the
transmembrane passage. Three integral membrane proteins are involved, the floppase, the
flippase and the scramblase. The floppase works against the concentration gradient by
transferring PC from the inner leaflet of RBC membrane to the outside. Secondly, the
flippase, which is an ATP-dependent transport system, actively pumps aminophospholipids
(PS and PE) from the outside leaflet to the inner leaflet of RBCs. Thirdly, the scramblase,
which is a Ca?*-dependent protein, initiates transport of phospholipids in a non-specific

bidirectional way, down concentration gradients.

Externalisation of PS depends on both inhibition of the flippase and activation of the

scramblase. The activity of the ATP-dependent transporter protein flippase helps to maintain
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the proper distribution of phospholipids in the bilayer, which causes PS to remain in the
inner leaflet. It is the activity of scramblase that causes rapid disruption of the asymmetry
(Middelkoop et al., 1988; Seigneuret and Devaux, 1984). In order for PS to be exposed to
the surface of RBCs the activity of the flippase needs to be inhibited and vice versa for the
scramblase. It is proposed that an increase in intracellular Ca* concentration can cause both
inhibition and activation of the flippase and scramblase, respectively (Barber et al., 2009;
Henseleit et al., 1990; Kamp et al., 2001). A small rise of intracellular Ca?* to 0.2-1 uM has
been reported to cause inhibition of flippase (Bitbol et al., 1987; Zachowski et al., 1986),
whereas more recently PS scrambling has also been shown to occur at a intracellular Ca?*
of < 1 uM in RBCs from SCD patients (Weiss et al., 2012, 2011). This increase in Ca?*
concentration can be observed in sickle RBCs due to the hyperactivity of the Psickie channel.
In the presence of Ca?*, the scramblase acts like a channel for phospholipids, causing them

to move from one monolayer to the other down their concentration gradients.

From this, we can understand that Ca?* has a substantial role to play in changing the
asymmetry of the phospholipid, however, it is still not known exactly how elevation of Ca?*
brings about this change. A number of hypotheses have been proposed, including an
increase in oxidative stress and depletion of ATP in RBCs from SCD patients, which
subsequently leads to activation of the sphingomyelinase via platelet-activating factor
(PAF). This enzyme helps in the synthesis of ceramide which is thought to increase the
affinity of the scramblase to Ca®" (Lang et al., 2010). Moreover, an increase in Ca?*
concentration can in turn activate the Gardos channel, which causes efflux of K* and
consequently causes water to follow out of cells, which finally results in cell shrinkage. This

shrinking of cells can also be a cause for externalisation of PS.

Furthermore, it has recently been found that an increase in cytosolic Ca®* in HeLa cells
causes the flippase to be endocytosed. Interestingly, stimulation of the Gq receptor through
histamine and serotonin in HelLa cells also cause flippase endocytosis. It is known that the
Gq receptor causes an increase in Ca?* concentration which causes activation of protein
kinase C (PKC) (Takatsu et al., 2017). Thus, it can also be postulated that PKC may also
have a significant role in inhibiting the activity of flippase and subsequently increasing the
activity of scramblase. Presence of four types of PKCs which are a, {, 1 and p has already
been shown to exist in RBCs. There is also evidence of over expression of PKC a in both
cytosol and membrane of RBCs in SCD patients than in HbAA.
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1.4 Pathophysiology: to highlight areas of particular interest for the thesis work or of
special significance in the biology of the disease

Notwithstanding its simple aetiology, the pathophysiology of SCD is complex involving
multiple organ systems and with multiple mechanisms potentially participating in producing
the clinical manifestations. The following summarises some of these highlighting those of

particular interest to the work of this thesis.

HbS polymerization

HbS polymerization is the underlying pathophysiological occurrence in SCD and this results
in sickling of RBCs in hypoxic condition, which makes the RBCs more fragile and causes
extreme dehydration of RBCs (polymerisation mechanism is explained in Section 1.1). Thus,
HbS polymerisation changes the shape and physical properties of RBCs, which leads to
haemolytic anaemia and vascular occlusion. Furthermore, it has also been found using Wide-
field digital interferometry (WDMI), that compared to normal HbAA RBCs biconcave HbSS
RBCs are 2- to 3-times stiffer, and sickled RBCs are 2-times stiffer again (Shaked et al., 2011).

HDbS polymerisation is also known to alter the lipid bilayer and proteins in the membrane of the
RBCs. This affects the three major membrane transport systems in RBCs, which are KCC, the
Gardos channel and Psickie. Moreover, HbS polymerisation also affects the band 3 anion
transport protein, which is responsible for providing structural functions as well as anion
exchange. This causes membrane microvesiculation and, as a result, leads to shedding of
microparticles from the plasma membrane due to the constant cellular stress to the membrane
and cytoskeleton (Piccin et al., 2007; Westerman et al., 2008). These microparticles or
microvesicles contains micro RNAs, cell surface markers and cytoplasmic proteins, which can

cause inflammation, adhesion and coagulation (Alayash, 2018; Hebbel and Key, 2016).

Compared to HbA the oxygen affinity of HbS is lower, which further exacerbates
polymerisation of HbS during deoxygenation. It is thought to occur due to the presence of high
amounts of 2,3-diphosphoglycerate (2,3-DPG) in sickle RBCs. 2,3-DPG is a glycolytic
intermediate which by interacting with B-globin sub-units during deoxygenation reduces the
oxygen affinity of Hb including HbS (Rogers et al., 2013). Moreover, there have been reports
of increased sphingosine kinase activity in sickle RBCs, which results in formation of
sphingosine-1-phosphate, which also decreases oxygen affinity (Zhang et al., 2014). Further

complications associated with the disease include pain, acute chest syndrome, stroke,
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nephropathy, osteonecrosis, leg ulcers, and reduced lifespan (Steinberg, 1998; Vekilov, 2007).

However, the frequency and severity of the problems vary amongst patients.

Phosphatidylserine exposure

RBCs are extremely sensitive cells and have a life span of about 120 days. However, for
sickle RBCs the life span decreases significantly to only 10-20 days (McCurdy and
Sherman, 1978; Rees et al., 2010). Although RBCs lack a nucleus and mitochondria, they
still undergo programmed cell death that is similar to apoptosis in nucleated cells and which
in the case of the RBC is called eryptosis. Part of the process is helped by macrophages
phagocytically scavenging RBCs from the circulation (Dasgupta et al., 2009; Kuypers et al.,
1996; Lang et al., 2006). These macrophages secrete lactadherin (LA) which is able to bind
to the PS expressed on the surface of RBCs and induce phagocytosis. This process is
stimulated at least in part by externalized PS. Externalization of PS in sickle RBCs occurs
in about 2-10 % of RBCs which accounts for about 0.5-2.5 trillion RBCs in humans and is
further encouraged by deoxygenation. Normally PS exposure in healthy individuals will be
less than 1 % (Kuypers et al., 1998, 1996; Lubin et al., 1981).

The altered phospholipid asymmetry in membrane of RBCs in SCD plays a critical role in
the complications of the disease. Increased PS exposure not only leads to reduced life span
of RBCs, but it also causes increased interaction with endothelial cells and eventually
resulting in vascular occlusion, one of the landmark complications of the disease. The
activated endothelial cells along with leukocytes and platelets contain adhesion receptors
that are able to recognize the exposed PS on the surface of RBCs resulting in increase in
cell-to-cell interactions. This in turn causes increase in production of proinflammatory
cytokines which leads to a chronic inflammatory state and also increases expression of
procoagulant proteins which ultimately increases procoagulant activity of HbSS RBCs
(Kuypers, 2007; Kuypers and de Jong, 2004). Furthermore, exposure of PS forms a docking
site for prothrombinase complex, where prothrombin is cleaved to thrombin leading to blood
coagulation (Zwaal and Schroit, 1997). PS exposing cells are also targets for enzymatic
breakdown by phospholipases. Secretory phospholipase A2 (SPLA2), which is an important
lipid mediator in inflammation, will hydrolyse lipids in PS exposing RBCs. This in turn will
produce free fatty acids and lysophospholipids, which will have a deleterious effect on the
vascular integrity and also will be used by the body to generate thromboxanes and
leukotrienes (Kuypers et al., 2007; Neidlinger et al., 2006). Thus, high exposure of PS in
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HbSS RBCs can promote some of the cardinal signs of SCD such as chronic anaemia,

thrombosis and damage of vascular integrity (Weiss et al., 2011; Yasin et al., 2003).

Renal damage

In SCD, renal damage is one of the most common occurrences and about one third of the
SCD patients develop chronic kidney disease (Falk et al., 1992). It has been reported that
about 16-18 % of mortality in SCD is linked to kidney disease (Hamideh and Alvarez, 2013;
Platt et al., 1994). Some of the consequences are described as early as in infancy such as
hyperfiltration, hypertrophy and urinary concentrating ability (Ware et al., 2010). This
steady development of renal complications over time shortens the average lifespan of SCD

patients.

The conditions in the renal medulla like low partial pressure of oxygen, low pH and high
osmolality are favourable for HbS polymerisation. This leads to vascular occlusion causing
renal infarction with necrosis and medullary fibrosis. Moreover, changes in renal
haemodynamics in SCD results in increased renal blood flow rate, plasma flow rate,
glomerular filtration rate and decreased medullary perfusion. These alterations in renal
haemodynamics also leads to renal enlargement. The alterations in renal haemodynamics
results in increased supply of salt and water to the proximal tubule, and thus in turn cause
increased tubular reabsorption of sodium and water. To maintain this high sodium
reabsorption in proximal tubule the renal oxygen demand and consumption increases. The
increased metabolic work stimulates mitochondrial processes and adaptive cellular

responses, which eventually leads to proximal tubular and overall renal enlargement.

Most of the patients suffering from SCD develop nephrotic protein loss, losing more than
3.5 g protein in 24 h (Scheinman, 2009). Proteinuria is age dependent in SCD. It usually
occurs in about a third of SCD patients in the first three decades and occurs in up to two
thirds of older SCD patients. It is assessed either as microalbuminuria (30 — 300 mg.g*
creatinine) or as macroalbuminuria (> 300 mg.g* creatinine). The cause of the progression
from microalbuminuria to macroalbuminuria and macroalbuminuria to nephrotic-range
proteinuria is poorly understood, however, the following factors are thought to play a major
role: increased blood pressure (Aygun et al., 2011; Gordeuk et al., 2008; Thompson et al.,
2007), low haemoglobin levels (Faulkner et al., 1995; Lebensburger et al., 2011),
haemolysis (Day et al., 2012; Hamideh et al., 2014), stroke (Wigfall et al., 2000) and acute
chest syndrome (Laurin et al., 2014). Other complications associated with renal damage
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include tubular dysfunction leading to increased secretion of uric acid and high reabsorption

of phosphates (hyperphosphataemia).

Oxidative Stress

There is also increased oxidative stress in SCD, which results in reduced lifespan of RBCs
by > 75 % due to haemolysis and other events. In SCD, haemloysis takes place in two ways,
principally through phagocytosis by macrophages but a fraction also takes place due to
intravascular haemolysis (roughly one third) (Crosby, 1955). Extracellular Hb and haem in
plasma induces oxidative stress in blood vessels and blood cells. Auto-oxidation of Hb
produces superoxide which is converted to hydrogen peroxide, a potent oxidative species
which causes membrane damage, erythrocyte aging and more haemolysis (Alayash, 2018;
Hebbel and Key, 2016). The oxidative species includes ferryl ion which promotes
vasoconstriction, and extracellular Hb also scavenges nitric oxide (NO) resulting in
decreased bioavailability of NO leading to vascular dysfunction (Reiter et al., 2002).
Additionally, various oxidants studied previously such as nitrite and peroxynitrite have had
stimulatory effects on K* transport systems in RBCs from HbAA individuals causing further
RBC solute loss and dehydration (Kucherenko et al., 2005). Intravascular haemolysis results
in release of two factors: arginase 1 and assymetric dimethylarginine (ADMA). Arginase 1
competes with L-arginine for nitric oxide synthase (NOS), and ADMA is a NOS inhibitor
both resulting in reduced production of NO and hence promotes vascular remodelling with
production of reactive oxygen species (Antoniades et al., 2009; Landburg et al., 2010; Luo
etal., 2014).

Innate immune system activation

Due to various reasons, the innate immune system is also highly active in patients suffering
from SCD (Kato et al., 2017). Toll-like receptor 4 (TLR4) is highly expressed in immune
cells in SCD and has the ability to bind to lipopolysaccharide (LPS) from gram negative
bacteria and causes vaso-occlusive crises. This partly explains why SCD patients suffering
from infection have a high incidence of vascular occlusion. TLR4 also activates monocytes
and macrophages to release inflammatory cytokines (Gladwin and Ofori-Acquah, 2014; van
Beers et al., 2015). Platelet activation and thrombosis in SCD causes activation of placenta
growth factor (PGF). The activated PGF binds with vascular endothelial growth factor 1
receptor on macrophages and endothelial cells, promoting release of a vasoconstrictor

endothelin 1 which contributes to pulmonary hypertension (Wang et al., 2014). Finally, there
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is increased expression of proinflammatory mediators from peripheral blood mononuclear
cells, which are components of inflammation pathway. This occurs due to excess of

intracellular iron in SCD due haemolysis and transfusion of RBCs (van Beers et al., 2015).

Altered plasma lipid levels

SCD patients are also known to suffer from dyslipidaemia, with high levels of tri-glyceride
but low total cholesterol levels (Zorca et al., 2010). Individuals with SCD also have low
levels of apolipoprotein A-I, which is involved in the catabolism of lipids and one of the
main components of “good cholesterol”, high density lipoprotein (HDL) (Tumblin et al.,
2010). All of this contributes to vascular occlusion, endothelial cell dysfunction and

pulmonary hypertension.

Acute chest syndrome

Acute chest syndrome is the second most common reason for hospitalization and a leading
cause of death in SCD patient (Novelli and Gladwin, 2016; Platt et al., 1994). In adults,
more than 10 % of cases are fatal or the syndrome can lead to serious neurological
complications and multi-organ failure. The syndrome occurs due to the development of a
new pulmonary infiltrate of at least one lung segment accompanied by fever and respiratory
symptoms. It is multifactorial, but occurs mainly due to infection, fat embolism and vaso-
occlusion. A study conducted in 30 participating centres revealed that about a third of cases
of acute chest syndrome were due to infections and a tenth due to fat embolism (Vichinsky
et al., 2000). Various microorganisms such as bacteria, virus, mycoplasma and chlamydial
were responsible for the infection, hence macrolide antibiotics are thought to be the
preferred treatment (Lowenthal et al., 1996). Moreover, the syndrome is hypoxia-driven, for
which the vasculature constricts in the lungs leading to more polymerisation of HbS and

eventually slowing capillary transit time (Stuart and Setty, 2001, 1999).
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Figure 1.7: Multiple pathophysiological pathways in SCD (Telen, 2015). This Figure shows the various

pathophysiological pathways that become active in SCD which leads to serious complications such as RBC

polymerisation, inflammation and vascular occlusion. It also helps to identify the therapeutic targets to treat

these complications. (A) HbSS adhesion to endothelial cells and neutrophils. (B) HbSS form aggregates with

monocytes and platelets. (C)This stimulates abnormal signalling leading to release of more adhesion proteins

from HbSS RBCs leading to increased adhesion interaction, cell-to-cell interaction and release inflammatory

mediators.

1.5 Treatment strategies for SCD

After obtaining Food and Drug Administration (FDA) approval in 1998, hydroxyurea (HU;

also known as hydroxycarbamide), a chemotherapeutic agent previously used for chronic

myeloid leukaemia and polycythaemia has been the primary drug used to treat SCD. Although

the mechanism by which HU works is still uncertain, evidence has shown that HU is a

ribonucleotide inhibitor that increases HbF levels by stimulating expression of the gamma

chain of haemoglobin. In adult SCD patients an increase in concentration of HbF is seen from
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5 % at baseline to 15 % while in children it can reach even higher levels (Charache et al., 1992;
Hankins et al., 2014). This reduces the concentration of HbS polymer formation causing only
some of the milder forms of SCD (see section 1.2), and thus helps decrease vascular occlusion
(Brawley et al., 2008). Nevertheless, the concentration of HbF achieved is still lower than the
optional required therapeutic level, which is 30 % to prevent fully the complications of SCD.
However, the exact mechanism by which HU works is not completely understood. In addition,
the associated toxic effects such as its potentially teratogenic effects, leg ulcers, renal failure,
etc. are detrimental for patients and up to 50 % of patients will not benefit from long term
treatment of HU (Rees, 2011). It is therefore usually restricted to more severely affected
individuals. An alternative therapy that is also used regularly is blood transfusion, which helps
to reduce stroke and vascular occlusion, by replacing HbSS RBCs and improving blood flow.
A study conducted to measure the efficacy of blood transfusion compared to treatment with
HU in children with SCD, was stopped prematurely due to high number of strokes in HU group
(Ware et al., 2011). However, its potential benefits have been limited by its adverse effects

like iron overload and alloimmunization (Hyacinth et al., 2015, 2014).

In SCD, non-steroidal anti-inflammatory drugs (NSAIDs) and opioids are also used to treat the
episodes of pain, and, as patients are prone to infections, antibiotics such as penicillin are also
prescribed routinely (Ballas et al., 2012; Gaston et al., 1986), whilst vaccination against the
commoner pathogens such as pneumococcus are also very valuable in protecting children.
Although, in more advanced countries, the life expectancy of people suffering from SCD has
improved remarkably in the last 10 years due to advances in medical practice (Figure 1.8),
however, quality of life of patients has still remained very poor (Hamideh and Alvarez, 2013)
and morbidity and mortality remains high in poorer areas of the world where SCD is most
prevalent. Patients suffer from pain, fatigue and poor physical functioning from early childhood
onwards. Thus, more research is required into understanding the pathogenesis of the disease in
order design a better therapeutic target or provide optimum multi-drug therapy, which seems

to be healthier approach.
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Figure 1.8: Increase in life expectancy of patients with sickle cell disease (Wailoo, 2017).

Membrane transporters and channel inhibitors

Membrane transporters and channels in RBC have also been targeted in order to reduce solute
loss and dehydration. Mg?* supplementation showed promising results in mice as it inhibited
KCC and reduced dehydration (De Franceschi et al., 1996). Initial treatments with Mg?*
pidolate in 10 patients showed decreased KCC activity with increased concentration of Mg?*
and K* in RBCs. More studies on treating 20 patients with Mg?* pidolate for six months resulted
in decreased dehydration and painful episodes (De Franceschi et al., 2000). However, further
studies of Mg?* supplements in clinical trials did not bring any significant change to RBCs (De
Franceschi et al., 1997; Hankins et al., 2008).

In 1992, Alvarez and colleagues were the first to show the inhibitory effects of clotrimazole on
the Gardos channel and later this was confirmed by experiments which showed it displaced
bound 125I-charrybdotoxin, a specific ligand of the channel (Brugnara et al., 1993).
Clotrimazole is also used to treat systemic mycotic infection and tropical treatment for vaginal
mycotic infections. However, due to the presence of an imidazole ring, it induced irreversible
liver damage when administered for prolonged periods (Brugnara et al., 1996; De Franceschi
et al., 1994). Later, a clotrimazole analogue named Senicapoc was developed without the ring
imidazole, which proved to be a powerful inhibitor of Gardos channel. It successfully went

through clinical trial phases 1 and 2, but, using episodes of pain and hospitalisation as the end
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point, failed to show any clinical benefit for patients suffering from SCD in phase 3 trials
(Ataga et al., 2011, 2008, 2006). NS1652 is another candidate, which blocks CI- conductance
with high affinity for that in RBCs. This leads to inhibition of K* movement through the Gardos
channel, as CI- efflux is required to accompany that of K*, otherwise K* loss is reduced by the
marked hyperpolarisation of the RBC membrane, without directly affecting the Gardos
channel. In vitro application of this compound causes reduced loss of KCI from deoxygenated
sickle cells (Bennekou et al., 2000). Similar results are seen in sickle mice treated with NS3623
which has the same mechanism as NS1652, leading to an increase in intracellular concentration
of K" and Na* in RBCs and fewer numbers of dense RBCs (Bennekou et al., 2001). Finally,
deoxygenation-induced cation fluxes across the RBCs membrane is inhibited by dipyridamole
a derivative of the pyrimidine, which probably acts through inhibiting the anion exchanger (or
band 3) which is also implicated in conductive CI efflux. Dipyridamole at 10 uM inhibited 65
% of net fluxes of Na* and K" in deoxygenated HbSS RBCs (Joiner et al., 2001).

Targeting cell adhesion

Another popular therapeutic target for SCD is inhibition of cell adhesion, which will help to
reduce vascular occlusion and release of inflammatory mediators. Selectins have emerged as a
potential target, as selectins allow adhesion of cells and also activate leukocytes (Zennadi et
al., 2008). Human and animal studies have provided evidence that inhibition of both P-selectin

and E-selectin lead to inhibition of vaso-occlusion.

Recently, NICE (National Institute of Health & Care Excellence) has recommended
crizanlizumab to be used in the treatment of SCD on its own or alongside HU. Crizanlizumab
is a humanized monoclonal antibody that can bind to P-selectin and therefore can block cell-
to-cell interaction that leads to vaso-occlusive crises in SCD. Many selectin inhibitors are in
various stages of trial, but Rivipansel has been the most successful one to date. In clinical trial
phases 1 and 2, it has been shown to reduce vascular occlusion, reduced pain and achieved
shorter stays in hospital. Currently it is now in clinical trial phase 3 (Chang et al., 2010; Telen
et al., 2015; Wun et al., 2014). There are others that are in the pipeline such as heparin
analogues which act as a P-selectin blocker and are currently in phase 2 of clinical trials (Matsui
et al., 2002). Sevuparin has been one such analogue that retains the P-selectin binding ability
while lacking the anti-coagulant property of heparin. Sevuparin, initially being trialled as an
adjunct therapy for malaria, did not show encouraging signs in phase 2 trials conducted for
SCD (Batchvarova et al., 2013; Leitgeb et al., 2011).
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Non-specific inhibitors of adhesion receptors, like poloxamer 188 that acts like a surfactant
and alters the interaction of cells, have also been under investigation. Poloxamer 188
moderately reduced duration of painful episodes in a phase 3 trial. It is now being investigated
in second stage of phase 3 trial (Cheung et al., 2004; Orringer et al., 2001). It has also been
suggested that B2 adrenergic signalling pathway activate red cells adhesion receptors. Thus
drugs like propranolol which blocks the B, adrenergic pathway is also being investigated for
its effect on SCD (De Castro et al., 2012). However, it has failed to show any significant

difference in lowering the activation of adhesion receptors in red cells in SCD.

Antisickling agents

There have also been positive reports on the use of anti-sickling agents in SCD directly
targeting Hb. Usually in SCD, as for normal Hb, HbS in RBCs is in one of two states: (i) the
tense state (T) in which the rigid polymers are formed and which occurs following
deoxygenation, and (ii) the relaxed state (R) under oxygenated conditions in which polymer
formation has not taken place and the affinity of Hb for oxygen is high, (MacDonald, 1977;
Safo et al., 2011). Anti-sickling agents such as the aromatic aldehyde 5-HMF (5-
hydroxymethylfurfural) and GBT440 have ensured prolonged duration of Hb in the R state, by
increasing the oxygen affinity of HbS, resulting in less polymer formation, vascular occlusion
and cell adhesion (Dufu et al., 2018; Hannemann et al., 2014; Hutchaleelaha et al., 2019;
Oksenberg et al., 2016; Patel et al., 2014). Sanguinate, which is a polyethylene glycol-modified
form of bovine Hb, provides oxygen to oxygen deprived cells and tissues, and reduces sickling
by producing carbon monoxide which is delivered locally to Hb. Attached carbon monoxide
prevents HbS polymerisation and is also known to produce anti-inflammatory effects.
Sanguinate has been given the orphan drug status by FDA and is now in phase 2 clinical trial
after a successful phase 1. However, further clinical investigation is required for these to be

used as a permanent therapy for SCD.

Antioxidant therapy

Antioxidant therapy has proven beneficial in many cases, as the disease causes increase in
oxidative stress markers, and it also decreases antioxidant levels which provide protection from
oxidative stress. Early and life-long treatment with antioxidants for SCD patients could be
promising, as the free radical starts accumulating at an early stage and the intensity of its effect
increases radically with time. Table 1.4 below gives the summary of antioxidants under

investigation.
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Table 1.4 Summary of antioxidants under investigation

Therapy

Findings

Reference

Iron Chelators

( Deferiprone
and
Deferasirox)

Deferiprone removes iron from the
membrane of sickle cell RBCs, which
results in decreased lipid peroxidation and
hemichrome formation.

Deferasirox decreases lipid peroxidation
and also showed increased overall
antioxidant capacity levels.

Shalev et al., 1995
Belini et al., 2012

Glutamine showed significant increase in

acetylcysteine

decreased hemolysis.

Glutamine NAD redox potential and NADH level as | ® Niiharaetal., 1998
well. e Niiharaetal., 2018
o Protects RBCs from peroxyl radical * \I\;I_arhgngin e;; 1|2 1999
a-lipoic acid induced hemolysis and also increase GSH | ® VICNINSKY,
(glutathione) levels in cells.
Increase antioxidant gene expression such
as NF-xB .
Protects sickle RBCs from peroxidative
Acetyl-L- damages also allows RBCs to hold its e Roncaetal., 1994
carnitine shape at lower oxygen tensions.
) Provided protective effect from oxidative
Statins injury by increasing NO metabolitesand | ® Hoppe etal., 2011
C-reactive protein.
Pace et al., 2003
| levels of GSH and al * !
N ncreased levels of GSH and also e Nuretal. 2012
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e Vitamin C supplementation decreased * Ameretal., 2006

Vitamin C production of ROS and also resulted in
increased levels of GSH. This resulted in
prevention of hemolysis.

. e Increased levels of antioxidant and ]
Melatonin decreased rate of hemolysis' o da Silva et al., 2015

e Showed inhibitory effect on hemolysis due

Flavonoids to reduce thiol (-SH) group oxidationin | ® Asgary etal., 2005
(quercetin, rutin membrane of RBCs.
and morin)

Stem cell and gene therapy

Haematopoietic stem cell transplantation (HSCT) and gene therapy are other approaches that
offer potential cure for the disease. Over the years, HSCT has been performed on over 1000
patients and over 90 % were cured (Gluckman et al., 2017). Thus, it is now a widely accepted
therapeutic option. However, the severe lack of available donors, technical difficulty and
expense only allow a few patients to have access to this option, making it unavailable for the
majority (Gragert et al., 2014; Justus et al., 2015; Walters et al., 1996). Haploidentical
transplantation using blood-forming cells from half-matched donors was thought to have the
potential to overcome the problem. However, there is higher risk of graft rejection in SCD
patients due to an already hyperactive immune system because of anaemia and chronic
inflammation. Nonetheless, there are ongoing trials to optimize the haploidentical model using

pre-transplant immunosuppressive therapy, non-myeloablative regimens, etc.

Gene therapy mainly includes two approaches: (i) 5 globin gene correction in order to make
normal adult haemoglobin (HbA) or (ii) induction of HbF expression. Studies in mice have
revealed successful gene correction leading to production of HbA. There are currently eight
clinical trials investigating genetic manipulation methodologies to treat SCD. BCL11A is
reported to be a potent repressor of HbF production. Several studies have shown that loss of
BCL11A led to a significant increase in HbF production (Basak et al., 2015; Sankaran et al.,
2009, 2008; Xu et al., 2011). However, the drawback of targeting BCL11A is that its normal
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physiological functions include neuron development and B-cell lymphopoiesis, which might
be affected with the potential of significant side effects (John et al., 2012; Liu et al., 2003;
Wiegreffe et al., 2015; Yu et al., 2012). There are currently two studies (NCT02186418 and
NCT03282656) which are investigating the virally mediated y-globin modification in SCD
patients. Preliminary data from NCT03282656, which reduced expression of BCL11A by 90
%, showed increased expression of HbF from about 30 % to 60 % with expression of y globin
MRNA in erythroid cells of over 80 % (Brendel et al., 2016; Esrick et al., 2018; Leonard et al.,
2020).
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1.6 Hypothesis and aims

As aforementioned, it has been well established that PS exposure is higher in HbSS RBCs,
compared to HbAA ones, in certain circumstances. This thesis investigates the conditions,
which stimulate PS exposure and attempts to identify the mechanism and signalling
processes by which PS exposure takes place in HbSS RBCs. Initially conditions in the renal
medulla were examined as kidney is often the most affected organ in SCD and the
pathogenesis might be due, in part or to a larger extent, to high PS exposure. Additionally,
this thesis will try to identify the role of Psickie in PS exposure of HbSS RBCs and will
investigate the possible role of PIEZO1, a mechanosensitive sensitive ion channel, as a
molecular candidate for Psicxie. Whilst elevated Ca?* concentration is considered essential
for PS exposure, however, it is still not certain exactly how Ca?* enters RBCs nor the
intracellular signalling process by which it leads to externalisation of PS. Better
understanding of the mechanism of PS exposure stimulation or activation will help to

identify potential pharmacological targets to mitigate the deleterious effects of the condition.

1.6.1 Aims
1. To determine the role of unique environment encountered by HbSS RBCs in the

renal medulla in stimulating PS exposure.

2. To determine the involvement of PIEZO1, Ca?* and other second messenger

pathways in inducing PS exposure in HbSS RBCs.

1.6.2 Specific aims

Chapter 4: Investigation of different pHs and oxygen tension in sickling and PS exposure
of HbSS RBCs.

Chapter 5: Investigation of hyperosmotic shock, hypertonicity and urea in sickling and PS
exposure of HbSS RBCs.

Chapter 6: Investigation of PIEZO1-induced Ca?" entry and the role of Ca?* and protein
kinase C (PKC) in PS exposure in HbSS RBCs by utilizing pharmacological activators and
inhibitors.

Chapter 7: Investigation of sphingomyelinase (SMase) signalling pathway in PS exposure
in HbSS RBCs.
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2 Materials
2.1 Blood samples

Anonymised, discarded, routine blood samples were collected in EDTA anticoagulant from

normal HbAA or individuals homozygous for HbSS, with consent and ethical permission
(16 / LO / 1309) from King’s College Hospital, kindly provided by Prof. David C. Rees.

Samples were stored at 4 °C and used within 72 h of collection.

2.2 Chemicals and solutions
2.2.1 Chemicals

Name Supplier

Application

Fluorochromes

fluorescein isothiocyanate Peary Court, USA
(LA-FITC)

Fluo-4AM Invitrogen, Thermo
(acetoxymethyl ester) Fisher Scientific, UK

Alexa Fluor647 anti-Hb Abcam, Cambridge, UK
a chain

Anti-glycophorin A BD Biosciences, San
phycoerythrin Jose, CA, USA

Bovine lactadherin Innovative Research, Inc.

Anti-Hb o chain can
recognize and bind to
alpha chain of
haemoglobin, excitation
652 nm, emission 668 nm
(red)

Anti-human glycophorin
A receptor antibody, for
recognition of RBCs,
excitation 488 nm,
emission 575 nm (yellow)

Bovine LA conjugated
with fluorescein
isothiocyanate (FITC)
binds to
phosphatidylserine (PS),
excitation 413 nm,
emission 519 nm (green)

Intracellular calcium dye,
excitation 494 nm,
emission 506 nm (green)
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Phalloidin-iFluor 647

Calphostin C

Chelerythrine chloride

Ces-Ceramide

3,4-Dichloroisocoumarin

Dookul

Grammastola spatulata
mechanotoxin-4
(GsMTx4)

Abcam, Cambridge, UK

Abcam, Cambridge, UK

Abcam, Cambridge, UK

Abcam, Cambridge, UK

Sigma-Aldrich, UK

Tocris, Abingdon, UK

Tocris, Abingdon, UK

Phalloidin-iFluor 647 is a
phalloidin conjugate that
binds to actin filaments
known as F-actin,
excitation 650 nm,
emission 668 nm (red)

Agonist, antagonists and inhibitors

Potent cell permeable
inhibitor of protein kinase
C. Less specific for
atypical PKC

Cell permeable inhibitor
of protein kinase C, broad
spectrum

A breakdown product of
sphingomyelin by
sphingomyelinase
(SMase)

Inhibitor of SMase

Competitive antagonist of
Yodal

Inhibitor of stretch-
activated cation channels
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Yodal

Bromo-A23187

tert-butyl hydroperoxide
(tBHP)

Ethylene glycol
tetraacetic acid (EGTA)

Glutaraldehyde

Potassium ferricyanide

Sodium ortho-vanadate

Tocris, Abingdon, UK

Other reagents

Calbiochem

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

BDH, Poole, UK

Sigma-Aldrich, UK

Chemical activator of
PIEZO1 channel

Divalent cations (Ca®" &
Mg?*) ionophore, non-
fluorescent derivative of
A23187

A lipid soluble radical
forming oxidant, which
causes rapid and intensive
lipid peroxidation of cell
membrane

Calcium chelator

Cellular fixing agent

Used in oxygen saturation
measurements to displace
O form haem

Inhibitor of P-type
ATPases, including the
plasma membrane Ca?*
ATPase (PMCA), Na*'/K*
pump and flippase
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2.2.2 Buffers

All the solutions used had an osmolality of 290 mOsm.kg* + 5 unless otherwise stated.
Various pHs (6.0, 6.4, 6.8, 7.0, 7.4) were used at either room temperature (RT) or 37 °C and
were adjusted by addition of NaOH or HCI.

1. Wash buffers:
A. High potassium 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-
buffered saline (HK-HBS):
90 mM KClI
50 mM NaCl
10 mM HEPES
10 mM Inosine
0.15 mM MgCl;
B. Low potassium HEPES-buffered saline (LK-HBS):
4 mM KCI
140 mM NaCl
10 mM HEPES
10 mM Inosine
0.15 mM MgCl;
2. Ca** LK-HBS
1.1 mM CaClz in LK-HBS
3. Ca?*-vanadate LK-HBS
1.1 mM CaCl; and 1 mM ortho-vanadate in LK-HBS
4. Vanadate LK-HBS
1 mM ortho-vanadate in LK-HBS
5. Urea LK-HBS (490 -1200 mOsm.kg)
200 mM, 600 MM & 900 mM urea in LK-HBS
6. Sucrose LK-HBS (940 mOsm.kg?)
650 mM sucrose in LK-HBS
7. Sucrose-urea LK-HBS (940-1840 mOsm.kg™)
650 mM sucrose 200 mM / 600 mM / 900 mM urea in LK-HBS
8. NaCl LK-HBS (1200 mOsm.kg)
600 mM NacCl in LK-HBS
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9. NaCl-urea LK-HBS (1200-1500 mOsm.kg™?)
300 mM NaCl 600 mM /900 mM urea in LK-HBS
10. Lactadherin (LA-FITC) labelling buffer, pH 7.4 at RT
16 nM LA-FITC and 1 mM vanadate in incubation buffer
11. Phalloidin-iFluor 647 labelling buffer, pH 7.4 at RT
1:400 dilution in incubation buffer (stock concentration is 1 mg.ml™)
12. Alexa Fluor647 anti-Hb a chain labelling buffer, pH 7.4 at RT
1:100 dilution in incubation buffer (stock concentration is 0.5 mg.ml™?)
13. Measurement of sickling
0.3 % glutaraldehyde in LK-HBS

2.3 Major equipment

e Advanced Micro-Osmometer 3MO plus, Advanced Instruments Inc., Norwood, MA

e Balances: Sartorius, Basic BA61 and Sartorius MC210P, Bradford, MA

e BD Vacutainer® test tubes, Becton Dickinson, Plymouth, UK.

e Centrifuge 5415D, Eppendorf Ltd, UK.

e Gas mixing pump: H. Woésthoff Messtechnik GmbH, Bochum, Germany.

e Kutofix C tonometers, Eschweiler, Kiel, Germany.

e Bright field microscope: Nikon eclipse E400, 20x0.40, «0/0.17 WD1.3, Surrey, UK.

e pH meter: SevenEasy and combination liquid filled electrodes, InLabRMicro, Mettler
Toledo AG, Schwerzenbach, Switzerland

e Water bath: Grant, Grant Instruments (Cambridge) Ltd, Shepreth, Cambridgeshire, UK
and VWR Techne, Bibby Scientific Ltd., Stone, Staffordshire. UK.

e Flow Cyotometer BD Accuri™ C6 Plus BD Biosciences, San Jose, CA, USA.

e Clark —type electrode coupled to an oxygen meter CB1-D3, Hansatech, King’s Lynn,
UK.

e iMark Mircoplate Absorbance Reader BIO-RAD Laboratories Ltd. Station Road,
Watford, Hertfordshire. UK.

2.4 List of Software

e BD Accuri C6

e GraphPad prism version 9

e Microsoft Office 2016
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3. Methods
3.1 Preparation of RBCs

Samples were washed three times in HK-HBS by centrifuging for 3 min at 600 g, followed
by careful withdrawal of the supernatant to remove plasma and buffy coat. A final wash was

carried out in the incubation buffer.

3.2 Testing the linearity of gas mixer
The gas mixer was used extensively in this study, hence, testing the accuracy of the H.

Wosthoff Messtechnik was necessary (Figure 2.1). This was done by connecting the gas mixer
to the Clark-type electrode coupled to an oxygen meter CB1-D3 and the oxygen tension was
measured. The Clark-type electrode was assembled. The gas mixer was set to 100 % air and a
very thin layer of HK-HBS was added to the electrode chamber and the output results were
recorded. This was repeated with a range of O tensions from 100 % - 0 % air (replaced with
N2). A linear regression was plotted and the equation for the line is y = 1.027*x + 3.279.
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Figure 2.1: Linearity test of the H. Wdsthoff Messtechnik gas mixer. The gas mixer was connected to the
Clark-type electrode coupled to an oxygen meter CB1-D3 and oxygen readings as air was replaced with N.
Oxygen readings are given in arbitrary units (a.u.). Symbols represent means + S.E.M, n = 3.
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3.3 Oxygen saturation curve

To measure oxygen saturation, aliquots of RBC suspensions (10 % Hct, 1 ml) were removed
from tonometers and transferred to a Clark-type electrode coupled to an oxygen meter (CB1-
D3). In this case, the measuring chamber contained saponin (0.3 % w/v) to lyse RBCs and
potassium ferricyanide (0.6 % wi/v) to oxidise haem Fe?* to Fe3*, which then displaces Hb-
bound O,. The Oz content of fully oxygenated blood was measured in RBC suspensions
equilibrated with air. The percentage oxygen saturation at other oxygen tensions was
calculated in relation to that of fully oxygenated RBCs.

In this control experiment (Figure 2.2), the Hb oxygen saturation change over time in RBCs
from HbSS patients was investigated. Initially the sample was equilibrated at fully
oxygenated conditions (100 % air), later the sample was exposed to fully deoxygenated
conditions (0 % air) and Hb oxygen saturation change over time was measured. It took only
15 min for RBCs from HDbSS patients at 10 % Hct to fully deoxygenate (0 % oxygen
saturation) and remained same for the duration of the experiment (30 min). It can also be

observed 50 % change in oxygen saturation was achieved between 3-4 min.
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Figure 2.2: Time course of the change in Hb oxygen saturation of RBCs from HbSS patients. RBCs (10
% Hct, 1 ml) were equilibrated in Eschweiler tonometer initially at 100 % air and later deoxygenated to 0 %
air. At 0, 5, 10, 15 and 30 min in 0 mmHg aliquots of RBCs were removed to measure oxygen saturation using
a Clark-type electrode. Symbols represent a single determination representative of two others.

40



3.4 Determining measurement gates for RBCs in flow cytometry
The mouse monoclonal IgG antibody against human glycophorin A receptor (known as

CD235a) conjugated to a yellow fluorochrome was used. Suspensions of RBCs at 0.5 % Hct,
were diluted to 0.01 % Hct into a solution containing HK-HBS and anti-glycophorin A-
phycoerythrin (stock concentration is 0.2 mg.ml™; GlyA- phycoerythrin). Similarly, a control
tube was setup without the GlyA- phycoerythrin. Both were incubated for 15 min at RT in the
dark. Then RBCs were pelleted for 7 s at 11,000 g and resuspended into HK-HBS. Samples
were kept on ice until analysis by flow cytometry. Phycoerythrin label was visible in the FL-2
channel. Mature, non-nucleated RBCs are characteristically GlyA positive.

3.5 PS exposure

Different conditions were tested on HbSS RBCs to study their effects on PS exposure. Both
the plasma membrane calcium ATPase or pump (PMCA) and the flippase were inhibited to
study the phospholipid scrambling process (Barber et al., 2009; de Jong et al., 2001). Thus,
sodium ortho-vanadate (vanadate), was used in most experiments (Lew et al., 2002).
Additionally, the presence of vanadate prevents any ATP-depletion by either or both enzymes
(Tiffert and Lew, 2001). Previous control experiments showed that vanadate does not interfere
with lactadherin binding (Weiss et al., 2012).

3.5.1 Hypoxia-induced PS exposure

For this experiment, suspensions of RBCs were diluted to 0.5 % Hct in Ca?*-vanadate LK-
HBS (specified pH at 37 °C). The mixtures were then transferred into the Eschweiler
tonometers and incubated for 80 min at 37 °C at the specified oxygen tension. Every 20 min
aliquots of RBC suspension were diluted to 0.05 % Hct in Ca?*-vanadate LK-HBS (pH 7.4
at RT) and later processed to measure PS exposure.

Deoxygenation of RBCs was carried out either by using rotating Eschweiler tonometers or test
tubes. Different oxygen tensions were achieved by using the H. Wadsthoff Messtechnik gas
mixing pump. For experiments investigating the effect of deoxygenation on PS exposure,
suspensions of RBCs (specified Hct) were deoxygenated with warmed (37 "C) humidified N2
(flow rate 2-4 bubbles in the outlet tubing submerged in water) for up to 80 min, in the presence
of specified buffer, in test tubes or rotating (160-180 revolutions.mint) Eschweiler tonometers.
Humidified gas is necessary to prevent dehydration of the samples. Additionally, all glassware
and tubing were submerged and kept at the same temperature (37 "C) to prevent condensation.
Samples were later collected at various time points for determination of PS exposure by flow
cytometry.
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3.5.2 pH-induced PS exposure

Suspensions of RBCs were diluted to 10 % Hct in Ca®*-vanadate LK-HBS buffer at either
pH 7.4 or 6.8 at 37 °C and equilibrated in tonometers at the required oxygen tension for 20
min. At time 0 min and 20 min, aliquots of RBCs were removed and diluted to 0.05 % Hct

in Ca?*-vanadate LK-HBS and later processed to measure PS.

After 20 min, RBC suspension from Eschweiler tonometers were transferred to four test
tubes each containing Ca?*-vanadate LK-HBS buffer (diluting to 0.5 % Hct) at four different
pHs (7.4, 7.0, 6.8 and 6.0) at 37 °C and the incubation continued for a further 60 min at the
same oxygen tension. Every 20 min aliquots of RBCs were diluted to 0.05 % Hct in Ca?*-
vanadate LK-HBS (pH 7.4 at RT) and later processed to measure PS.

For experiments, where suspensions of RBCs in specified buffer (5-10 % Hct) were
deoxygenated initially in Eschweiler tonometers before diluting them into test tubes (final
0.5 % Hct), the test tubes were pre-equilibrated with N2. The test tubes were closed with a
rubber stopper allowing access for thin plastic catheter tubes used to flush the test tubes with
warmed humidified N.. After the addition of RBCs, bubbling of the suspension was avoided

to prevent RBC lysis. Instead, gas flow was maintained just above the solution.

3.5.3 Yodal-induced PS exposure

Washed RBCs at 0.5 % Hct were incubated in air with specified concentrations of Yodal in
various buffers, as indicated. After 20 min incubation, the samples were centrifuged for 7 s
at 11,000 g followed by careful aspiration of the supernatant. Then the same volume of
buffer was added again and gently vortexed to resuspend the pellet and processed to measure
PS. In cases where inhibitors were used such as Dookul, GsMTx4, chelerythrine chloride
and calphostin C, the washed RBCs were initially pre-incubated in air with the specified

inhibitors for 10 min and then the RBCs were exposed to Yodal.

Calcium loading with the ionophore Br-A23187 in the presence or absence of Yodal

In certain experiments, PS exposure was stimulated using the divalent cation ionophore Br-
A23187 and later the effect on the action of Yodal was investigated. RBCs were washed
into either HK- or LK-HBS (0 Ca?*, 2 mM EGTA) to remove contaminant Ca?*. To alter
the intracellular calcium concentration, RBCs at 0.5 % Hct were exposed to Br-A23187
dissolved in DMSO (with a final concentration of Br-A23187 of 6 uM and DMSO of 0.5
%) in the presence of different extracellular calcium concentrations, clamped with 2 mM
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EGTA, in HK- or LK-HBS (containing 1mM vanadate). Then specified Yodal doses were
added and incubated for 30 min at 37 "C in air. All solutions were well vortexed while adding
Br-A23187 (before the addition of RBCs) to avoid precipitation of the ionophore (Tsien,
1981). After incubation, Co?" at a final concentration 0.4 mM was added to block the
ionophore, to prevent change in intracellular Ca?* should the calcium concentration outside
be altered. Then the samples were centrifuged for 7 s at 11,000 g, the supernatant carefully
removed and the same volume of LK- or HK-HBS, 0 Ca?*, 1 mM vanadate, pH 7.4 at RT
was added. Finally, aliquots of RBCs were diluted to Hct 0.01-0.02 % into LA-FITC (16
nM) labelling buffer and PS exposure was determined by flow cytometry. In experiments
where chelerythrine chloride was used in combination with Yodal, the washed RBCs were
initially pre-incubated with chelerythrine chloride (10 pM) for 10 min, and then Br-A23187
and Yodal were added.

3.5.4 Hyperosmotic- and hypertonicity-induced PS exposure

Washed RBCs at 0.5 % Hct were incubated in solutions of different osmolalities ranging
from 290-1500 mOsm.kg™? to simulate the conditions found in the renal medulla using
sucrose, NaCl and urea, alone or in combination, and at various oxygen tensions. At

specified time intervals, aliquots were removed and processed to measure the PS.

3.5.5 Effect of 3,4-dichloroisocoumarin and ceramide on PS exposure

3,4-Dichloroisocoumarin is a serine protease inhibitor that can inhibit activation of the
enzyme sphingomyelinase (SMase), which is responsible for the metabolism of
sphingomyelin to ceramide and phosphorylcholine. Ceramides are important bioactive
lipids belonging to the sphingolipid family and have been shown to affect cell signalling
pathways that mediate growth, proliferation, motility, adhesion, differentiation, senescence,
growth arrest and apoptosis (Galadari et al., 2013; Ruvolo, 2003). Effect of both 3,4-
dichloroisocoumarin and ceramide on PS exposure was observed in HbSS RBCs under both

oxygenated and deoxygenated conditions.

Washed RBCs at 0.5 % Hct were initially pre-incubated in Ca?*-vanadate LK-HBS (pH 7 at 37
°C) with 3,4-dichloroisocoumarin (200 uM) or ceramide (50 uM) for 30 min. After pre-

incubation, samples were removed and added to the respective pre-equilibrated oxygenated or

deoxygenated test tubes, and further incubated for 60 min. Every 20 min, samples were

collected and diluted to 0.05 % Hct, and later on processed for determination of PS exposure

by flow cytometry.
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3.5.6 Measurement of PS with LA-FITC

The negatively charged PS, when exposed on the cell surface, attracts other cell types such
as macrophages and endothelial cells. Macrophages secrete lactadherin (LA), a glycoprotein
that has the ability to bind to PS and facilitates engulfment of PS-expressing cells. It has
been shown that bovine LA conjugated with fluorescein isothiocyanate (FITC) binds to
exposed PS and can detect very low levels of PS (Albanyan et al., 2009). Annexin V is an
alternative PS-binding protein that has been widely used to detect PS exposure in sickle
RBCs (Albanyan et al., 2009; Dasgupta et al., 2006; Weiss et al., 2011). However, it requires
a higher threshold of PS exposure in RBCs (2-8 %) for binding to occur and is Ca?*-
dependent, which is not ideal in experiments designed to test the Ca?* dependence of PS
exposure (Albanyan et al., 2009; Hou et al., 2011). Whereas, LA can detect PS exposing
cells at levels as low as 0.5 % and is Ca®" independent (Albanyan et al., 2009; Shi et al.,
2006; Waehrens et al., 2009).

RBCs at a final Hct of 0.01-0.02 % were placed in LA-FITC (16 nm) labelling buffer (pH
7.4 at RT), and incubated at RT for 10 min in the dark. Then RBCs were pelleted for 7 s at
11,000 g and resuspended into the same buffer without LA-FITC. Samples were kept on ice

until analysis by flow cytometry.

3.5.6 Flow cytometer measurement
A BD Accuri C6 flow cytometer was utilized in all the experiments, which is equipped with
a diode red laser and a solid state blue laser allowing excitation at 640 nm and 488 nm. It is
also composed of four colour optical standard filters: FL1 533 / 30 nm, FL2 585 / 40 nm,
FL3 > 670 nm and FL4 675/ 25 nm.

Percentages of RBCs with PS exposed on their external membrane were measured in the
FL-1 channel of the flow cytometry, with an emission wavelength for FITC of 519 nm. PS
positive cells from 10,000 events were collected and analysed in the quadrant (x > 10° and
y < 10%). As shown in the figure below (Figure 2.3), treating HbSS RBCs (0.5 % Hct) with
Yodal (1 uM) caused the HbSS RBCs to expose PS, allowing LA-FITC to bind to PS
positive cells and shift to the lower right quadrant (Figure 2.3B). Whereas, treating HbSS
RBCs with DMSO caused no such effect, and majority of the cells remained in the lower
left quadrant in the unlabelled region (Figure 2.3A). The percentage of positive cells were
measured in this case and found to be more informative than the median fluorescence. The

position of the positive gate was set according to Cytlak (2014).
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Figure 2.3 Unlabelled (PS negative) and labelled (PS positive) PS in HbSS RBCs using LA-FITC. A:
HbSS RBCs (0.5 % Hct) treated with DMSO. B: HbSS RBCs treated with Yodal (1 pM).The negative gate is
taken as x < 10 that typically gives 1-2 % positive cells in labelled RBCs. PS positive cells are taken as those

with a higher fluorescence x > 103, in this case about 45 %.

3.6 Measuring membrane integrity using phalloidin-iFluor 647 and Alexa Fluor647
anti-Hb a chain

Membrane integrity of HbSS RBCs was measured at different doses of Yodal using
phalloidin-iFluor 647 and Alexa Fluor647 anti-Hb o chain. Phalloidin-iFluor 647 is a
phalloidin conjugate that binds to actin filaments known as F-actin with high affinity. Size
of phalloidin conjugates are small with diameter of 1.2-1.5 nm and a molecular weight of <
2000 Daltons (Da). However, phalloidin is not cell permeable. Alexa Fluor647 anti-Hb o
chain is a recombinant monoclonal antibody, which can recognize and bind to the alpha
chain of haemoglobin. It is an IgG isotype with molecular weight of 150 kDa. Ordinarily
these labels (Phalloidin-iFluor 647 and Alexa Fluor647 anti-Hb o chain) would not gain
access to their targets, which are inside the RBCs, unless membrane integrity had been

compromised.

3.6.1 Measurement of membrane integrity using phalloidin-iFluor 647

An aliquot of treated RBCs (final 0.5 % Hct) was placed into incubation buffer containing
phalloidin-iFluor 647 (1:400; stock concentration is 1 mg.ml™) and vanadate LK-HBS (pH
7.4 at RT). This was then further incubated at room temperature for 20 min in the dark.

RBCs were then pelleted by centrifugation for 7 s at 11,000 g and resuspended into vanadate
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LK-HBS (pH 7.4 at RT) in same volume. Samples were kept on ice until analysis by flow

cytometry.

3.6.2 Measurement of membrane integrity using Alexa Fluor647 anti-Hb o chain

An aliquot of RBCs (final 0.5 % Hct) was placed into incubation buffer containing Alexa
Fluor647 anti-Hb o chain (1:100; stock concentration is 0.5 mg.ml™?) and vanadate LK-HBS
(pH 7.4 at RT), incubated at room temperature for 20 min the dark. Then RBCs were pelleted
for 7 s at 11,000 g and resuspended into vanadate LK-HBS (pH 7.4 at RT) in same volume.
Samples were kept on ice until analysis by flow cytometry.

3.6.3 Flow cytometer measurement

Both phalloidin-iFluor 647 and Alexa Fluor647 anti-Hb o chain positive cells were
measured in the FL-4 channel of BD Accuri C6 flow cytometer and 10,000 events were
collected. The median fluorescence intensity was measured in this case as it was found to

be more informative than the percentage of positive cells.

3.7 Measurement of RBC haemolysis

Isosmotic haemolysis solution (buffered isosmotic sucrose solution) was transferred to an
Eschweiler tonometer at 37 °C. The tonometer was flushed with humidified N> or air, and
allowed to equilibrate for 30 min. Washed packed HbAA or HbSS RBCs (2 ml at about 2
% Hct) were initially treated with Yodal or DMSO for 20 min and then added to the
tonometer. The contents of the tonometer were gently mixed (speed of rotation usually about
180 rpm) and continuously flushed with the appropriate gas. At pre-determined intervals,
serial aliquots were removed and diluted 1:4 into ice-cold isosmotic sucrose solution in an
eppendorf tube and immediately centrifuged (15 s, 14,000 g). The supernatant was
transferred to a cuvette and the extent of haemolysis was determined by measuring the
optical density (OD) at 540 nm. Maximal (100 %) haemolysis was measured with the same
dilution of RBCs transferred to a solution of 0.1 % Triton X-100, followed by determination
of the OD (540 nm).

3.8 Calcium measurement

The intracellular Ca?* concentration in HbSS RBCs was measured using Fluo-4AM, a
membrane permeable acetoxymethyl ester, which is hydrolysed to its active form in the
cytosol. In RBCs, formaldehyde accumulates as a by-product when acetomethyl esters are

used, which can be toxic to cells if accumulated and may lead to irreversible ATP depletion
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by inhibition of glycolysis. To prevent this consequence of formaldehyde accumulation,

pyruvate and inosine is used (Garda-sancho, 1985; Tiffert et al., 1984).

HbSS RBCs (final 1.5 % Hct) were added to LK-HBS (pH 7.4 at 37 °C) containing pyruvate
(5 mM final) and Fluo-4AM (5 uM final). They were then incubated in a water bath at 37
°C for 45 min. After 45 min, RBCs were washed twice in LK-HBS (pH 7.4 at RT) for 3 min
at 600 g to remove extracellular fluorophore finally resuspended into LK-HBS (pH 7.4 at
RT).

Aliquots of Fluo-4-loaded HbSS RBCs were diluted to 0.07 % Hct in specified buffer.
Specified drug / inhibitor doses were added and samples were then incubated in the water
bath at 37 °C for 20 min. In cases where cells were also exposed to Yodal, the HbSS RBCs
were pre-incubated with inhibitor for 10 min and then treated with Yodal at 37 °C for 20
min. After incubation, RBCs were then pelleted by centrifugation for 7 s at 11,000 g and
resuspended into the same volume of vanadate LK-HBS (pH 7.4 at RT). From these
mixtures an aliquot of HbSS RBCs were diluted to 0.002 % Hct in vanadate LK-HBS (pH

7.4 at RT). Samples were kept on ice until analysis by flow cytometry.

3.8.1 Flow cytometer measurement

Fluo-4 has an excitation wavelength of 488 nm and emission wavelength of 516 nm. Fluo-
4 positive cells were measured in the FL-1 channel of BD Accuri C6 flow cytometer and
10,000 events were collected. The median fluorescence was measured in this case as it was

found to be more informative rather than the percentage of positive cells.

3.9 Sphingomyelinase (SMase) Assay

SMase activity was measured using the Abcam sphingomyelinase assay kit (colorimetric).
Initially a standard linear dose response curve was carried out using a range of SMase
concentrations (10 mU.ml?, 5 mU.ml?, 2.5 mU.ml?, 1.25 mU.ml?t 0.625 mU.ml?, 0.313
muU.ml?, 0.156 mU.mIt and 0.078 mU.mlY). Specified concentrations of SMase were
incubated at a 1:1 dilution in standard working solution containing sphingomyelin (50 mM)
for 2 h at 37 "C in 96-well plates. During this incubation period, SMase will be able to break
down sphingomyelin to phosphocholine and ceramide. After 2 h, Ab blue indicator was
added at a 1:3 dilution and further incubated for 2 h at 37 °C. The Ab blue indicator can bind
to the phosphocholine, which was produced by the breakdown of sphingomyelin by SMase.
Then the absorbance of the solutions in the 96-well plates were measured in microplate

reader. The absorbance was monitored at a wavelength of 655 nm.
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3.9.1 Effect of urea on SMase

Further experiments were done to measure the inhibitory effect of different concentrations
of urea (50 mM, 200 mM, 600 mM and 900 mM final) on SMase activity. Specified
concentrations of urea were added to the SMase solution at a 1:1 dilution and then the
mixture (urea + SMase standard solution, at a final SMase concentration of 1.25 mU.ml™?)
was incubated in standard working solution containing sphingomyelin at 1:1 dilution for 2
h at 37 "C in 96-well plate. After 2 h, Ab blue indicator was added at a 1:3 dilution and
further incubated for 2 h at 37 "C. Then the absorbance of the solutions in the 96-well plates

was measured in microplate reader.

3.9.2 Effect of HbAA RBCs on the SMase absorbance assay

Any quenching or other interference by intact HbAA or lysed RBCs (0.5 %, 5 %, 10 % Hct)
on the absorbance assay (Ab blue indicator plus phosphocholine) was investigated in control
experiments. SMase (1.25 mU.mlI) was incubated in the standard working solution
containing sphingomyelin at 1:1 dilution for 2 h at 37 °C in 96-well plate. After 2 h, Ab blue
indicator was added at 1:3 dilution and further incubated for 2 h at 37 °C. Finally after the 2
h incubation with the indicator, intact or lysed HoboAA RBCs were added, and the absorbance

of the solutions in the 96-well plates was measured in microplate reader immediately.

In another circumstance (Figure 7.12), HbAA RBCs of final 0.5 % Hct were added
concomitantly with SMase (1.25 mU.ml%) and sphingomyelin at the start, and incubated for
longer hours (2 h) to see if the enzymatic effect of the SMase is altered. The SMase standard
solution (1.25 mU.ml?) with HbAA RBCs of 0.5 % Hct was incubated in standard working
solution at 1:1 dilution for 2 h at 37 “C in 96-well plate. After 2 h, Ab blue indicator was
added at 1:3 dilution and further incubated for 2 h at 37 "C. Finally, after the 2 h incubation
with the indicator, the absorbance of the solutions in the 96-well plates were measured in

microplate reader.

3.10 Measurement of sickling

RBCs were fixed in 0.3 % glutaraldehyde in LK-HBS at a final Hct of 0.2 %. This maintains
RBC shape for several weeks (Hanneman et al, 2014; Milligan et al 2013). Cell morphology
was later viewed using a Nikon Eclipse E400, 20x0.40, «/0.17 WD1.3. A minimum of 300
cells were counted and the results were given as a percentage of sickled RBCs. The RBCs
that attained the morphology of sickles, holly leaves and other elongated, distorted shapes

were counted as sickled RBCs, not the RBCs with normal biconcave discs.
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3.11 Statistics

Unless otherwise indicated, data are presented as means + S.E.M. for RBC samples taken
from n different individuals. In most cases statistical comparisons of paired variables were
made using two-tailed Student’s t-test or one-way ANOVA with Tukey (to compare paired
values) or Dunnett’s (to compare to a control value). A Two-way repeated measures
ANOVA was used where appropriate (e.g. Figure 5.1, 5.2, 5.4, 5.7 and 5.8). p < 0.05 was
accepted as significant. All graphs were made using GraphPad Prism. Calculations were

done using Microsoft Office Excel 2016 software or GraphPad Prism version 9.
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4 Renal conditions important in PS exposure 1: Effect of different pH conditions and
oxygen tension on sickling and PS exposure in RBCs from HbSS patients

4.1 Introduction

As aforementioned the mutation in the Hb of sickle cell patients results in polymerisation
(mentioned in Section 1.1), however it polymerises when the concentration of the
deoxygenated form of Hb exceeds a critical threshold. Therefore, polymerisation is also
determined by conditions surrounding the HbSS RBCs notably oxygen tension, pH,
osmolality and levels of urea. The hypoxic, acidotic and hyperosmotic conditions in the
renal medulla provide the ambient conditions to stimulate polymerisation causing HbSS
RBCs to sickle. Additionally, sickle RBCs are known to exhibit abnormally high adhesion
to the endothelium, perhaps through PS exposure slowing their transit through the hypoxic

renal medulla and causing further deleterious effects.

Expression of PS on the surface of the HbSS RBCs is significantly higher than in HbAA
RBCs, which contributes to a decreased life span of RBCs, increased vaso-occlusion and
cell-to-cell interactions (explained in Section 1.4). Exposed PS on the surface of RBCs
increases the surface negative charge, which allows complexes to be formed with tenase and
prothrombinase resulting in activation of coagulation pathway, triggering blood clotting and
thrombosis (Whelihan et al., 2012). One of the reasons for PS exposure is the loss of ion and
water homeostasis in HbSS RBCs, which depends on abnormal transport regulation across
the membrane. Apart from the Na*/K* pump and anion exchanger, the other three major
transport systems (KCC, Gardos channel and Psicie) in RBCs are either directly or indirectly
affected by oxygen tension. A part of the thesis aims to investigate the most important

systems that work towards exposing PS in HbSS RBCs.

It is already known that activity of some of the membrane transport systems in HbAA RBCs
are regulated by oxygen tension. KCC is a primary example, at high oxygen tension the
transporter is highly active, as the oxygen tension decreases so too does its activity, and at
very low oxygen levels, it is inactivated (Gibson et al., 1998). The Na™-K*-CI" cotransporter
(NKCC) is another example, which acts opposite to KCC. NKCC is inhibited by high
oxygen tension and stimulated by low oxygen tension (Gibson et al., 2000; Muzyamba et
al., 1999). As aforementioned, these membrane transporters are dependent on oxygen

tension, but changes in oxygen tension does not usually create any cation imbalance in
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normal HbAA RBCs. However, in HbSS RBCs there is significantly altered membrane
transport activity and only under deoxygenated conditions is there massive loss of cations
leading to dehydration and eventually sickling (explained in Section 1.3). Usually in normal
HbAA RBCs, as they mature over their life span of 120 days, they slowly lose water and
intracellular solutes over time and are later removed from the body (Hoffman, 1958).
However, the rapid irreversible loss of cations and water through osmosis in HbSS RBCs
during deoxygenation contributes to a reduced life span, such that they survive for only 10-
20 days and the shrunken RBCs are either removed from the body or end up blocking the
capillaries. Moreover, Joiner and colleagues showed that at lower oxygen tension Psickie IS
activated in HbSS RBCs, which allows net loss of monovalent cations through it, but
importantly also allows Ca?* to enter and Mg?* to exit. This activity of Psicue is not observed
in HbAA RBCs. Thus, initially the effect of different oxygen tension on sickling and PS

exposure was investigated.

Hypoxic capillary beds with low pH are the most vulnerable regions. Maintenance of a
proton gradient is an energy dependent process, which is likely to be impaired due to the
medullary ischaemia. Moreover, there are multiple reports of incomplete tubular acidosis in
several individuals with SCD (DeFronzo et al., 1979; Goossens et al., 1972; Kong and
Alleyne, 1971; Oster et al., 1976). A study conducted on more than 400 homozygous
patients with SCD in 2014, showed that over 40 % of SCD patients encountered metabolic
acidosis which might be related to impaired availability of ammonia (Stojanovic et al.,
2014). Joiner et al. 1993 provided evidence that deoxygenation-induced Rb* fluxes changed
with pH, with high fluxes being achieved between pH 6.8-7. This meant that at pH 6.8-7
rapid and high amount of RBC cations were lost. Furthermore, Joiner et al., also showed
that deoxygenation-induced sickling caused HbSS RBCs to attain different morphologies at
different pHs. Hence, an extensive study on HbSS RBCs was carried out to study the

behaviour of PS exposure to various oxygen tension and pHs.
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4.2 Results

4.2.1 Effect of deoxygenation on sickling and PS exposure in RBCs

In this experiment, sickling of HbSS RBCs was tested at six different oxygen tensions (150,
100, 70, 40, 20, 0 mmHg), in order to analyse the pattern of sickling in decreasing oxygen
tensions. Figure 4.1 shows that the initial sickling percentage increased from 9.7 £ 1.3 % at
150 mmHg oxygen tension to 18.7 + 6.8 % (p < 0.05) at 100 mmHg oxygen tension.
Compared to 150 mmHg oxygen tension, a significant rise of sickled RBCs to about 57.2 +
5.4 % (p < 0.001) was observed as the oxygen tension was reduced to 20 mmHg. Finally,

under fully deoxygenated condition, sickling increased to 85.1 + 1.6 % (p < 0.001).
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Figure 4.1: Effect of different oxygen tensions on sickling of RBCs from HbSS patients. RBCs (5 % Hct,
1 ml) were equilibrated in Eschweiler tonometers for 15 min at the desired oxygen tension in LK-HBS at pH
7.4, 37 °C, after which aliquots were fixed in 0.3 % glutaraldehyde. RBC shape change was assessed by light
microscopy counting a minimum of 300 RBCs. Data points represent means + S.E.M, n = 6. * p < 0.05 and
*** n < 0.001 compared to oxygen tension at 150 mmHg.
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The effect of oxygenation (150 mmHg) and deoxygenation (0 mmHg) on the percentage of
RBCs exposing PS over 80 min was investigated in the second set of experiments, using
RBCs from HbSS patients (Figure 4.2). This experiment examined the effect of
deoxygenation on PS exposure in HbSS RBCs presumably through activation of Psickie. At
full oxygenation (150 mmHg), there was only a slight overall increase of PS over 80 min
from 0.9 £ 0.5 % to 3.1 £ 1.2 % (not significant). However, under full deoxygenation (0
mmHg), there was a continual increase in PS exposure over time. In contrast to 150 mmHg
oxygen tension, the PS exposure at 0 mmHg oxygen tension increased significantly from 2
+0.6 %atOminto5+1.5 %, 10.3+£3.3 % (p<0.05),12.4£2.9 % (p <0.01) and 16.2
+3.9 % (p <0.001) at 20, 40, 60 and 80 min, respectively.
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Figure 4.2: Time course of the change in PS exposure of RBCs from HbSS patients in 150 mmHg and 0
mmHg oxygen tension. RBCs (0.5 % Hct, 1 ml) were incubated in Ca?*- vanadate LK-HBS pH 7.4 at 37 °C
in Eschweiler tonometers for 80 min. Every 20 min RBC aliquots were removed and exposed PS labelled with
LA-FITC. Staining was detected using flow cytometry. Data points represent means = S.EIM, n=5. * p <
0.05, ** p < 0.01 and *** p < 0.001 compared to oxygen tension at 150 mmHg.
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4.2.2 Effect of different oxygen tensions and pHs on sickling

The effect on sickling in RBCs from SCD patients at three different oxygen tensions (100
mmHg, 30 mmHg and 10 mmHg) and at three different pHs (7.4, 6.8 and 6.0) was
investigated next (Figure 4.3). This experiment was done in order to examine if the rate of
sickling of RBCs differed greatly between pHs, as this might have an effect on Psickie activity.
Sickling was lowest at 100 mmHg oxygen tension (Figure 4.3A) for all the three pHs
reaching 17.3 % + 2.1 %, 27.1 % + 4.1 % and 32.2 % + 11.4 % at pH 7.4, pH 6.8 and pH
6.0 respectively. At an intermediate oxygen tension of 30 mmHg (Figure 4.3B), the sickling
percentage remained low at pH 7.4 but increased from5% +0.5% atOminto 24.1% + 1.2
% after 80 min. In contrast, at both pH 6.8 and 6.0 there was a sharp rise in sickling within
20 min increasing from 5.7 % £ 1 % and 5.1 % £ 0.9 % t0 81.2 % + 3.1 % (p < 0.01) and
61.7 £ 13.1 % (p < 0.05), at pH 6.8 and 6.0, respectively, reaching a plateau after 40 min,
and remaining high at 80 min for both pH 6.8 and 6.0 at 91.3 % % 1.8 % (p < 0.001) and
84.1 £ 3.4 % (p < 0.001), respectively. Finally, at 10 mmHg oxygen tension (Figure 4.3C),
all three pHs showed a similar pattern with a significant increase in sickling from 0 min to
20 min, reaching a plateau thereafter. However, sickling over the time was highest for pH
6.8 with sickling of 93.8 % + 1.2 % at 80 min and at pH 7.4 and 6.0, 86.8 + 2.2 % and 86.9
+ 1.9 % respectively, but the difference was not significant.

In fully oxygenated RBCs, there was little change in sickling with time regardless of pH
whilst in fully deoxygenated RBCs, sickling was almost complete regardless of pH.
However, at 30 mmHg, sickling was minimal at pH 7.4 but increased markedly at pH 6.8
and 6.0. As shown in figure 4.3D, a significant difference in sickling (p < 0.001) was seen
between pH 7.4 after 80 min (24.1 % + 1.2 %) compared to pH 6.8 (91.3 % + 1.8 %) and
pH 6.0 (84.1 + 3.4 %).
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Figure 4.3: Effect of different oxygen tensions and pHs on sickling of RBCs from HbSS patients. RBCs
(5 % Hct, 1 ml) were equilibrated in Eschweiler tonometers in Ca?*- vanadate LK-HBS over 80 min at the
desired oxygen tension and pH. Every 20 min, RBC aliquots were removed fixed in 0.3 % glutaraldehyde and
RBC shape change was assessed by light microscopy. A: Sickling at 100 mmHg. B: Sickling at 30 mmHg. C:
Sickling at 10 mmHg. D: Percentage sickling after 80 min in 100 mmHg, 30 mmHg and 10 mmHg oxygen
tension at pH 7.4, 6.8 and 6.0. Data points represent means = S.E.M, n =5. * p < 0.05, ** p < 0.01 ***p <
0.001 compared to sickling effect in HbSS RBCs at pH 7.4 in 30 mmHg with pH 6.8 and 6.0.

4.2.3 Effect of different oxygen tensions and pHs on PS exposure

Next, the PS exposure of RBCs from SCD patients was investigated under the same
condition as sickling (Figure 4.4). Assuming different pHs might have an effect on both HbS
polymerisation and on activation of Psickie O its permeability to ions once activated, this
experiment examined the effect of various pHs on PS exposure at three respective oxygen

tensions.
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At 100 mmHg oxygen tension (Figure 4.4A), the PS level at pH 7.4 remained minimal,
changing from 0.9 £ 0.4 % to 1.6 £ 1.1 % after 80 min. In contrast, PS exposure at pH 6.8
and pH 6.0 started increasing after 20 min and 40 min, respectively. After 80 min, PS
exposure reached 6 + 2.4 % at pH 6.8, and 3.2 £ 0.7 % at pH 6.0, although significance was
not reached. Similar to 100 mmHg oxygen tension, PS exposure at pH 7.4 at 30 mmHg
oxygen tension (Figure 4.4B) remained stable and low at 2-3 % over the entire 80 min period
incubation. At 30 mmHg oxygen tension, PS exposure of RBCs at pH 6.8 and 6.0 increased
t0 3.3+ 2.3 % and 3.1 + 0.6 % at 60 min, respectively, but not significantly. An increase in
PS exposure was seen at 80 min at pH 6.8 reaching 9 + 4.5 %, whereas at pH 6.0 it increased
to 5 = 6.5 %, both not significant. At 10 mmHg oxygen tension (Figure 4.4C), an increase
in PS exposure over time was seen at all the three pHs tested, although not significant. In
this case, pH 7.4 and 6.0 showed a similar pattern, where initially PS exposure remained
low, and only increased after 60 min. After 80 min, PS exposure remained at comparable
levels at 8.3 £ 2.1 % and 7.9 + 1.7 % at pH 7.4 and pH 6.0, respectively. For pH 6.8, an
increase in PS exposure to 9 + 4.2 % was observed at 40 min, eventually reaching 11.25 +

6 % at 80 min, however not significant.

Overall, PS exposure increased after 80 min when oxygen tension was reduced, regardless
at the pH of incubation (Figure 4.4D). However, PS exposure in pH 6.8 was always highest
(although not significant), independent of the oxygen tension. With the exception of 100
mmHg oxygen tension, this pattern was similar to that seen for sickling (Figure 4.4D).
Notwithstanding, the changes in PS exposure were generally more pronounced, suggestive
that whilst altered pH alters HbS polymerisation and sickling there is a greater effect on PS
exposure, which would be consistent with an additional effect of pH on Psickie permeability,
as observed by Joiner et al, 1993. Furthermore, it is interesting to speculate that Joiner et
al’s findings — greater sickling at higher pHs but greater Psickie activity at lower ones —would
result overall in higher permeation and hence PS exposure at intermediate pHs. This was

explored further in the next series of experiments.
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Figure 4.4: Effect of different oxygen tensions and pHs on PS exposure of RBCs from HbSS patients. At
the desired oxygen tension and pH, RBCs (0.5 % Hct, 1 ml) were incubated in Ca?*- vanadate LK-HBS at 37
°C in tonometers for 80 min. Every 20 min, RBC aliquots were removed and labelled with LA-FITC prior to
flow cytometry analysis. A: PS exposure of HbSS RBCs at 100 mmHg at pH 7.4, 6.8 and 6.0. B: PS exposure
of HbSS RBCs at 30 mmHg at pH 7.4, 6.8 and 6.0. C: PS exposure of HbSS RBCs at 10 mmHg at pH 7.4, 6.8
and 6.0. D: The level of PS exposure after 80 min at 100 mmHg, 30 mmHg and 10 mmHg at pH 7.4, 6.8 and
6.0. Data points represent means + S.E.M, n = 5. No significant changes were observed when PS exposure was
compared between pHs at respective oxygen tensions.

4.2.4 Effect of pH on sickling and PS at 10 mmHg oxygen tension

It was shown previously (Joiner et al., 1993) that higher Psickie activities were achieved when
RBCs were sickled at more alkaline pHs (i.e. pH 7.5 > 7.3 > 7.0). Conversely, during the
actual measurement of Psickie activity, fluxes were highest at lower pHs (pH 7.0 >7.5> 7.3
> 7.5). The next series of experiments were therefore carried out under deoxygenated
conditions to investigate whether initial sickling of HbSS RBCs at pHs 7.4 or 6.8 for 20
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min, and then subsequently transferring RBC aliquots to a range of different pHs and further

incubating for 60 min, had any effect on sickling and PS exposure.

Both Figures 4.5A and B show sickling of HbSS RBCs after 80 min after an initial
incubation at pH 7.4 and 6.8, respectively. There is no significant difference in sickling

amongst different pHs in either condition - sickling at both pHs were similar to each other.

In Figure 4.5C, RBCs from HbSS patients were first equilibrated at 10 mmHg oxygen
tension at pH 7.4 for 20 min. After 20 min, aliquots of RBCs were removed and transferred
to three additional pHs (pH 7.0, 6.8 and 6.4), as well as the pH of sickling (pH 7.4), and
further incubated for 60 min. Overall, it can be observed in Figure 4.5C, that there was no
substantial difference in PS exposure between pH 7.4 and the other pHs. PS at 40 min was
similar for all the pHs 6.2 £1.8%,5.5+£1.3%,6.1+1.4%and4.9+1.1% forpH 7.4,7.0,
6.8 and 6.4, respectively. However, at 60 min PS exposure for pH 6.8 was 12.8 + 4.4 %
which was higher comparedt0 8.6 +2.4inpH 7.4,9.3+22% inpH 7.0and 8.1 +1.9 % in
pH 6.4, but not significantly. After 80 min PS was very similar for pHs 7.4, 7.0 and 6.4, but

remained high for pH 6.8, however the change was not significant.

In Figure 4.5D, RBCs from HbSS patients were equilibrated at 10 mmHg oxygen tension at
pH 6.8 for 20 min. After 20 min, aliquots of RBCs were removed and transferred to three
different pHs 7.4, 7.0 and 6.4 as well as pH 6.8 and further incubated for 60 min. After 40
min, PS exposure was highest for pH 6.8 (7.1 £ 2.2 %) compared to pH 7.4 (4.9 + 1 %), pH
7.0 (5+£0.9%) and pH 6.4 (4.4 £ 1 %), but not significantly. From 60-80 min, PS exposure
increased for all pHs and were similar at pH 7.4, 7.0 and 6.4, but at pH 6.8 PS exposure was

higher compared to the other three pHs, however the change was not significant.

Figure 4.5E shows PS exposure after 80 min at four different pHs, after initial incubation in
pH 7.4 for 20 min. Overall, it can be observed that PS at 80 min for pH 6.8 was highest (18.1
+ 5.4 %), compared to pH 7.4 (14.3 £ 4.2 %), 7.0 (11.2 £ 2.7 %) and pH 6.4 (13.5 £ 3.9),
but not significantly. In Figure 4.5F, PS exposure after 80 min at four different pHs was
measured after initial incubation in pH 6.8 for 20 min. It can be observed that PS exposure
was similar for all pHs: 12.1 £ 3.2 %, 10.3 + 2.7 %, 12.3 + 3.7 % and 9.7 = 2.7 % for pH
7.4,7.0, 6.8 and 6.4, respectively.

In conclusion, overall, the pattern of sickling and PS exposure at different pHs in Figures
4.4 and 4.5 were similar to the pattern of Psickie activity shown in Joiner et al., 1993. It would
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be useful to confirm this supposition measuring Psickie activity under the same conditions
used for these experiments on PS exposure which, as explained previously, differ from those

of Joiner et al (ie Eshweiler tonometers, gas flushing, shorter incubation times).
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Figure 4.5: Effect of pH on sickling and PS at 10 mmHg oxygen tension in RBCs from HbSS patients.
Initially, HbSS RBCs (10 % Hct, 1 ml) were equilibrated in Ca?*- vanadate LK-HBS at either pH 7.4 or 6.8
for 20 min. After 20 min, aliquots of RBCs were removed and equilibrated for a further 60 min at all four pHs
(pH 7.4, 7.0, 6.8 and 6.0) after which both PS and sickling were measured. A: Sickling at 80 min after initial
incubation at pH 7.4. B: Sickling at 80 min after initial incubation at pH 6.8. C: PS exposure after initial
incubation at pH 7.4 for 20 min. D: PS exposure after initial incubation at pH 6.8 for 20 min.. E: PS at 80 min
after initial incubation at pH 7.4. F: PS at 80 min after initial incubation at pH 6.8. Data points represent means
+ S.E.M, n = 5. No significant changes were observed when PS exposure was compared between any of the
conditions. No significant changes were observed when sickling was compared between any of the conditions.
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4.3 Discussion

The present findings were an attempt to correlate deoxygenation-induced sickling and Psickie
activity with PS exposure. The underlying hypothesis was that the manoeuvres or conditions
that were previously studied, which stimulated the activity of Psickie in HbSS RBCs should
correlate with PS exposure. All of these conditions are physiologically relevant, as RBCs in
SCD patients are exposed to such conditions in the renal medulla and active muscle beds.
Joiner et al 1993 showed that under deoxygenated conditions, HbSS RBCs behaved
differently at different pHs. They reported that the deoxygenation-induced cation movement
and the sickling morphology changed at different pHs. Rb* influx in nitrate buffer was
maximal at pH 7.0, declining as pH became more acidic or alkaline. Moreover, sickling
morphology was altered at different pHs, with more irregular, granular shapes of sickled
present at low pH, whilst, at higher pHs more elaborate sickling shapes were seen.
Notwithstanding clear effects of pH on sickling and PS exposure in the present work,
however, findings were not sufficiently unambiguous to conclude that a strong correlation
exists between PS exposure and pH-induced Psickie activity or between the effect of change

in morphology with PS exposure

From the first series of experiments in Figure 4.4D it was observed that the overall PS
exposure was higher at pH 6.8 compared to pH 7.4 and 6.0, although not significantly.
Variation of PS exposure with pH in Figure 4.4D also showed a similar trend to the effect
on deoxygenation-induced Rb* influx in Joiner et al 1993, where pH 7.0 showed maximal
Rb* influx. Since the experiments in Joiner et al 1993 were carried out in nitrate buffer with
ouabain, it is assumed that the flux measured was due to the activity of Psickie, which would
be consistent with the highest PS exposure at pH 6.8 (not significant), observed here. Psickie
is believed to be a deoxygenation-induced non-specific cation channel and is thought to
allow entry of Ca?". As PS exposure increases during deoxygenation due to increased
intracellular Ca?*, PS exposure would be expected to follow effects on Psickie activity, albeit
indirectly, as Ca?*-induced PS scrambling is a further step away from sickling-induced
membrane permeability to cations. The present findings are therefore consistent with a role
for Psickie activation in deoxygenation-induced PS exposure. This is in agreement with
previous work from this laboratory in which deoxygenation-induced PS exposure required
extracellular Ca?* and was inhibited if RBCs were loaded with a Ca?* chelator (Cytlak et al.,
2013; Weiss et al., 2012). Moreover, in Fig 4.3D, it can be seen that there was a significant
difference in sickling at pH 7.4 compared with pH 6.8 and 6.0 at an intermediate oxygen
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tension of 30 mmHg. An alternative explanation might be the greater activation of the
Gardos channel at lower pHs in intermediate oxygen tension, which causes efflux of K* and
results in hyperpolarisation and eventually greater sickling of RBCs as cells become
shrunken, whilst that is not the case at pH 7.4 (Halperin et al., 1989), although over the time

course of the present experiments the change in cell volume would be minimal.

Furthermore, Joiner et al. 1993 also showed that HbSS RBCs sickled at pH 7.5 under
deoxygenated conditions showed the highest Rb* influx at pH 7.0. Thus, it was interesting
to examine if HbSS RBCs sickled at higher pHs in deoxygenated conditions had any
difference in PS exposure when measured at different pHs. It is possible that the elaborate
sickling morphology of HbSS RBCs achieved at alkaline pHs, might enable HbS polymers
to randomly make contact with regulatory sites at the RBC membrane controlling ion
permeability, thus activating Psickie, Which is presumed to be a mechanosensitive ion channel
(PIEZO1). In addition, PIEZO1 ion permeability per se shows some pH dependence, being
lower at more acidic pHs (Bae et al., 2015) which also needs to be taken into account. Bae
et al. 2015 showed that at lower pHs inactivated state of PIEZO1 was more stabilized, and
suggested it may serve as a protective mechanism to inhibit excessive fluxes through this

channel.

Therefore, an experiment was designed (Figure 4.5) where HbSS RBCs were sickled at
either pH 7.4 or 6.8 for 20 min under deoxygenated conditions, allowing RBCs to attain
their respective morphology. Later, these sickled RBCs were transferred to different pHs
(pH 7.4, 7.0, 6.8 and 6.4) and a time course of PS exposure determined. As shown in Figure
4.5, the results showed no significant differences in PS exposure at altered pH. However,
the results of PS exposure do follow the trend shown in Joiner et al. 1993, with respect to
Psickie activity and HbSS RBCs sickled at a higher pH. Joiner et al. 1993 also showed HbSS
RBCs sickled at higher pH will have higher Psickie activity when later measured at any pH
compared to HbSS RBCs sickled at lower pH. In Figure 4.5C and D, it can be observed that
PS exposure in HbSS RBCs when sickled (pre-incubated) at pH 7.4 was high for all the pHs
compared to PS exposure when sickled (pre-incubated) at pH 6.8, however the difference

was not significant.

The lack of significance in the extent of PS exposure measured at various pHs could be due
to the different conditions used to deoxygenate HbSS RBCs. Joiner et al. 1993 used sealed
flasks and a relatively long duration of deoxygenation (60 min) whereas tonometers were
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used in the present work, which deoxygenate relatively rapidly (within 10 min — see
Materials and Methods, Figure 2.2). Speed of deoxygenation would also affect sickling
morphology and hence deoxygenation-induced cation movements. Thus, these experimental
differences could have resulted in changes in Psickie activity in the two studies, therefore
affecting PS exposure. It would be interesting to measure Psicuie activity as a K* flux or
electrophysiologically under the identical conditions used here, and to correlate these with

PS exposure.
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5 Renal conditions important in PS exposure 2: Effect of Urea on PS exposure

5.1 Introduction

SCD patients have a markedly increased incidence of nephropathy with about a third
progressing to a dependence on renal dialysis or transplantation. Inability to concentrate
urine occurs at an early age with necrosis and fibrosis of the renal medulla commonly
observed. The detailed pathogenesis underlying these manifestations remains unclear,
however, the unique environment found in the renal medulla is implicated. This tissue has
a particularly low blood flow, less than 1 % of the total renal blood flow. It is, in addition,
markedly hypoxic with an O partial pressure of about 15 mmHg. Accumulation of lactic
acid from anaerobic metabolism presents an acid load. Furthermore, during maximal
antidiuresis, the medulla is also hypertonic with accumulation of salt (up to 300 mM NacCl)
and urea (up to 600 mM). Hypoxia, low pH and hypertonicity all stimulate HbS
polymerisation. It is therefore likely that they will encourage sickling and PS exposure and
these factors coupled with the sluggish rate of blood flow may serve to promote adhesion of
sickle cells and increase ischaemia and damage to the renal medulla.

The effect of low pH was examined in Chapter 4. Therefore, in this Chapter, in a series of
experiments, deoxygenation, hyperosmotic shock and hypertonicity were investigated as
manoeuvres likely to increase PS exposure in HbSS RBCs. Exposing normal RBCs to
hyperosmotic shock has already been shown to cause apoptosis with the externalisation of
PS (Lang et al., 2003). In nucleated cells, hyperosmotic shock leading to apoptosis has been
extensively studied, the mechanisms include upregulation of tumor necrosis factor,
triggering of death receptor membrane trafficking, activation of Akt pathway, induction of
transcriptionally active p53 and activation of heat-shock transcription factor 1 (Lang et al.,
2002; Lu et al., 2000; Reinehr et al., 2002; Rosette and Karin, 1996; Terada et al., 2001).
Moreover, a significant role for mitochondria has also been identified, where an osmotic
stress-sensing module on the outer membrane of mitochondria allows the cell to integrate a
variety of stress signals and cause loss of mitochondrial function (Desai et al., 2002).
However, it is known that RBCs lack all the major organelles that are involved in inducing
apoptosis through hyperosmotic shock in nucleated cells. Nevertheless, osmotic shock in
RBCs activates a Ca?* permeable channel, which causes an increase in cytosolic Ca?* (Lang
et al., 2003). This leads to activation of the scramblase that translocates PS to the outer
membrane (Dekkers et al., 2002; Woon et al., 1999). Moreover, osmotic shock stimulates
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the sphingomyelinase that leads to the formation of ceramide, which increases sensitivity of
Ca?" to membrane scramblase eventually increasing translocation of PS (Lang et al., 2010;
Lang et al., 2004). Furthermore, osmotic shock has also been shown to increase oxidative
stress and stimulate membrane scramblase in other cell types (Amer et al., 2008; Chong et
al., 2004; Fabisiak et al., 2000; Kagan et al., 2002; Lang et al., 2008; Reinehr and
Haussinger, 2006). Thus, sucrose (650 mM) was utilized as well as NaCl and urea to expose
RBCs from SCD patients to hyperosmotic shock in order to examine its effects on PS

exposure.

Urea has been shown to have a moderate inhibitory effect on PS exposure in normal HbAA
RBCs. However, this has only been shown in normal HbAA RBCs exposed to hyperosmotic
shock (Lang et al., 2003). Urea has previously been shown to alter the activity of several
RBC transport systems such as the Na*-K*-ATPase, KCC and Na*-K*-2CI" cotransport (Kaji
etal., 1998; Kaji and Gasson, 1995; Lim et al., 1995; Speake and Gibson, 1997). Intravenous
and oral urea have also been administered to investigate whether they reduce painful SCD
crises. Oral therapy was unsuccessful although this was carried out only in 5 patients and
the required urea blood level was never achieved (Nalbandian, 1972). Nevertheless,
intravenous treatment did prove to have beneficial effects on the painful crisis of sickle cell
disease. However, the researchers advise cautious interpretation of these data as the trial was

uncontrolled and the treatment period was very short (McCurdy & Mahmood, 1971).

Hence, the effects of urea in HbSS RBCs was investigated where PS and sickling was
induced by deoxygenation, hyperosmotic shock and hypertonicity. Table 5.1 further
demonstrates the affect that each condition has on RBCs. These conditions may result from

both renal functional disturbances and anatomical alterations observed in SCD patients.

Table 5.1 Different physiological conditions and their effect on RBCs

Conditions Effect of Conditions on Results
RBCs section
Urea + standard buffer (SB; Ca®*- Hyperosmotic 5.2.2
vanadate LK-HBS, 290 mOsm.kg™)
SB + sucrose Hyperosmotic and hypertonic 5.2.3
SB + urea + sucrose Hyperosmotic and hypertonic 5.2.3
SB + NaCl Hyperosmotic and hypertonic 5.2.4
SB + urea + NaCl Hyperosmotic and hypertonic 524
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5.2 Results

5.2.1 Inhibitory effect of urea on deoxygenation-induced sickling in HbSS RBCs

In the following experiment, the ability of urea to inhibit deoxygenation (0 mmHg)-induced
sickling was investigated (Figure 5.1A and B). HbSS RBCs (0.5 % Hct) were treated with
respective urea concentrations (200 mM, 600 mM & 900 mM) at 0 mmHg for 80 min. Every
20 min, aliquots of RBCs were removed and sickling was measured. Initially at 20 min
(Figure 5.1A), sickling was significantly low for 600 mM (p < 0.001) and 900 mM (p <
0.0001) concentrations of urea compared to without urea. However, urea 900 mM was able
to keep the sickling significantly low until 40 min (p < 0.05). Finally, at 80 min although
sickling was lower in the presence of 600 mM and 900 mM urea, this reduction was not
significant in comparison with RBCs incubated in the absence of urea. For 200 mM urea, at
20 min to 40 min the sickling percentage was lower compared to without urea, but not
significantly. Later for 200 mM of urea, the sickling percentage was almost similar to that

observed without urea from 60 min to 80 min.

In Figure 5.1B, HbSS RBCs (10 % Hct) were equilibrated at 0 mmHg for 20 min. After 20
min, aliquots of RBCs were removed and equilibrated for a further 60 min in respective urea
concentrations (600 mM & 900 mM) after which sickling was measured. Unlike experiment
in Figure 5.1A, in Figure 5.1B the HbSS RBCs are not initially exposed to urea. The HbSS
RBCs are only exposed to urea after majority of them have sickled in the initial 20 min to
determine whether urea addition could affect the morphology of previously sickled RBCs.
The sickling was modestly reduced but significantly different for both concentrations of urea
compared to without urea. The final sickling percentage was 84 % + 3 % (p < 0.001) and 80
% + 3 % (p < 0.01) for 600 mM and 900 mM concentrations of urea, while without urea was
89 % + 3 %.
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Figure 5.1: A: Effect of urea (200 mM, 600 mM & 900 mM) on sickling at 0 mmHg in RBCs from HbSS
patients. B: Effect of urea (600 mM & 900 mM) on sickling in pre-incubated HbSS RBCs at 0 mmHg
for 20 min. A: HbSS RBCs (0.5 % Hct, 1 ml) were treated with respective urea concentrations (200 mM, 600
mM & 900 mM) and in 0 mM urea (Ca**-vanadate LK-HBS, 290 mOsm.kg™) at 0 mmHg at 37 ° C, pH 7.0 in
Eschweiler tonometers for 80 min. After every 20 min, aliquots of RBCs were removed and fixed using 0.3 %
glutaraldehyde. * p < 0.05, *** p < 0.001 and **** p < 0.0001 comparing HbSS RBCs in the absence and
presence of urea (600 mM and 900 mM). Data points represent means = S.E.M, n = 4. B: Initially HbSS RBCs
(10 % Hct, 1 ml) were equilibrated in 0 mM urea (Ca?*-vanadate LK-HBS, 290 mOsm.kg™?) at 0 mmHg at 37
° C, pH 7.0 in Eschweiler tonometers for 20 min. After 20 min, aliquots of RBCs were removed and
equilibrated in test tubes (pre-equilibrated at 0 mmHg) for a further 60 min in respective urea concentrations
(600 MM & 900 mM), and fixed using 0.3 % glutaraldehyde. ** p < 0.01 and *** p < 0.001, comparing HbSS
RBCs in the absence and presence of urea (600 mM and 900 mM). Histograms represent means + S.E.M, n =
3.

5.2.2 Inhibitory effects of urea on deoxygenation-induced PS exposure

In this experiment, the effect of different concentrations of urea (200 mM, 600 mM & 900
mM) on PS exposure in HbSS RBCs was investigated in oxygenated (100 mmHg) and
deoxygenated (0 mmHg) conditions (Figure 5.2). At 100 mmHg (Figure 5.2A), a significant
difference from 40 min can be observed in 600 mM and 900 mM concentrations of urea
compared to without urea. Finally, at 80 min a substantial decrease in PS is observed in all
three concentrations compared to without urea (100 % normalised, actual mean value is 10.5
%), with 35.7 % + 3 % (p < 0.001), 31.3 % + 14.9 % (p < 0.01) and 29.6 % + 12.9 % (p <
0.0001) at 200 mM, 600 mM and 900 mM concentrations of urea, respectively.
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However, at 0 mmHg (Figure 5.2B), a significant difference from 60 min can be observed
in 600 mM (p < 0.0001) and 900 mM (p < 0.0001) concentrations of urea compared to
without urea. At 80 min a substantial decrease in PS to 16.7 % = 2 % (p < 0.0001) and 14.3
% + 4.9 % (p < 0.0001) is observed in both 600 mM and 900 mM concentrations of urea
respectively, compared to without urea (100 %, actual mean value is 17.1 %). Although, the
PS was low throughout the 80 min time course in 200 mM urea compared to without urea,

the decrease was not significant.
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Figure 5.2: A: Effect of urea (200 mM, 600 mM & 900 mM) on PS exposure at 100 mmHg in RBCs from
HbSS patients. B: Effect of urea (200 mM, 600 mM & 900 mM) on PS exposure at 0 mmHg in RBCs
from HbSS patients. A: HbSS RBCs (0.5 % Hct, 1 ml) were treated with respective urea concentrations (200
mM, 600 mM & 900 mM) and 0 mM urea (Ca?*-vanadate LK-HBS) in pH 7.0 at 37° C, at 100 mmHg in
Eschweiler tonometers for 80 min. After every 20 min, aliquots of RBCs were removed and exposed PS
labelled with LA-FITC. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 comparing HbSS RBCs
in the absence and presence of urea (200 mM, 600 mM and 900 mM) at 100 mmHg. The data points have been
normalized, the actual mean PS exposure values at 80 min are urea 0 mM = 10.5 %, urea 200 mM = 3.8 %,
urea 600 mM = 3.4 and urea 900 mM = 1.5 %. Data points represent means =+ S.E.M, n = 4. B: HbSS RBCs
(0.5 % Hct, 1 ml) were treated with respective urea concentrations (200 mM, 600 mM & 900 mM) and 0 mM
urea (Ca?*-vanadate LK-HBS) in pH 7.0 at 37° C, at 0 mmHg in Eschweiler tonometers for 80 min. After
every 20 min, aliquots of RBCs were removed and exposed PS labelled with LA-FITC. * p <0.05 and **** p
< 0.0001, comparing HbSS RBCs in the absence and presence of urea (600 mM and 900 mM) at 0 mmHg.
The data points have been normalized, the actual mean PS exposure values at 80 min are urea 0 mM = 17.1
%, urea 200 mM = 10.3 %, urea 600 mM = 2.6 % and urea 900 mM = 1.9 %. Data points represent means +
SEM,n=4
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In the next series of experiments, HbSS RBCs are initially treated at 0 mmHg in the absence
of urea for 20 min (Figure 5.3A) or 80 min (Figure 5.3B) to stimulate PS exposure, and later
exposed to respective concentrations of urea, to measure if it can inhibit exposed PS. Firstly,
HbSS RBCs were equilibrated at 0 mmHg for 20 min. After 20 min, aliquots of RBCs were
removed and equilibrated for a further 60 min in respective urea concentrations (600 mM &
900 mM) after which PS was measured (Figure 5.3A). From Figure 5.3A it can be observed
that there is a significant decrease in PS exposure between both concentrations of urea and
without urea at 40 min and 80 min. Finally, at 80 min a substantial decrease in PS to 24.9 %
+3.3% (p <0.001) and 12.7 % £ 3.6 % (p < 0.001) is observed in both 600 mM and 900
mM concentrations of urea respectively, compared to without urea (100 % normalised,

actual mean value is 17.5 %).

Secondly, HbSS RBCs (10 % Hct) initially were equilibrated at 0 mmHg for 80 min. After
80 min, aliquots of RBCs were removed and equilibrated for a further 20 min in respective
urea concentrations (600 mM & 900 mM) after which PS was measured (Figure 5.3B). A
significant reduction in PS exposure was observed with both concentrations of urea
compared to without urea. The final PS exposure at 100 min was 43.8 % = 4.4 % (p < 0.01)
and 32.7 % £ 7.5 % (p < 0.01) for both 600 mM and 900 mM concentrations of urea
respectively, which was much lower than without urea (100 % normalised, actual mean
value is 26.1 %).
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Figure 5.3: A: Effect of urea (600 mM & 900 mM) on PS exposure in HbSS RBCs pre-incubated at 0
mmHg for 20 min. B: Effect of urea (600 mM & 900 mM) on PS exposure in HbSS RBCs pre-incubated
at 0 mmHg for 80 min. A: Initially HbSS RBCs (10 % Hct, 1ml) were equilibrated at 0 mmHg in urea 0 mM
in pH 7.0 at 37° C in Eschweiler tonometers for 20 min. After 20 min, aliquots of RBCs were removed and
equilibrated in test tubes (pre-equilibrated at 0 mmHg) for a further 60 min in respective urea concentrations
(600 MM & 900 mM) after which PS was measured. * p < 0.05, ** p < 0.01 and *** p < 0.001, comparing
HbSS RBCs in the absence and presence of urea (600 mM and 900 mM). The data points have been
normalized, the actual mean PS exposure values at 80 min are urea 0 mM = 17.5 %, urea 600 mM = 4.22 %
and urea 900 mM = 2.07 %. Data points represent means + S.E.M, n = 3. B: Initially HbSS RBCs (10 % Hct,
1 ml) were equilibrated at 0 mmHg in urea 0 mM in pH 7.0 at 37° C in Eschweiler tonometers for 80 min.
After 80 min, aliquots of RBCs were removed and equilibrated in test tubes (pre-equilibrated at 0 mmHg) for
a further 20 min in respective urea concentrations (600 mM & 900 mM) in test tubes after which PS was
measured. ** p < 0.01, comparing HbSS RBCs in the absence and presence of urea (600 mM and 900 mM).
The data points have been normalized, the actual mean PS exposure values are urea (0 mM 80 min) = 20.3 %,
urea (0 mM, 100 min) = 26.1 %, urea (600 mM, 20 min) = 12 % and urea (900 mM, 20 min) = 7.8 %.
Histograms represent means + SEE.M, n=3

5.2.3 The effect of urea on hypertonicity (sucrose 650 mM)-induced PS exposure

In the following experiment, the effect of different concentrations of urea on PS exposure
was compared in RBCs incubated in sucrose (650 mM) solutions under oxygenated (100
mmHg) and deoxygenated (0 mmHg) conditions (Figure 5.4). At 100 mmHg (Figure 5.4A),
a highly significant decrease in PS exposure from 0 min to 80 min can be observed in all
three concentrations of urea compared to sucrose (650 mM) without urea. At 80 min, PS
exposure is 3.8 % £ 0.7 % (p <0.001), 3.4 % + 1.7 % (p < 0.001) and 1.8 % + 1.7 % (p <
0.001) at 200 mM, 600 mM and 900 mM concentrations of urea, respectively, compared to
70.5 % £ 2.6 % in sucrose (650 mM) only.
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Similarly, at 0 mmHg (Figure 5.4B), a significant difference in PS exposure from 0 min to
80 min can be observed in all the three concentrations of urea compared to sucrose (650
mM) only. At 80 min, PS exposure is 10.3 % + 2.3 % (p < 0.0001), 2.6 % = 0.6 % (p <
0.0001) and 1.8 % £ 0.02 % (p < 0.0001) at 200 mM, 600 mM and 900 mM concentrations
of urea respectively, compared to 80.4 % + 2.8 % in sucrose (650 mM).

Time (min)

Figure 5.4: A: Effect of urea (200 mM, 600 mM & 900 mM) on sucrose (650 mM) induced PS exposure
at 100 mmHg in RBCs from HbSS patients. B: Effect of urea (200 mM, 600 mM & 900 mM) on sucrose
(650 mM) induced PS exposure at 0 mmHg in RBCs from HbSS patients. A: HbSS RBCs (0.5 % Hct, 1
ml) were treated with respective urea concentrations (200 mM, 600 mM & 900 mM) and sucrose (650 mM)
in pH 7.0 at 37° C, at 100 mmHg in Eschweiler tonometers for 80 min. After every 20 min, aliquots of RBCs
were removed and exposed PS labelled with LA-FITC. * p < 0.05 and *** p < 0.001, comparing HbSS RBCs
in the absence and presence of urea (200 mM, 600 mM and 900 mM) at 100 mmHg. Data points represent
means £ S.E.M, n = 4. B: HbSS RBCs (0.5 % Hct, 1 ml) were treated with respective urea concentrations (200
mM, 600 mM & 900 mM) and sucrose (650 mM) in pH 7.0 at 37° C, at 0 mmHg in Eschweiler tonometers
for 80 min. After every 20 min, aliquots of RBCs were removed and exposed PS labelled with LA-FITC. ****
p < 0.0001, comparing HbSS RBCs in the absence and presence of urea (200 mM, 600 mM and 900 mM) at
0 mmHg. Data points represent means + S.E.M, n = 4.

In the next series of experiments, the HbSS RBCs were initially treated in sucrose (650 mM)
at 100 or 0 mmHg in the absence of urea for 20 min or 80 min to stimulate PS exposure, and
later exposed to respective concentrations of urea, to measure if it can reverse exposed PS
(Figures 5.5 and 5.6). In the first part of the experiment (Figure 5.5A), HbSS RBCs (10 %
Hct) were equilibrated at 100 mmHg in sucrose (650 mM) for 20 min. After 20 min, aliquots
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of RBCs were removed and equilibrated for a further 60 min in respective urea
concentrations (600 mM & 900 mM, as well as without urea) after which PS was measured.
Throughout the time course both concentrations of urea were highly effective in reducing
the sucrose (650 mM)-induced PS exposure. The final PS at 80 minwas 1.6 % £ 1.3 % (p <
0.001) and 0.9 % = 0.3 % (p < 0.001) for 600 mM and 900 mM concentrations of urea
respectively, while PS exposure without urea was 69.2 % + 1.2 %. In the second part of the
experiment (Figure 5.5B), HbSS RBCs (10 % Hct) were equilibrated at 100 mmHg in
sucrose solutions for 80 min. After 80 min, aliquots of RBCs were removed and equilibrated
for a further 20 min in respective urea concentrations (600 mM & 900 mM) after which PS
was measured. Both concentrations of urea were highly effective in reducing the sucrose
(650 mM)-induced PS exposure. The final PS was 24.4 % + 1.4 % (p < 0.01) and 19.4 % +
1.5 % (p < 0.01) for 600 mM and 900 mM concentrations of urea respectively, while PS
exposure without urea was 60.7 % £ 4.1 %.
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Figure 5.5: A: Effect of urea (600 mM & 900 mM) on PS exposure in HbSS RBCs pre-incubated at 100
mmHg in sucrose (650 mM) for 20 min. B: Effect of urea (600 mM & 900 mM) on PS exposure in HbSS
RBCs pre-incubated at 100 mmHg in sucrose (650 mM) for 80 min. A: Initially HbSS RBCs (10 % Hct, 1
ml) were equilibrated in sucrose (650 mM) at 37° C, pH 7.0 in Eschweiler tonometers for 20 min. After 20
min, aliquots of RBCs were removed and equilibrated in test tubes (pre-equilibrated at 100 mmHg) for a further
60 min in respective urea concentrations (600 mM & 900 mM) after which exposed PS was labelled with LA-
FITC. ** p <0.01 and *** p < 0.001, comparing HbSS RBCs in the absence and presence of urea (600 mM
and 900 mM). Data points represent means £ S.E.M, n = 3. B: Initially HbSS RBCs (10 % Hct, 1 ml) were
equilibrated in sucrose (650 mM) at 37° C, pH 7.0 in Eschweiler tonometers for 80 min. After 80 min, aliquots
of RBCs were removed and equilibrated in test tubes (pre-equilibrated at 100 mmHg) for a further 20 min in
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respective urea concentrations (600 mM & 900 mM) after which exposed PS was labelled with LA-FITC. **
p < 0.01, comparing HbSS RBCs in presence of sucrose (650 mM) alone and urea (600 mM and 900 mM) at
100 mmHg at 100 min. Histograms represent means + S.E.M, n = 3.

HbSS RBCs (10 % Hct) were equilibrated at 0 mmHg in sucrose (650 mM) for 20 min.
After 20 min, aliquots of RBCs were removed and equilibrated for a further 60 min in
respective urea concentrations (600 mM & 900 mM) after which PS was measured (Figure
5.6A). Throughout the time course both concentrations of urea successfully reduced the
sucrose (650 mM)-induced PS exposure. The final PS at 80 min was 15.2 % + 2.1 % (p <
0.001) and 5.7 % + 2.5 % (p < 0.001) for both 600 mM and 900 mM concentrations of urea,
respectively, while PS exposure without urea was 83.2 % + 1.6 %. In the second part of the
experiment (Figure 5.6B), HbSS RBCs (10 % Hct) were equilibrated at 0 mmHg sucrose
for 80 min. After 80 min, aliquots of RBCs were removed and equilibrated for a further 20
min in respective urea concentrations (600 mM & 900 mM) after which PS was measured.
Both concentrations of urea were highly successful in reducing the sucrose (650 mM)
induced PS exposure. The final PS was 56.9 % + 2.8 % (p < 0.05) and 46.5 % £+ 3.2 % (p
<0.01) for both 600 mM and 900 mM concentrations of urea, respectively, while PS

exposure without urea was 77.5 % £ 1.3 %.
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Figure 5.6: A: Effect of urea (600 mM & 900 mM) on PS exposure in HbSS RBCs pre-incubated at 0
mmHg in sucrose (650 mM) for 20 min. B: Effect of urea (600 mM & 900 mM) on PS exposure in HbSS
RBCs pre-incubated at 0 mmHg in sucrose (650 mM) for 80 min. A: Initially HbSS RBCs (10 % Hct, 1
ml) were equilibrated at 0 mmHg in sucrose (650 mM) at 37° C, pH 7.0 in Eschweiler tonometers for 20 min.
After 20 min, aliquots of RBCs were removed and equilibrated in test tubes (pre-equilibrated at 0 mmHg) for
a further 60 min in respective urea concentrations (600 mM & 900 mM) after which exposed PS was labelled
with LA-FITC. ** p < 0.01 and *** p < 0.001, comparing HbSS RBCs in the absence and presence of urea
(600 mM and 900 mM). Data points represent means + S.E.M, n = 3. B: Initially HbSS RBCs (10 % Hct, 1ml)
were equilibrated at 0 mmHg in sucrose (650 mM) at 37° C, pH 7.0 in Eschweiler tonometers for 80 min.
After 80 min, aliquots of RBCs were removed and equilibrated in test tubes (pre-equilibrated at 0 mmHg) for
a further 20 min in respective urea concentrations (600 mM & 900 mM) after which exposed PS was labelled
with LA-FITC. * p <0.05 and ** p < 0.01, comparing HbSS RBCs in the presence of sucrose (650 mM) alone
and urea (600 mM and 900 mM) at 0 mmHg at 100 min. Histograms represent means + S.E.M, n = 3.

5.2.4 The effect of urea on hypertonicity (NaCl)-induced sickling and PS exposure

Hypertonicity in deoxygenated RBCs was achieved through addition of NaCl (to a total
osmolality of 1200 mOsm.kg™?). In both control (Ca?*-vanadate LK-HBS, 290 mOsm.kg?)
and NaCl (600 mM) more than 80 % of HbSS RBCs have already sickled by 20 min and
showed that over a period of 80 min deoxygenation-induced sickling was very similar in
both conditions (Figure 5.7). However, in presence of urea 600 mM the deoxygenation-
induced sickling in NaCl (300 mM) was significantly lower at both 20 (p < 0.001) and 40
min (p < 0.01) compared to control. Although after 40 min the sickling was also lower in
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presence of urea 600 mM, this effect was not significant. Nevertheless, in the presence of
900 mM urea deoxygenation-induced sickling in NaCl (300 mM) was significantly lower
compared to control throughout the 80 min incubation. Urea 900 mM was able to strongly
inhibit sickling until 40 min (p < 0.0001) and a sharp rise was observed, although still
significantly lower than control.
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Figure 5.7: Effect of urea (600 mM & 900 mM) on NaCl-induced sickling at 0 mmHg. HbSS RBCs (0.5
% Hct, 1 ml) were incubated in Eschweiler tonometers at 37 °C, pH 7.0, and an osmolality of 290-1200
mOsm.kg™? (through addition of hypertonic NaCl) for up to 80 min under fully deoxygenated (0 mmHg
oxygen) conditions in the absence of urea or at two different urea concentrations (600 and 900 mM). Every 20
min, aliquots of RBCs were removed and fixed using 0.3 % glutaraldehyde. * p < 0.05 comparing HbSS RBCs
in NaCl (600 mM) and control (Ca?*-vanadate LK-HBS, 290 mOsm.kg™). ** p < 0.01, *** p < 0.001 and ****

p < 0.0001 comparing HbSS RBCs treated in control and urea (600 mM and 900 mM). Data points represent
means + S.E.M, n = 3.

In this experiment, hypertonicity had minimal effect on the progressive increase in PS

exposure observed during deoxygenation. As it can be seen from Figure 5.8, PS exposure
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after 80 min in deoxygenated conditions in both control (Ca?*-vanadate LK-HBS, 290
mOsm.kg?) and NaCl (600 mM) is very similar and there was no significant difference.
However, the presence of urea (600 or 900 mM) prevented any increase in PS exposure over
the time course of the experiment. The final PS percentage at 80 min for both the urea
concentrations was approximately 10 % + 0.5 % (p < 0.0001) compared to 100 % (actual

mean value is 21 %) in control and 80 % = 10% in NaCl (600 mM; N.S. cf control).
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Figure 5.8: The effect urea and hypertonic NaCl on PS exposure in deoxygenated HbSS RBCs. HbSS
RBCs (0.5 % Hct, 1 ml) were incubated in Eschweiler tonometers at 37 °C, pH 7.0 and an osmolality of 290 -
1200 mOsm.kg™ (through addition of hypertonic NaCl) for up to 80 min under fully deoxygenated (0 mmHg
oxygen) conditions in the absence of urea or at two different urea concentrations (600 and 900 mM). After
every 20 min, RBC aliquots were removed and exposed PS labelled with LA-FITC. *** p < 0.001 and **** p
< 0.0001 comparing HbSS RBCs treated in control (Ca?*-vanadate LK-HBS, 290 mOsm.kg') and urea (600
mM and 900 mM). The data points have been normalized, with maximal PS after 80 min reaching 21 % in
control RBCs. Data points represent means + S.E.M, n = 4.
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5.3 Discussion

The present findings show that the main conditions - namely hypoxia, hyperosmotic and
hypertonicity - found in a healthy renal medulla during antidiuresis, increased PS exposure,
and where studied sickling, in RBCs from patients with SCD. High concentrations of urea

markedly reduced these effects.

Hyperosmotic and hypertonicity induced by sucrose (Figure 5.4-5.6), however, was much
more effective than that elicited by high levels of NaCl (Figure 5.8). It might be because
extracellular CI" limits activation of a nonselective cation conductance significantly
compared to sucrose (Lang et al., 2004). This would: (i) limit Ca?* entering into RBCs
compared to RBCs exposed to sucrose and (ii) limiting cation conductance would also
reduce dehydration and hence shrinking of RBCs. Moreover, sucrose could possibly through
oxidative stress stimulate PS exposure (Duranton et al., 2002; Hannemann et al., 2018).
These three possibilities might explain the relatively low PS exposure induced by NaCl
compared to those with sucrose. Urea at high concentrations was protective, particularly
against PS exposure (Figure 5.2-5.6, and 5.8). It could be that progressive loss of the ability
to accumulate urea, which would occur — hyposthenuria - as the renal medulla became

progressively damaged, would contribute to pathogenesis.

The effects of osmotic shock on RBCs have been studied extensively by the group of Lang
et al., (2003 and 2004), although mainly on normal (HbAA) red cells. In normal red cells,
PS exposure induced by hypertonicity involves several pathways: it causes the opening of
cation channels permeable to Ca?* (Lang et al., 2004)and also stimulates sphingomyelinase
with resulting increase in levels of ceramide, a compound associated with PS externalisation
(Lang et al., 2004) . Furthermore, hypertonicity also stimulates cyclooxygenase with
production of PGE2, which acts via phospholipase A2 to activate sphingomyelinase (Lang
et al., 2005). It will be interesting to investigate the involvement of these mechanisms in
sickle cells. Thus, in Chapter 7, experiments are carried out to explore the role of SMase

signalling process, in an attempt to identify its effect in PS exposure in RBCs.

Lang’s group also examined the protective effect of urea. In normal RBCs and platelets, urea

was also seen to reduce PS exposure induced by hyperosmotic shock (Gatidis et al., 2010; Lang

et al., 2004). Urea appeared to act by inhibiting sphingomyelinase, reducing the synthesis of

ceramide, and was thus ineffective in preventing PS exposure in response to added ceramide
(K S Lang et al., 2004). Furthermore, urea did not block, but rather activated, the RBC cation
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conductance, indicating that this channel is not the main mechanism by which hyperosmotic
shock results in PS exposure pointing to a pre-eminent contribution by ceramide (Lang et al.,
2010; Lang et al., 2004).

Urea also probably affects the hydrophobic bonds within the HbS molecules that result in
polymerisation (May and Huehns, 1975; Nalbandian, 1972). Thus, having a significant effect
on sickling of HbSS RBCs (Figure 5.1 and 5.7). As such, it has been proposed as a possible
treatment for SCD patients (McCurdy & Mahmood, 1971). In reality, however, it is likely that
the concentrations required would be excessively high, near molar levels. Because of this, other
potential reagents, such as cyanate, which prevent polymerisation at much lower (low mM)
concentrations have been suggested (Cerami and Manning, 1971) although it has been shown

to be ineffective as a clinical therapy for SCD.

Finally, a number of manoeuvres considered here, will also alter the permeability of the
RBC membrane acting via transport systems, which include stimulation of the KCI
cotransporter (KCC) and effects on Psickie (Gibson and Ellory, 2002). Urea also stimulates
KCC in RBCs from other species (including dog, sheep, and horse) — see Gibson and Ellory
(2003). Such changes in membrane permeability may therefore also contribute to effects on

sickling and PS exposure.

In conclusion, the hypoxic, hyperosmotic shock and hypertonic conditions in the renal
medulla act to increase sickling and PS exposure in RBCs from SCD patients, an effect

markedly reduced by high concentrations of urea.
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6 Pharmacological elucidations of mechanisms 1: Role of PIEZO1 and PKC in
sickling and PS exposure in RBCs from HbSS patients

6.1 Introduction

Free Ca?* is an important and universal second messenger in all cells, including RBCs.
Compared to other cell types, RBCs do not have intracellular organelles such as endoplasmic
reticulum or mitochondria in which Ca?* are stored (Moras et al., 2017). Therefore, they do
not have the ability to regulate free cytosolic Ca?* concentration and thereby Ca?* signalling
using these mechanisms. Thus, their only way to control the free intracellular Ca?* is by the
regulation of membrane transport. The intracellular Ca?* in RBCs is tightly maintained and
regulated primarily by the Ca?* pumps PMCA1 and PMCA4 (Lew et al., 1982; Schatzmann,
1983). Increase in intracellular Ca?* is not only a signalling mechanism for cell death, it also
has other effects such as clot formation, modulation of the RBCs O binding properties and
also causes brief transient cellular volume adaptation allowing RBCs to pass through small
capillaries or slits in the spleen (Andrews and Low, 1999; Danielczok et al., 2017; Kaestner
et al., 2004; Makhro et al., 2013). The exact mechanism of PS exposure in HbSS RBCs is
still uncertain, however, although it has been suggested that elevated intracellular Ca?*
during deoxygenation plays a crucial role (Bitbol et al., 1987; Lubin et al., 1981; Williamson
et al., 1992). This increased permeability to Ca?* is, at least in part, due to the activation of

a deoxygenation-induced cation conductance called Psickie.

The Psickie pathway is activated by HbS deoxygenation, polymerisation and the sickling
shape change (Mohandas et al., 1986), and as well as making the cell leaky to univalent
cations, it also mediates entry of Ca?* (Joiner et al., 1993), together with loss of Mg?*
(Section 1.3). As mentioned in Section 1.3 (ii)(b) PS exposure requires both inhibition of
the flippase together with activation of the scramblase (Kuypers, 1998; Zwaal and Schroit,
1997). Both of these may be precipitated by increases in intracellular Ca?* concentration
which under normal circumstances is kept at very low levels, around 30 nM, in comparison
with a free plasma Ca?* concentration some five orders of magnitude higher (at about 1.1—
1.2 mM). If intracellular Ca?* approaches a few hundred nanomolar, the co-ordinated
inhibition of the flippase and activation of the scramblase is initiated. It is not surprising
therefore that deoxygenation of sickle cells has been associated with increase in PS
exposure, which are both dependent on the presence of extracellular Ca?* and which may be
inhibited by intracellular Ca?* chelation (Cytlak et al., 2013; Weiss et al., 2012). With its
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proposed central role in SCD pathogenesis, it is understandable that considerable attention
has been focused on regulation of Psickie and identification of potential therapeutic inhibitors.
Notwithstanding its significance, however, the molecular identity of Psickie still remains
uncertain. Various pathways for mediation of Psickie activity have been proposed, ranging
from a simple disintegration of the plasma membrane, to specific protein-mediated pathways
including VDAC, NMDA receptors, TRPV channels - as well as others (Table 1.3). Latterly
attention has focused on PIEZO1 (Cahalan et al., 2015).

PIEZO1 is a non-selective cation channel that shows a significant preference to Ca?* and
also to some monovalent cations (Saotome et al., 2018; Zhao et al., 2018). Activation of the
channel has been shown to cause significant changes to the RBCs physiology and plays an
active role in erythropoiesis (Caulier et al., 2020). Under physiological conditions, PIEZO1
is responsible for RBC volume and hydration homeostasis by maintaining ion balance
(Cahalan et al., 2015; Lew and Tiffert, 2017; Svetina et al., 2019). There are compelling
pieces of evidence, which make a strong case supporting PIEZO1 as the molecular identity
of Psickie (Section 1.3), such as gain-of-function mutations in PIEZO1 found in patients with
hereditary xerocytosis (Bae et al., 2013; Picard et al., 2019; Zarychanski et al., 2012) and
stomatocytosis (Albuisson et al., 2013; Andolfo et al., 2013) with a proposed mechanism of
increased Ca?* entry via PIEZO1 causing aberrant Gardos channel activation and therefore
K* loss and dehydration. Psickie has long thought to be unique to RBCs from SCD patients,
which is odd given that the underlying mutation resides in the 8 globin gene, and not in any
membrane transport protein. Findings with PIEZO1 suggest that the protein responsible for

the Psickie €ntity may therefore be present and perhaps even functional in RBCs of all people.

Recently, several pharmacological agonists / antagonists of PIEZO1 have been described,
including Yodal, Dookul and Jedil (Syeda et al., 2015; Evans et al., 2018; Wang et al.,
2018; Botello-Smith et al., 2019). Here the effect of Yodal, an agonist for PIEZO1, was
investigated on RBCs of SCD patients to examine its role in Ca2" entry and PS exposure.
Moreover, a competitive antagonist of Yodal called Dookul and the PIEZO1 channel
blocker GsMTx4 were also tested to investigate their effect on PIEZO1 activation and

changes in intracellular Ca?*.
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6.2 Results
6.2.1 Yodal-induced Ca?* entry

The effect of Yodal on intracellular Ca?* concentration was investigated using Fluo-4 in
HbSS RBCs, incubated in two different conditions: the presence (1.1 mM) and absence
(EGTA 1 mM & 0 Ca?") of extracellular Ca?* (Figure 6.1). All the experiments in this
chapter were carried out in eppendorf tubes and incubated in air at 37 ° C. This experiment
was done to establish that in HoSS RBCs Yodal causes entry of Ca?* from extracellular
fluid and to examine whether Yodal stimulated release of Ca?* from any intracellular stores,
if present, albeit unlikely as discussed in the Introduction (Section 6.1). HbSS RBCs
incubated in the presence of extracellular Ca?* showed significant increases in intracellular
Ca?* with increasing Yodal concentrations. The effect became significant at a very low
concentration of Yodal i.e. 100 nm (p < 0.01). The median Fluo-4 fluorescence (in arbitrary
units) increased from 4,016 without Yodal to 33,963 at 5 UM Yodal in the presence of
extracellular Ca*. However, in HoSS RBCs incubated in the absence of extracellular Ca?*,
the median Fluo-4 remained low. In this case, the median Fluo-4 fluorescence changed from
1,630 without Yodal to only 1,665 at 5 uM Yodal. These results are consistent with Yodal-
induced Ca?* entry, presumably through activation of PIEZO1.

80



45,0007 g 4cq2*
@ -Cca*’
40,000+

*
%
*

Median Fluo-4 fluoresence (a.u.)

@
O T T T T T 1
0 1 2 3 4 5

Yoda 1 concentration (UM)

Figure 6.1: Effect of Yodal on intracellular Ca?* concentration in RBCs from HbSS patients. HbSS
RBCs (0.5 % Hct), pre-loaded with Fluo-4AM (5 uM), were equilibrated in air and treated with Yodal (0.1
UM to 5 uM) for 20 min at 37 °C in the presence (1.1 mM) and absence (EGTA 1mM & 0 Ca?*) of extracellular
Ca®*. Intracellular Ca?* was measured using Fluo-4. All the experiments in this chapter were carried out in
eppendorf tubes and incubated in air at 37 °C. * p < 0.05, ** p < 0.01 and *** p < 0.001 comparing HbSS
RBCs treated with Yodal in the presence and absence of extracellular Ca?*. Data points represent means +
SEM,n=4.

6.2.2 Inhibition of Yodal-induced Ca?* entry
In the next set of experiments, a known antagonist of Yodal called Dookul (Figure 6.2) and
a known PIEZO1 channel blocker GsMTx4 (a tarantula spider venom) (Figure 6.3) were

utilized to determine any inhibitory effect on Yodal-induced Ca?* entry.

In the presence of extracellular Ca?*, the median Fluo-4 fluorescence increased significantly
(Figure 6.2, p < 0.01) from 3,986 in the absence of Yodal to 7,921 in its presence (1 uM).
However, increasing concentrations of Dookul (1 uM & 10uM) in the presence of Yodal
(1 pM) decreased the median Fluo-4 fluorescence significantly (p < 0.01) from 7,921 to
6,496 and 4,282, respectively. As expected, in the absence of extracellular Ca* there was
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no change in the median Fluo-4 fluorescence in the presence of either Yodal or Dookul

alone, or when Yodal was combined with Dookul.
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Figure 6.2: Effect of various Dookul concentrations (0.1 uM, 1 uM and 10 pM) on intracellular Ca?
concentration in the presence of Yodal (1 uM) in RBCs from HbSS patients. HbSS RBCs (0.5 % Hct),
pre-loaded with Fluo-4AM (5 pM), were pre-incubated with Dookul (0.1 uM, 1 uM and 10 uM) for 10 min
at 37 °C, following which they were treated with Yodal (1 uM) for a further 20 min at 37 °C. Intracellular
Ca?* was measured using Fluo-4 in the presence (1.1 mM) and absence (EGTA 1mM & 0 Ca?*) of extracellular
Ca?". ** p < 0.01, comparing HbSS RBCs in presence of Yodal (1 uM) alone and in combination with pre-
incubated Dookul (1 uM & 10 pM) in presence of extracellular Ca?*. Histograms represent means + S.E.M,
n=>5.

In the presence of extracellular Ca%*, the median Fluo-4 fluorescence increased significantly
(Figure 6.3, p < 0.01) from 4,320 in the absence of Yodal to 8,514 in its presence (1 uM).
However, increasing concentrations of GsMTx4 (5 UM & 10uM) in the presence of Yodal
(1 pM) decreased the median Fluo-4 fluorescence significantly (p < 0.05) from 8,514 to

82



6,156 and 6,172 respectively, although its effect was smaller compared to that of Dookul.
GsMTx4 (10 uM) also slightly, but significantly (p < 0.05), reduced the resting intracellular
Ca?* concentration in the absence of Yodal, which would indicate a constitutively active
pathway sensitive to this inhibitor. As expected, in the absence of extracellular Ca?* there
was no change in the median Fluo-4 fluorescence in the presence of either Yodal or
GsMTx4. Both these results provide compelling evidence that Yodal induces Ca®* entry
through the PIEZO1 channel.
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Figure 6.3: Effect of various GsMTx4 concentrations (1 uM, 5 pM and 10 uM) on intracellular Ca?
concentration the in presence of Yodal (1 uM) in RBCs from HbSS patients. HbSS RBCs (0.5 % Hct),
pre-loaded with Fluo-4AM (5 puM), were pre-incubated with GsMTx4 (0.1 uM, 1 pM and 10 pM) for 10 min
at 37 °C, following which they were treated with Yodal (1 puM) for a further 20 min at 37 °C. Intracellular
Ca?* was measured using Fluo-4 in the presence (1.1 mM) and absence (EGTA 1mM & 0 Ca?*) of extracellular
Ca?" * p < 0.05 comparing HbSS RBCs in presence of Yodal (1 uM) alone and in combination with pre-
incubated GsMTx4 (5 uM and 10 uM) in presence of extracellular Ca?*. *p < 0.05 comparing HbSS RBCs in
DMSO and in presence of GsMTx4 (10 uM) in presence of extracellular Ca?*. Histograms represent means +
S.EM,n=5.
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6.2.3 Yodal and PS exposure

In the next series of experiments, the effect of Yodal on PS exposure in HbSS RBCs was
investigated. Initially PS exposure in HbSS RBCs was examined in two conditions (Figure
6.4): in the presence (1.1 mM) and absence (EGTA 1 mM & 0 Ca?*) of extracellular Ca?* at
seven different Yodal concentrations (0.1 uM, 0.2 uM, 0.4 pM, 0.7 uM, 1 pM, 3 UM and
5 uM).

As expected from its effects on intracellular Ca®*, Yodal treatment resulted in increased PS
exposure in the majority (about 80 %) of the RBC population, at similar concentrations to
those required to mediate elevation of intracellular Ca®*, with a significant increase in PS
exposure occurring at a Yodal concentration of > 100 nM (p < 0.05). Whilst these findings
suggest that Ca?* entry was directly responsible for the lipid scrambling, there was, however,
little, or no, inhibitory effect on Yodal-induced PS exposure when RBCs were incubated in
a Ca**-free buffer. PS exposures at the highest dose of Yodal (5 uM) were similarly high in
both conditions, 72.9 + 7.5 % and 74.6 + 14 % in the presence and absence of Ca?*,
respectively. At a Yodal concentration of 0.7 uM, a sharp increase in PS exposure was
observed in the presence of extracellular Ca?* to 29.9 + 16 % in contrast to 16.1 + 8 % in
the absence of extracellular Ca®*, although this effect was not significant. Otherwise, PS
exposure in both the buffers increased in a similar pattern with increase in Yodal
concentration. At concentrations of Yodal > 0.5 uM, PS exposure was identical in the

presence or absence of extracellular Ca?*.

The overall pattern suggested that Yodal increased PS in a dose dependent manner, but that
the effect was not dependent on the presence of extracellular Ca* nor a rise in intracellular

Ca?*
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Figure 6.4: Effect of increasing concentration of Yodal on PS exposure in RBCs from HbSS patients.
HbSS RBCs (0.5 % Hct) were equilibrated in air with the respective Yodal concentrations for 20 min at 37
°C in the presence (1.1 mM) and absence (EGTA 1mM & 0 Ca?*) of extracellular Ca?*. After 20 min aliquots
of RBCs were removed and exposed PS labelled with LA-FITC, which was detected using flow cytometry.
Data points represent means + S.E.M, n = 4. No significant change in PS exposure was observed between the
two conditions, at different concentrations of Yodal.

In the next experiment, the effect of Ca?* was investigated in HbSS RBCs treated with the
ionophore bromo-A23187 (6 uM) to clamp intracellular Ca®* over a range of concentrations
from 0 to 1 uM. HbSS RBCs were incubated in two concentrations (0.2 uM and 1 puM) of
Yodal and compared with those incubated in its absence (Figure 6.5). In the absence of
Yodal, PS exposure increased as extracellular Ca?* concentrations increased with an ECso
of 0.37 uM and with a plateau reached at about 0.45 uM at which about 40 % cells were
positive for externalised PS. Although PS exposure at 0.2 UM Yodal, was also Ca?*
dependent, the concentration dependence was altered to significantly lower values with an
ECso of about 0.18 pM. Even in the absence of Ca?*, with 0.2 uM Yodal PS exposure
reached about 18 % + 0.4 %, compared to 2.6 % + 1.2 % without Yodal (p < 0.05).
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Moreover, almost all cells were positive for external PS with Ca?* concentrations of > 0.5
UM at 0.2 uM Yodal and about 35 % in the absence of Yodal at the highest Ca?*
concentration tested. However, at 1 uM Yodal, PS exposure became Ca2*-independent and
all cells were positive for PS over the whole Ca?" titration, including cells incubated in the
absence of Ca®*.
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Figure 6.5: Effect of Yodal on PS exposure at different concentrations of Ca?* in RBCs from HbSS
patients. HbSS RBCs (0.5 % Hct) were equilibrated in air with 0.2 uM and 1 puM Yodal at various
extracellular Ca?* concentrations (0, 0.03 uM, 0.1 uM, 0.3 uM, 0.45 pM, 0.6 UM, 1 uM) for 30 min at 37 °C.
Following which RBC aliquots were removed and exposed PS was labelled with LA-FITC.* p <0.05, ** p <
0.01 and *** p < 0.001 comparing HbSS RBCs in the absence and presence of Yodal (0.2 uM and 1 pM) at
respective free extracellular Ca?* concentrations. ECses for extracellular Ca?* were 0.37 uM and 0.18 uM for
DMSO and 0.2 pM Yodal, respectively. Data points represent means + S.E.M, n = 5.

6.2.4 Effect of Yodal antagonist and PIEZO1 channel blocker on PS exposure

The effects of Dookul and GsMTx4 on PS exposure were also tested in combination with
Yodal. Dookul (up to 10 uM) reduced Yodal-induced PS exposure, in both the presence
(1.1 mM) and absence (EGTA 1 mM & 0 Ca?") of extracellular Ca?* (Figure 6.6), consistent
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with its action as a Yodal antagonist. In contrast, GsSMTx4 (up to 5 uM) had variable effects

on PS exposure (Figure 6.7).

Effect of Dookul (10 pM) on reduction of Yodal-induced PS exposure was highly
significant (Figure 6.6, p < 0.001) from 65.8 % % 3.2 % to 24.6 % + 4.6 % in presence (1.1
mM) of extracellular Ca?*. A similar significant reduction (p < 0.05) of Yodal-induced PS
when exposed to Dookul (10 puM) was observed in the absence (EGTA 1 mM 0 Ca?") of
extracellular Ca%*, from 68 % + 9.7 % to 41.8 % * 6.3 %.
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Figure 6.6: Effect of Dookul (10 pM) on Yodal (1 pM)-induced PS exposure in RBCs from HbSS
patients. HbSS RBCs (0.5 % Hct) were incubated in air in the presence (1.1 mM) and absence (EGTA 1mM
& 0 Ca?") of extracellular Ca?*. HbSS RBCs were initially incubated for 10 min with Dookul (10 uM) and
then treated with Yodal (1 puM) for a further 30 min, all at 37 °C. * p < 0.05 and *** p < 0.001 comparing
HbSS RBCs in presence of Yodal (1 puM) alone and those pre-incubated with Dookul (10 pM) in the presence
(1.1 mM) and absence (EGTA 1mM & 0 Ca?*) of extracellular Ca?*. Histograms represent means + S.E.M, n
= 6.
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Addition of GsSMTx4 (1 uM & 5 uM) on Yodal (1 puM)-induced PS exposure caused PS to
increase in both the presence (1.1 mM) and absence (EGTA & 0 Ca?*) of extracellular Ca®*
(Figure 6.7). The increase was significant in the absence of Ca?* in both the concentrations
of GsMTx4, 1 uM and 5 uM, from 46.8 % £ 10.1 % to 57.6 % £ 15.4 % (p < 0.05) and 61.7
% £ 10.5 % (p < 0.01), respectively. Moreover, incubation with both the concentrations of
GsMTx4 1 uM and 5 uM alone, without Yodal, in the absence of extracellular Ca?* caused
significant increases (p < 0.05) in PS compared to DMSO. The PS increased in DMSO from
32%+04%1t06.6%+1.6%and28.8% +1.9% at1 M and 5 uM GsMTx4, respectively.
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Figure 6.7: Effect of GsMTx4 (1 uM and 5 pM) on Yodal (1 pM)-induced PS exposure in the presence
(1.1 mM) and absence (EGTA) of extracellular Ca?*on HbSS RBCs. HbSS RBCs (0.5 % Hct) were
incubated in air in the presence (1.1 mM) and absence (EGTA 1mM & 0 Ca?") of extracellular Ca%*. HbSS
RBCs were initially incubated for 10 min with GsMTx4 (1 uM & 5 uM) and then treated with Yodal (1 pM)
for a further 30 min, all at 37 °C. * p < 0.05 and ** p < 0.01 comparing HbSS RBCs in the presence of Yodal
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(1 pM) and those pre-incubated with GsMTx4 (1 uM and 5 uM) in the absence (EGTA 1mM & 0 Ca?*) of
extracellular Ca?*. * p < 0.05 comparing HbSS RBCs in presence of DMSO and those in presence of GsMTx4
(1 uM & 5 M) in the absence (EGTA 1mM & 0 Ca?*) of extracellular Ca?*. Data points represent means +
S.EM,n=6.

6.2.5 Yodal and membrane integrity

The above findings showed that Yodal-induced PS labelling was Ca?*- dependent at lower
concentrations but, unexpectedly became Ca?*- independent at higher concentrations. One
possibility to account for these observations was a breakdown in the lipid bilayer caused by
higher Yodal concentrations, such that the fluorescent PS label (LA-FITC) had access to
phospholipids at both the inner, as well as the outer, leaflet. Results consistent with this
hypothesis have been previously obtained using the oxidant tert-butyl hydroperoxide
(tBHP) (Hannemann et al., 2018). If LA-FITC had been able to access the inside of the lipid
bilayer, positively labelled cells would be present in the absence of PS externalisation. To
ascertain whether this possibility had occurred, red cells were exposed to fluorescently-
labelled phalloidin (phalloidin-iFluor 647) which binds to intracellular actin filaments, but

can only gain access to its target if the membrane integrity is disrupted.

HbSS RBCs were exposed to phalloidin-iFluor 647 (PF). For the first three conditions in
Figure 6.8 where the HbSS RBCs were incubated for 20 min in air in DMSO (-tBHP-PF),
PF (1:400; stock concentration is 1 mg.ml™?) and tBHP (0.78 mM) at 37 °C no significant
change in fluorescence was observed. Following exposure to the oxidant tBHP at
concentrations that disrupt the lipid bilayer, HbSS RBCs stained positively with PF due to
the membrane damage. In the last condition (tBHP+PF) HbSS RBCs were initially treated
with tBHP, incubated for 20 min at 37 °C and later labelled with PF, the fluorescence was
high and reached 20,754. The results showed phalloidin was effective in measuring

membrane integrity in HbSS RBCs.
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Figure 6.8 Measuring membrane integrity in RBCs from HbSS patients using phalloidin-iFluor647
(PF). Effect of tert-butyl hydroperoxide (tBHP) (0.78 mM): HbSS RBCs were incubated for 20 min without
—tBHP or with + tBHP (0.78 mM) and then exposed to phalloidin-iFluor 647 (1:400; stock concentration is 1
mg.ml%; +PF) or left unlabelled (-PF). Controls without tBHP or PF, or with PF alone, are also shown.
Phalloidin-iFluor 647 fluorescence is given in arbitrary units (a.u.). Histograms represent means + S.E.M, n =
5.

HbSS RBCs membrane integrity was then examined using phalloidin-iFluor647 (PF) in the
presence (1.1 mM) or absence (EGTA & 0 Ca?") of extracellular Ca?* in increasing
concentrations of Yodal (Figure 6.9). The PF (1:400; stock concentration is 1 mg.ml™?)
fluorescence in both conditions without Yodal was 338.7 and 298.5, which changed to
201.5 and 325 at 5 UM Yodal, respectively. In both the conditions, therefore phalloidin
fluorescence remained stable without any significant increase as the concentration of Yodal
increased to 5 M. These results showed that Yodal in either the presence or absence of

extracellular Ca?* did not disrupt the membrane integrity of HbSS RBC.
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Figure 6.9: Measurement of membrane integrity using phalloidin in RBCs from HbSS patients with
increasing concentration of Yodal. HbSS RBCs (0.5 % Hct) were incubated in air for 20 min at 37 °C with
various Yodal concentrations in the presence (1.1 mM) or absence (EGTA 1mM & 0 Ca?*) of extracellular
Ca®". After 20 min aliquots of RBCs were removed and labelled with phalloidin-iFluor 647 (1:400; stock
concentration is 1 mg.ml*; PF). Phalloidin fluorescence was detected using flow cytometry. Data points
represent means £ S.E.M, n =4,

To further confirm that Yodal did not affect membrane integrity, HbSS RBC membrane
integrity was tested at increasing concentrations of Yodal using fluorescently-labelled
phalloidin (phalloidin-iFluor 647) and anti-Hb o chain (Alexa Fluor647 anti-Hb o chain)
(Figure 6.10). This experiment was done to conclusively prove that at any concentrations of
Yodal the membrane of HbSS RBCs does not get disrupted. For both labels the fluorescence
remained low even with high concentration of Yodal. Without Yodal, intensity was 232
and 307, and at final concentration of 3 uM Yodal intensity measured 254 and 532 for alexa
fluor647 anti-Hb o chain (1:100; stock concentration is 0.5 mg.ml?; anti-HbA) and
phalloidin-iFluor 647 (1:400; stock concentration is 1 mg.ml™; PF), respectively. No change

in fluorescence suggests that Yodal did not disrupt the membrane integrity.
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Figure 6.10: Comparing membrane integrity using phalloidin-iFluor 647 (PF) and Alexa Fluor647 anti-
Hb a chain (Anti- HbA) upon treating in RBCs from HbSS patients with increasing concentrations of
Yodal. HbSS RBCs were incubated in air with respective Yodal concentration for 20 min at 37 °C. After 20
min aliquots of RBCs were removed and labelled with PF (1:400; stock concentration is 1 mg.ml*) and anti-
HbA (1:100, stock concentration is 0.5 mg.ml?) respectively. Fluorescence for actin filaments and
haemoglobin were detected using flow cytometry. Data points represent a single determination.

6.2.6 Yodal and PKC inhibitors

From the above, it would therefore appear that Yodal did indeed induce PS exposure, but
that neither the presence of extracellular Ca2*, nor a rise in intracellular Ca?* concentration,
were required. Activation of PIEZO1 by Yodal with ensuing Ca?* influx across the red cell
membrane was therefore not a prerequisite for lipid scrambling. Rather there must be some
alternative mechanism of action of Yodal. Previously, Yodal has been shown to activate
protein kinases in other tissues (Dela Paz and Frangos, 2018), and there is also strong
evidence of a role for protein kinase C (PKC) in PS exposure (Koshkaryev et al., 2020;
Nguyen et al., 2011; Wesseling et al., 2016) either via Ca?* entry through cation channels or
via a Ca?*- independent action. The effect of Yodal in HbSS RBCs was therefore examined
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in combination with two different inhibitors of PKC: chelerythrine chloride that inhibits the
active phosphorylation site of PKC, and calphostin C, which is an irreversible inhibitor of

the diacylglyceraldehye-binding site (Figure 6.11-6.14).

The effect of chelerythrine chloride on Yodal-induced increase in intracellular Ca®" is
shown in Figure 6.11. As before, in the absence of extracellular Ca?*, Yodal (3 uM) had
no effect on intracellular Ca?* levels whilst in the presence of extracellular Ca?*, an increase
in intracellular Ca®* was observed. The rise in intracellular Ca?* was abolished by
chelerythrine chloride (10 uM), such that values were unchanged compared to cells
incubated in the absence Yodal (p < 0.01).
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Figure 6.11: Effect of chelerythrine chloride (10uM) on Yodal (3uM)-induced rise in intracellular Ca?
concentration in the presence (1.1 mM) and absence (EGTA 1mM & 0 Ca?*) of extracellular Ca?* in
RBCs from SCD patients. HbSS RBCs (0.5 % Hect), pre-loaded with Fluo-4AM (5 uM), were incubated in
air and pre-incubated with chelerythrine chloride (10 uM) for 10 min following which they were treated with
Yodal (3 uM) for a further 20 min, all at 37 °C, in the presence (1.1 mM) or absence (EGTA 1mM & 0 Ca?")
of extracellular Ca?*. ** p < 0.01 comparing HbSS RBCs in presence of Yodal (3 uM) alone and in
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combination with pre-incubated chelerythrine chloride (10 pM) or DMSO in the presence (1.1 mM) of
extracellular Ca?*. Histograms represent means = S.E.M, n = 6.

In the next series of experiments, the effect of the two PKC inhibitors, chelerythrine chloride
(Figure 6.12) and calphostin C (Figure 6.13) was investigated on Yodal-induced PS
exposure. Both the PKC inhibitor showed a significant reduction in Yodal-induced PS

exposure in the presence (1.1 mM) or absence (EGTA & 0 Ca?*) of extracellular Ca?*.

When investigating chelerythrine chloride (10 uM) on PS exposure on its own, this PKC
inhibitor had no effect. (Figure 6.12). Chelerythrine chloride (10 pM) in combination with
Yodal (1 uM) reduced PS exposure significantly from 21.6 % £5.8 % t01.9% 1% (p <
0.01) and from 23.7 % + 3.4 % t0 8.9 % £ 1.9 % (p < 0.01) in the presence and absence of
extracellular Ca?*, respectively. Similar results were observed with chelerythrine chloride
(10 pM) in combination with Yodal (3 uM) which resulted in significant reduction in PS
exposure from 54.8 % + 14 % to 11.2 % + 8.9 % (p < 0.01) and from 64.6 % + 8.6 % to 19.3
% + 7 % (p < 0.01) in the presence and absence of extracellular Ca®*, respectively. This
Figure also again shows that the stimulatory effect of Yodal on PS exposure did not require

Ca?*
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Figure 6.12: Effect of chelerythrine chloride (10 uM) on Yodal (1 uM & 3 uM)-induced PS exposure in
RBCs from SCD patients. HbSS RBCs (0.5 % Hct) were equilibrated in air and pre-incubated with
chelerythrine chloride (10 uM) for 10 min following which they were treated with Yodal (1 pM & 3 pM) for
a further 20 min, all at 37 °C in the presence (1.1 mM) or absence (EGTA 1mM & 0 Ca?*) of extracellular
Ca?*. RBC aliquots were then removed and exposed PS labelled with LA-FITC. ** p < 0.01 comparing HbSS
RBCs in presence of Yodal (1 uM and 3 puM) alone and in combination with pre-incubated chelerythrine
chloride (10 uM) in the presence (1.1 mM) or absence (EGTA 1mM & 0 Ca?') of extracellular Ca®*.
Histograms represent means = S.E.M, n = 6.

In the next experiment (Figure 6.13), the effect of the second PKC inhibitor, calphostin C,
was investigated. Calphostin C (10 pM) in combination with Yodal (1 pM) reduced PS
exposure significantly from 31.7 % + 4.8 % t0 6.5 % + 2.6 % (p < 0.001) in the presence of
extracellular Ca?*. However, in the absence of extracellular Ca?*, calphostin C (10 uM) in
combination with Yodal (1 uM) reduced PS exposure but not significantly from 41.4 % +
7.2%t0 25.2 % + 5.9 %. Calphostin C (10 uM) in combination with Yodal (3 uM) resulted
in a significant reduction in PS exposure from 64.4 % + 10.9 % to 26.1 % £ 4.9 % (p < 0.05)
and from 78.5 % + 5.4 % to 55 % + 9.4 % (p < 0.05) in the presence and absence of
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extracellular Ca?*, respectively. Calphostin C (10 uM) on PS exposure, on its own, had no
effect.
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Figure 6.13: Effect of calphostin C (10 uM) on Yodal (1 uM & 3 uM)-induced PS exposure. HbSS RBCs
(0.5 % Hct) were equilibrated in air and pre-incubated with calphostin C (10 uM) for 10 min following which
they were treated with Yodal (1 pM & 3 uM) for 20 min, all at 37 °C in the presence (1.1 mM) or absence
(EGTA 1mM & 0 Ca**) of extracellular Ca®*. RBC aliquots were then removed and exposed PS labelled with
LA-FITC. * p <0.05 and *** p < 0.001 comparing HbSS RBCs in presence of Yodal (1 uM and 3 uM) alone
and in combination with pre-incubated calphostic C (10 uM) in the presence (1.1 mM) or absence (EGTA
1mM & 0 Ca?*) of extracellular Ca?*. Histograms represent means + S.E.M, n = 4.

The effect of chelerythrine chloride on PS exposure on Ca?*-clamped HbSS RBCs was then
investigated (Figure 6.14). At low intracellular Ca?* concentrations (0.1 uM to 0.45 uM),
chelerythrine chloride substantially inhibited the Yodal-induced PS exposure, by about 50
%. This inhibition was reduced, however, as the concentration of Ca?* was increased such
that at a intracellular Ca®* concentration of 10 uM inhibition was very small, although

significant (about 10 % reduction, p < 0.01). These findings suggest that at low Ca?* levels,
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Yodal-induced PS exposure is PKC dependent but at higher values it becomes PKC
independent.
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Figure 6.14: Effect of chelerythrine chloride (10 uM) and Yodal in Ca?-clamped RBCs from SCD
patients. HbSS RBCs (0.5 % Hct) were equilibrated in air and treated with Yodal (1 uM) at different
extracellular Ca?*s for 30 min at 37 °C. HbSS RBCs (0.5 % Hct) were equilibrated in air and pre-incubated
with chelerythrine chloride (10 uM) at different extracellular Ca?*s for 10 min, following which they were
treated with Yodal (1 uM) for 20 min, all at 37 °C. RBC aliquots were then removed and exposed PS labelled
with LA-FITC. ** p <0.01 and *** p < 0.001 comparing HbSS RBCs in presence of Yodal (1 pM) alone and
in combination with pre-incubated chelerythrine chloride (10 puM) at respective Ca?* concentrations.
Histograms represent means + S.E.M, n = 6.

PS exposing RBCs (%)
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6.2.7 Effect of Yodal on haemolysis of HbSS RBCs and HbAA RBCs in oxygenated
and deoxygenated conditions

The effect of Yodal (1 uM) on haemolysis of HbSS RBCs (Figure 6.15 A &B) and HbAA
RBCs (Figure 6.15 C & D) under both oxygenated (150 mmHg) and deoxygenated (O
mmHg) conditions were investigated in RBCs incubated in isosmotic sucrose solutions.
Increased haemolysis of HbSS RBCs at 150 mmHg can be observed in the presence of
Yodal (1 uM) compared to its absence, from 30 min to 60 min. A significant change was
observed between in haemolysis in the presence of Yodal (1 uM) and its absence at 30 min
(p <0.05) and 60 min (p < 0.05) in Figure 6.15A. Moreover, increased haemolysis of HbSS
RBCs at 0 mmHg can be observed in the presence of Yodal (1 uM) compared to its absence,
from 10 min to 60 min. A significant change was observed in haemolysis comparing HbSS
RBCs in the presence of Yodal (1 puM) and its absence from 10 to 50 min (p < 0.05) with a
further substantial increase at 60 min (p < 0.01) in Figure 6.15B. However, no such
significant changes in haemolysis of HhDAA RBCs was observed without or with Yodal (1

pMM) at either 150 mmHg and 0 mmHg.
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Figure 6.15: Effect of Yodal (1 uM) on haemolysis of HbSS (A and B) and HbAA (C and D) at 150
mmHg and 0 mmHg oxygen tension in isosmotic sucrose solutions. * p < 0.05 comparing HbSS RBCs in
the presence and absence of Yodal (1 uM) in 150 mmHg. * p < 0.05 and ** p < 0.01 comparing HbSS RBCs
in the presence and absence of Yodal (1 pM) in 0 mmHg. Data points represent means + S.E.M, n =5.
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6.3 Discussion

The molecular identity of Psickie is still unknown and over the years various candidates have
been identified for Psickie (Table 1.3). Findings strongly favour Psickie to be the
mechanosensitive ion channel PIEZO1. In this report the role of Psickie in PS exposure was
investigated further assuming its molecular identity to be PIEZO1. Yodal was used as a
known activator of the PIEZO1 channel. The effect of Yodal on intracellular Ca?* and PS
exposure in HbSS RBCs was evaluated under different conditions in an attempt to establish
a more direct link between Psickie and PS exposure. The present findings are in agreement
with previous reports (Table 1.3) implicating PIEZO1 as a major Ca?* channel through
which Ca?* can enter RBCs. However, findings also revealed that Yodal can cause PS
exposure in both a Ca?" dependent and a Ca?*-independent mechanism, with the latter

involving, at least in part, PKC.

The initial experiment in Figure 6.1 showed Yodal caused a rise in intracellular Ca?*,
dependent on the presence of extracellular Ca?*, consistent with its increased entry across
the plasma membrane. As expected, HbSS RBCs incubated in conditions without
extracellular Ca?* showed no such increase in intracellular Ca?* concentration even at the
highest Yodal concentration used (5 pM). It is known that RBCs lack major intracellular
organelles such as mitochondria, endoplasmic reticulum, etc., although intracellular vesicles
of Ca?" are present. Notwithstanding, however, this experiment conclusively excludes the
possibility that Yodal stimulates any Ca?* stores to cause release of Ca?* intracellularly, to
levels detectable by Fluo-4. The majority of HbSS RBCs and HbAA RBCs (data not
presented in thesis, but available) responded to Yodal implying that most sickle and normal
RBCs express a functional PIEZO1 in their membranes, notwithstanding the stochastic
increase in cation permeability in response to deoxygenation and the sickling shape change
observed in sickle cells (Lew et al., 1997) and the apparent absence of a Psickie-like
conductance in normal RBCs, at least under most conditions. Findings that the PIEZO1
inhibitors, Dookul and GsMTx4, inhibited the elevation in intracellular Ca** were
consistent with this mechanosensitive channel being the likely target of Yodal for the Ca?*
rise (Figures 6.2 & 6.3).

In the case of PS exposure (Figure 6.4), Yodal-induced externalisation occurred in the
presence, but also in the complete absence, of extracellular Ca?*, indicating that Yodal was
able to stimulate PS exposure independent of a rise in intracellular Ca?*, although low basal

Ca?" levels would remain present. In addition, it was also noticeable that the extent of PS

100



exposure in response to Yodal, whilst always present, differed between RBC samples,
indicative of the marked heterogeneous behaviour of sickle cells observed across SCD
patients with respect to several features. Moreover, using Ca** clamped with ionophore, it
was also shown that Ca?* and Yodal interact such that Yodal shifts the ECso for Ca?*-
induced PS exposure to lower values (Figure 6.5). However, such interaction with
intracellular Ca?* is only seen at lower concentration of Yodal (0.2 uM), whilst at higher
Yodal (1 pM) concentrations the effect on PS exposure was completely Ca?*-independent.
Moreover, any doubts of Yodal disrupting the membrane of HbSS RBCs and not giving the
true label of outer membrane PS, is eliminated with the series of experiments carried out in

Figure 6.8-6.10 utilizing phalloidin-iFluor 647 and Alexa Fluor647 anti-Hb a chain.

The effects of Dookul and GsMTx4 on PS exposure were also tested in combination with
Yodal. Dookul (up to 10 uM) reduced Yodal-induced PS exposure, in both the presence
and absence of Ca?* (Figure 6.6), consistent with its action as a Yodal antagonist. In
contrast, GsSMTx4 (up to 5 uM) had variable effects on PS exposure (Figure 6.7). This occurs
perhaps due to the indirect action of GsMTx4 on PIEZOL1. It has been shown that GsSMTx4
inhibits the mechanosensitive ion channel by changing the membrane property upon
interacting with the membrane rather than directly acting on the channel itself (Gupta et al.,
2015; Suchyna et al., 2004). This might cause the PS to be exposed for which our results
have shown variable effects on PS exposure with GsMTx4. Alternatively, these findings
may result from the difficulty in obtaining reproducibly pure chemical with consistent ICs0s

and it is often found to have variable effects.

Taken together, the results suggest that Yodal must be able to increase PS exposure through
a Ca?*-independent mechanism. Frangos (2018) showed that in addition to activation of
PIEZO1, Yodal also activates Akt and ERK1/2 in endothelial cells. Moreover, they also
showed that despite blocking activity of the PIEZO1 cation channel with different drugs
Yodal still activated these phosphorylation pathways. Thus, Yodal can activate Akt and
ERKZ1/2 in endothelial cells independent of its effect on PIEZOL1. It is therefore possible that
Yodal activates a signalling pathway or directly acts on an endogenous protein like the
scramblase to cause PS exposure on the outside of HbSS RBCs. In this context, it is
interesting to note that a member of protein kinases has been associated with PS exposure
in RBCs. ldentifying this / these pathway / pathways will inform the search for drugs that
could specifically block alternative signalling mechanisms involved in PS exposure in HbSS

RBCs, and which may therefore be therapeutically valuable.
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With respect to the two inhibitors of protein kinase C (PKC) tested, chelerythrine chloride
reduced the Yodal-induced increase in intracellular Ca?*, consistent with Yodal acting also
via a PKC-activated cation channel (Figure 6.11). Both chelerythrine chloride and
calphostin C also reduced Yodal-induced PS exposure (Figures 6.12 and 6.13), but did not
abolish it, also indicating an action partially via PKC. Notwithstanding, inhibition of PS
exposure by chelerythrine chloride was attenuated as intracellular Ca?* was increased using
a Ca*tionophore (Figure 6.14), indicating an additional effect of intracellular Ca?*
independent of PKC. This shows that high Ca?* can overcome PKC inhibition, presumably
through direct effects on the scramblase, but probably only at concentrations, which would

damage the cell in other ways.

Previous work using phorbol myristate acetate (PMA), lysophosphatidic acid (LPA) and the
Ca" ionophore A23187 together with chelerythrine chloride and calphostin C has also
produced evidence for PKC-mediated PS exposure in normal and sickle cells, through both
Ca?'- dependent and Ca?*- independent mechanisms (Koshkaryev et al., 2020; Nguyen et
al., 2011; Wagner-Britz et al., 2013; Wesseling et al., 2016). The Ca?*- dependent effect of
PKC could be mediated via Ca®* entry, with the participation of w-agatoxin-TKsensitive,
Cav2.1-like, Ca* channels or possibly the non-selection cation channel (Andrews and Low,
1999; Kaestner et al., 2020). Ca?* could also act via activation of the scramblase (Wesseling
etal., 2016).

The present findings using the novel compound, Yodal, are largely in agreement with these
models. They are therefore consistent with Yodal acting as a PKC activator, as well as via
PIEZO1 channels. These previous reports using PMA and LPA (Koshkaryev et al., 2020;
Nguyen et al., 2011) failed to show a clear correlation between RBCs with elevations in
Ca’" levels and those showing PS exposure. They also suggested that PMA- and LPA-
induced PS exposure could not occur in the absence of extracellular Ca?* (Koshkaryev et

al., 2020), however, contrary to the present findings with Yodal.

Finally, it is already known that in contrast to HbAA RBCs, a fraction of HbSS RBCs
undergo haemolysis when deoxygenated in isosmotic non-electrolyte solution (Browning et
al., 2007a; Milligan et al., 2013). Haemolysis often correlates with Psickie activity and is taken
as a measure of RBC fragility. As shown in Figure 6.15B, Yodal treatment caused a
significant increase in the rate of haemolysis at all time points at 0 mmHg compared to that
in the absence of Yodal in HbSS RBCs. Moreover, similar significant increases in the rate

102



of haemolysis could also be observed in HbSS RBCs at 150 mmHg in the presence of Yodal
compared to its absence (Figure 6.15A). This clearly suggests that Yodal in both
oxygenated and deoxygenated conditions causes solute loss or gain in HbSS RBCs perhaps

by activating PIEZO1 and in turn making RBCs more fragile.

Therefore, the results show that the novel compound, Yodal can cause PS exposure by
acting as a PKC activator and as well as via PIEZO1 channels. Thus, PS exposure in HbSS
RBCs can be initiated in two pathways, either independent of Ca?* acting directly through

PKC or through PIEZO1 channel by increasing intracellular Ca?*.
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7 Pharmacological elucidations of mechanisms 2: Role of sphingomyelinase (SMase)
and its signalling pathway in PS exposure

7.1 Introduction

Sphingomyelin is the most abundant of the mammalian sphingolipids and a major lipid
component comprising 10 % of the mammalian cell membrane (Ohanian and Ohanian,
2001). Sphingomyelinases (SMase) are enzymes which catalyse the hydrolysis of
sphingomyelin to ceramide and phosphocholine (Gofii and Alonso, 2002). There are three
types of SMase in mammalian cells that stimulate degradation of sphingomyelin: (i) acid
SMase (ii) neutral SMase and (iii) alkaline SMase. The acid SMase is active at a pH of
around 4.8 and has two isoforms, an endosomal/lysosomal acid isoform and a Zn?*-
dependent SMase (Schissel et al., 1996; Spence, 1993). Neutral SMase is highly active at a
pH of around 7.5, and it is a membrane-bound Mg?*-dependent enzyme (Martin et al., 2001).
The alkaline SMase is active at an alkaline pH, has a molecular mass of 58 kDa and is Mg?*-
independent (Abe et al., 2013).

However, it is known that RBCs do not possess any SMase activity of their own and it has
also been reported that SMase is not part of the RBCs proteome (Alessandro et al., 2010;
Hanada et al., 2000). Nonetheless, RBCs can still be exposed to SMases that are secreted
from the endothelial cells, leukocytes and platelets (Jenkins et al., 2009). Thus, these can
cause an increase in production of ceramide through the breakdown of sphingomyelin in the
RBC membrane. Increase in ceramide levels can lead to a wide range of cellular signalling
effect, which might have a consequence in the normal functioning of cells. Ceramides are
lipids made up of fatty acids varying in length from C14 to C16, together with sphingosine
(Kumari, 2018). They are involved in multiple functions such as regulation of inflammation
by altering the production of inflammatory metabolites, obesity-associated insulin
resistance, impaired fatty acid oxidation, etc. (Aburasayn et al., 2016; Coen et al., 2013;
Fucho et al., 2017; Hannun, 1996). Diseases with excess ceramides include Alzheimer’s,
type-2 diabetes and insulin resistance (Mielke and Lyketsos, 2010; Sokolowska and
Blachnio-Zabielska, 2019). Ceramides are also involved in differentiation, proliferation and
apoptosis of cells (Geilen et al., 1997). Thus, in this Chapter, the role of the SMase
signalling pathway on PS exposure in HbSS RBCs was explored and the aim of the work

was to measure SMase activity in HbAA RBCs.
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Due to the problem with obtaining samples towards the end of my laboratory work, the full

programme of experiments envisaged were not possible to complete.

105



7.2 Results

7.2.1 Effect of isocoumarin on PS exposure

In order to ascertain the involvement of SMase (sphingmyelinase), in this experiment the
effect of 3,4-dichloroisocoumarin, an inhibitor of SMase, on PS exposure of HbSS RBCs
was investigated in deoxygenated (0 mmHg) conditions (Figure 7.1) and later compared to
HbSS RBCs in oxygenated (100 mmHg) conditions (Figure 7.2). HbSS RBCs were pre-
incubated for 30 min in air with 3,4-dichloroisocoumarin (200 pM) or DMSO (-
Isocoumarin). After pre-incubation, the cells were deoxygenated (0 mmHg) for a further 60
min (Figure 7.1). Throughout the 60 min period, at every time point 3,4-dichloroiscoumarin
significantly inhibited the deoxygenation-induced PS exposure compared to without
isocoumarin. Finally, at 60 min the PS was 30 % = 7.8 (p < 0.001) for 200 uM 3,4-
dichloroisocoumarin, significantly lower compared to RBCs incubated without isocoumarin
(100 %, actual mean value is 14.5 %).
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Figure 7.1: Effect of 3,4-dichloroisocoumarin (200 uM) on PS exposure at 0 mmHg in RBCs from SCD
patients. HbSS RBCs (0.5 % Hct) were pre-incubated in Ca?*-vanadate LK-HBS at 37 ° C, pH 7.0 in
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eppendorf tubes for 30 min with 3,4-dichloroisocoumarin (200 uM) or DMSO (- Isocoumarin). After pre-
incubation the HbSS RBCs (0.5 % Hct, 1 ml) were deoxygenated (0 mmHg) in Eschweiler tonometers for a
further 60 min. After every 20 min, aliquots of RBCs were removed and exposed PS labelled with LA-FITC.
*p <0.05 **p<0.01, **p<0.01 and *** p < 0.001 comparing HbSS RBCs in the presence and absence of
3,4-dichloroisocoumarin (200 uM). Data points have been normalized, the actual mean PS exposure values at
80 min were 3,4-dichloroisocoumarin (200 uM) = 4.1 % and DMSO = 14.5 %. Data points represent means +
S.EM,n=5,

The following experiment was performed to compare the PS exposure in presence of 3,4-
dichloroisocoumarin (200 uM) at 0 mmHg with PS exposure in the absence of isocoumarin
at 100 mmHg (Figure 7.2). The PS exposure in the presence of 3,4-dichloroisocoumarin
(200 uM) at 0 mmHg was lower throughout the time period compared to PS exposure in
absence of isocoumarin at 100 mmHg, however the difference was only significant at 60
min. The PS exposure at 60 min in presence of 3,4-dichloroisocoumarin (200 uM) at 0
mmHg was 4.2 % + 1 % (p < 0.05) while the PS exposure in absence of isocoumarin at 100
mmHg was 7.3 % + 1.9 %. This comparison was done to show the magnitude of effect that
3,4-dichloroiscoumarin has on PS exposure in HbSS RBCs. It shows that HbSS RBCs
treated with 3,4-dichloroisocoumarin in fully deoxygenated condition (hypoxic) was
successful in keeping it lower than HbSS RBCs in fully oxygenated condition (where RBCs

are usually healthy, not sickled and have low PS exposure).
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Figure 7.2: Effect of 3,4-dichloroisocoumarin (200 uM) on PS exposure at 0 mmHg compared to DMSO
(- Isocoumarin) at 100mmHg in RBCs from SCD patients. HbSS RBCs (0.5 % Hct) were pre-incubated in
Ca?*-vanadate LK-HBS at 37 ° C, pH 7.0 in eppendorf tubes for 30 min with 3,4-dichloroisocoumarin (200
1M) or DMSO (- Isocoumarin). After pre-incubation the HbSS RBCs (0.5 % Hct, 1 ml) treated with 3,4-
dichloroisocoumarin (200 uM) were deoxygenated (0 mmHg) in Eschweiler tonometers for a further 60 min
and the HbSS RBCs (0.5 % Hct, 1 ml) treated with DMSO were oxygenated (100 mmHg) in Eschweiler
tonometers for a further 60 min. After every 20 min, aliquots of RBCs were removed and exposed PS labelled
with LA-FITC * p < 0.05, comparing HbSS RBCs in the presence and absence of 3,4-dichloroisocoumarin
(200 uM) at OmmHg and 100mmHg, respectively. Data points represent means + S.E.M, n = 5.

In the final experiment of this section (Figure 7.3), the inhibitory effect of 3,4-
dichloroisocoumarin on sucrose (650 mM)-induced PS exposure was examined to assess, if
it had a similar inhibitory effect under hypertonic conditions compared to the hypoxic
conditions previously tested. HbSS RBCs were pre-incubated at 100 mmHg in sucrose (650
mM) for 30 min with 3,4-dichloroisocoumarin (200 uM) or DMSO (- Isocoumarin). After
pre-incubation, the cells were oxygenated (100 mmHg) for a further 60 min. The PS

exposure was lower for the first 20 min in RBCs treated with 3,4-dichloroisocoumarin (200
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UM) (52.6 % £ 3.2%) than in ones without isocoumarin (62.6 % + 5.4 %), but not
significantly. However, from 40 min to 60 min the PS exposure was similar for both the
conditions, indicating that this SMase inhibitor was less effective on reducing PS exposure
under hypertonicity.
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Figure 7.3: Effect of 3,4-dichloroisocoumarin (200 uM) on PS exposure in sucrose (650 mM) at 100
mmHg in RBCs from SCD patients. HbSS RBCs (0.5 % Hct) were pre-incubated in sucrose (650 mM) at
37 ° C, pH 7.0 in eppendorf tubes for 30 min with 3,4-dichloroisocoumarin (200 uM) or DMSO (-
Isocoumarin). After pre-incubation the HbSS RBCs (0.5 % Hct, 1 ml) were oxygenated at 100 mmHg in
Eschweiler tonometers for a further 60 min. After every 20 min, aliquots of RBCs were removed and exposed
PS labelled with LA-FITC. Data points represent means + S.E.M, n = 5.

7.2.2 Effect of ceramide on PS exposure

These series of experiments (Figure 7.4-7.6) were done to establish the effect of ceramide,
which is a breakdown product of sphingolmyelin catalysed by SMase, on PS exposure in
RBCs from SCD patients in different conditions. In the first set of experiments (Figure 7.4
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and 7.5), the effect of ceramide on PS exposure of HbSS RBCs was investigated at two
different oxygen tensions (0 mmHg and 100 mmHg). HbSS RBCs were pre-incubated for
30 min with ceramide (50 M) or DMSO (- Ceramide). After pre-incubation, the cells were
oxygenated 100 mmHg for a further 60 min (Figure 7.4). Although at all time points HbSS
RBCs treated with ceramide (50 uM) had a PS exposure which was always 2-fold higher
than in control HbSS RBCs treated with DMSO (- Ceramide), the increase was only
significant at 60 min ( 5.6-fold, p < 0.05).
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Figure 7.4: Effect of ceramide (50 uM) on PS exposure at 100 mmHg in RBCs from SCD patients. HbSS
RBCs (0.5 % Hct) were pre-incubated in Ca?*-vanadate LK-HBS at 37 ° C, pH 7.0 in eppendorf tubes for 30
min with ceramide (50 pM) or DMSO (- Ceramide). After pre-incubation the HbSS RBCs (0.5 % Hct, 1 ml)
were oxygenated (100 mmHg) in Eschweiler tonometers for a further 60 min. After every 20 min, aliquots of
RBCs were removed and exposed PS labelled with LA-FITC. * p < 0.05 comparing HbSS RBCs in the
presence and absence of ceramide (50 uM). The actual mean PS exposure values at 60 min are DMSO (-
Ceramide) = 7.7 %, + Ceramide (50 uM) = 41.9 %. Histograms show the fold increase in PS exposure and
represent means + S.E.M, n = 4.
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In the next experiment, HbSS RBCs were pre-incubated for 30 min with ceramide (50 uM)
or DMSO (- Ceramide). After pre-incubation, the cells were deoxygenated at 0 mmHg for a
further 60 min (Figure 7.5). Apart from 40 min, at every time point ceramide significantly
increased (p < 0.05) the PS exposure of HbSS RBCs. At 60 min, the increase for HbSS
RBCs treated with ceramide (50 uM) was 2.4-fold higher (p < 0.05) than HbSS RBCs

without ceramide.
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Figure 7.5: Effect of ceramide (50 pM) on PS exposure at 0 mmHg in RBCs from SCD patients. HbSS
RBCs (0.5 % Hct) were pre-incubated in Ca?*-vanadate LK-HBS at 37 ° C, pH 7.0 in eppendorf tubes for 30
min with ceramide (50 uM) or DMSO (- Ceramide). After pre-incubation the HbSS RBCs (0.5 % Hct, 1 ml)
were oxygenated (0 mmHg) in Eschweiler tonometers for a further 60 min. After every 20 min, aliquots of
RBCs were removed and exposed PS labelled with LA-FITC. * p < 0.05 comparing HbSS RBCs in the
presence and absence of ceramide (50 pM). The actual mean PS exposure values at 60 min are DMSO (-
Ceramide) = 9.6 %, + Ceramide (50 pM) = 22.7 %. Histograms show the fold increase in PS and represent
means + S.E.M, n=5.
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The final experiment of this section (Figure 7.6) was performed to explore the effect of
ceramide on PS exposure in HbSS RBCs under hypertonic conditions induced by adding
sucrose (650 mM), which in Chapter 5 was observed to be much more effective in exposing
PS. HbSS RBCs were pre-incubated at 100 mmHg in sucrose (650 mM) for 30 min with
ceramide (50 uM) or DMSO (- Ceramide). After pre-incubation, the cells were oxygenated
(100 mmHg) for a further 60 min. The PS exposure was significantly higher throughout 60
min at every time points in HbSS RBCs treated with ceramide (50 M) than in ones without
ceramide showing that ceramide still had a stimulatory effect on PS externalisation even
under hypertonic conditions.
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Figure 7.6: Effect of ceramide (50 uM) on PS exposure in sucrose (650 mM) at 100 mmHg in RBCs from
SCD patients. HbSS RBCs (0.5 % Hct) were pre-incubated in sucrose (650 mM) at 37 ° C, pH 7.0 in eppendorf
tubes for 30 min with ceramide (50 M) or DMSO (- Ceramide). After pre-incubation the HbSS RBCs (0.5 %
Hct, 1 ml) were oxygenated at 100 mmHg in Eschweiler tonometers for a further 60 min. After every 20 min,
aliquots of RBCs were removed and exposed PS labelled with LA-FITC. *** p < 0.001 and ** p < 0.01
comparing HbSS RBCs in the presence and absence of ceramide (50 pM) in sucrose (650 mM). Data points
represent means + S.E.M, n = 4.
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7.2.3 SMase dose response

In the final section of experiments, SMase activity was studied using a commercial assay.
In this assay, one of the products of SMase hydrolysis, phosphocholine, was quantified using
a colorimetric assay by measuring optical absorbance, usually at 655 nm Initially, a SMase
standard curve was measured to investigate the relationship between SMase concentration
and absorbance (Figure 7.7). A range of SMase concentrations from 0.078 mU.ml* to 2.5
mU.ml* was used. The colorimetric indicator of the kit, Ab blue, binds to phosphocholine
increasing in absorbance at blue wavelengths. As expected, increase in concentration of
SMase resulted in increased absorbance (Figure 7.7). A linear regression line was plotted
and the equation for the line isy = 0.1719 x + 0.0632.
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Figure 7.7: SMase dose response. SMase activity was measured in 96-well plates using a microplate reader.
Specified SMase concentrations were incubated for 2 h with sphingomyelin and later Ab blue indicator was

added and further incubated for 2 h. The absorbance was then measured at a wavelength of 655 nm. Symbols
represent mean data points, n = 5.
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7.2.4 Effect of urea on SMase activity

In Chapter 5, urea was shown to be a very effective inhibitor of PS exposure. It was possible
that the action of urea was mediated via inhibition of the SMase signalling pathway. In this
experiment, therefore, the effect of different concentrations of urea (50 mM, 200 mM, 600
mM & 900 mM) on SMase activity was investigated using an enzyme concentration of 1.25
mU.ml* (Figure 7.8). SMase alone gave an absorbance of 0.23 + 0.02. However, this was
significantly reduced in the presence of urea by over 95 %, to 0.0105 + 0.005 (p < 0.001),
0.013 + 0.007 (p < 0.01), 0.013 £ 0.005 (p < 0.001) and 0.02 + 0.005 (p < 0.001) by urea
concentrations of 50 mM, 200 mM, 600 mM and 900 mM, respectively.
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Figure 7.8: Effect of urea (50 mM, 200 mM, 600 mM & 900 mM) on SMase activity. Absorbance was
measured in the absence of urea and in its presence (50 — 900 mM). **p <0.01 and *** p <0.001 comparing
absorbance with urea (50 mM, 200 mM, 600 mM and 900 mM) in presence of SMase (1.25 mU.ml?*) with
absorbance of SMase (1.25 mU.ml?) alone. The absorbance wavelength of the microplate reader was set at
655 nm. Histograms represent means + S.E.M, n =6
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7.2.5 Effect of HbDAA RBCs on the SMase absorbance assay

The absorbance of haemoglobin has peaks between about 540 nm and 580 nm depending
on the level of oxygenation. It was therefore possible that the presence of haemoglobin,
either in intact RBCs or in solution following their lysis, could interfere with the colorimetric
assay for phosphocholine. In the following experiment (Figure 7.9), the absorbance of the
products of SMase hydrolysis were measured in the presence of intact or lysed HbAA RBCs
(Hct 0.5 %, 5 % and 10 %). SMase (1.25 mU.ml?) was first reacted with sphingomyelin for
2 h, after which the blue indicator was added for a further 2 h incubation period, after this,
absorbance was measured in the absence or presence of RBCs. Initially absorbance was
measured at 655 nm, as recommended by the kit. In the absence of RBCs, the absorbance
was 0.735 £ 0.01. This was modestly but significantly reduced to 0.685 + 0.009 (p < 0.05)
in the presence of intact HboAA RBCs of 0.5 % Hct. However, no significant changes were
observed at Hcts of 5 % (0.723 = 0.02), 10 % (0.89 £ 0.09) using intact RBCs or in the
presence of lysed cells (0.719 £ 0.05). These findings indicated that haemoglobin had

minimal interference with the absorbance assay.
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Figure 7.9: Effect of the presence of haemoglobin in intact or lysed RBCs on absorbance of the products
of SMase hydrolysis, at the absorbance wavelength 655 nm as recommended by the kit. Initially, SMase
(at a concentration of 1.25 mU.ml) was treated for 2 h with a solution containing sphingomyelin after which
the Ab blue indicator was added for a further 2 h. Finally, after 4 h of total incubation, intact HbAA RBCs of
Hct 0.5 %, 5 %, 10 % or lysed (Hct 0.5 %) RBCs were added and immediately measured for absorbance of
SMase activity. The absorbance wavelength was set at 655 nm. * p < 0.05 comparing absorbance of HbAA of
Hct 0.5 % in presence of SMase (1.25 mU.ml) compared to absence of RBCs. The absorbance at the
microplate reader was set at 655 nm. Histograms represent means £ S.E.M, n = 4.

In the next experiment, the absorbance of the products of SMase hydrolysis were measured
in the presence of intact or lysed HbAA RBCs (Hct 0.5 %, 5 % and 10 %), however this
time it was measured at two other absorbance wavelengths, 750 nm (Figure 7.10A) and 595
nm (Figure 7.10B). This experiment was done to separate the absorbance of the indicator
from the absorbance of haemoglobin in RBCs, to show that one did not interfere with the
other. At 750 nm (Figure 7.10A), the absorbance of SMase products in the absence of RBCs
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was very low, 0.015 + 0.08. Similarly, low absorbances were observed in the presence of
intact RBCs, Hct 0.5 % (0.013 £ 0.005), 5 % (0.025 + 0.012) and lysed (Hct 0.5 %) RBCs
(0.017 £ 0.025). The absorbance in Hct 10 % was higher than in the other conditions, 0.29
+ 0.12, however not significantly. At 595 nm (Figure 7.10B), the absorbance of SMase
products in the absence of RBCs was 0.33 + 0.005. Similar levels of absorbance were
observed with intact RBCs at Hcts 0.5 % (0.29 £ 0.009), 5 % (0.38 + 0.022) and with lysed
RBCs (0.32 £ 0.025). The absorbance with intact RBCs at an Hct of 10 % was significantly
higher, 0.69 £ 0.13 (p < 0.05).
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Figure 7.10: Effect of the presence of haemoglobin in intact or lysed RBCs on absorbance of the products
of SMase hydrolysis, at the absorbance wavelength 750 nm and 595 nm. Initially, SMase (at a
concentration of 1.25 mU.ml ) was treated for 2 h with a solution containing sphingomyelin after which the
Ab blue indicator was added for a further 2 h. Finally, after 4 h of total incubation, intact HbDAA RBCs of Hct
0.5 %, 5 %, 10 % or lysed (Hct 0.5 %) RBCs were added and immediately measured for absorbance of SMase
activity. A: The absorbance level was monitored with absorbance at the microplate reader set at 750 nm. B:
The absorbance level was monitored with absorbance at the microplate reader set at 595 nm. * p < 0.05
comparing absorbance of HoAA of Hct 10 % in presence of SMase 1.25 mU.ml with absorbance of SMase
1.25 mU.ml* alone. Histograms represent means + S.E.M, n = 4.

Lastly, a wavelength scan (Figure 7.11) was carried out to investigate the absorbance of
SMase (1.25 mU.ml™Y) at different wavelengths in presence or absence of HbAA RBCs (0.5

% Hct). It clearly shows the difference in absorbance that takes place at 655 nm (as
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recommended by the kit for detection of the indicator) when RBC is added. At 655 nm
SMase (1.25 mU.mlIY) in absence of RBCs have an absorbance of around 0.75, while in
presence of RBCs the absorbance drops to around 0.71. The addition of RBCs resulted only

in approximately 5-6 % drop in absorbance at 655 nm.
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Figure 7.11 Comparison of absorbance at different wavelengths between in the presence or absence of
HbAA RBCs 0.5 % Hect. Initially, SMase (1.25 mU.ml) was treated for 2 h with a solution containing
sphingomyelin after which the Ab blue indicator was added for a further 2 h. Finally, after 4 h of total
incubation, intact HboAA RBCs of Hct 0.5 % or PBS was added and immediately measured for absorbance
assay of SMase activity.

A final experiment (Figure 7.12) was carried out to investigate the effect of intact HbAA
RBCs at 0.5 % Hct on the ability of SMase to hydrolyse sphingomyelin. SMase (1.25

mU.ml?) was reacted with sphingomyelin for a 2 h incubation in the absence of RBCs or
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with intact RBCs present throughout. Under these conditions, SMase in the absence of RBCs
induced an absorbance of 0.278 + 0.003, which was markedly reduced to 0.005 + 0.002 in
the presence of HOAA RBCs. This experiment suggests that RBCs in some way reduces the
activity of the SMase enzyme or otherwise chelates the breakdown products of

sphingomyelin such that phosphocholine was unable to react with the Ab blue indicator.
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Figure 7.12: The effect of intact RBCs on the ability of SMase to hydrolyse sphingomyelin, at the
absorbance wavelength 655 nm as recommended by the kit. Initially, SMase (at a concentration of 1.25
mU.ml) was treated for 2 h with a solution containing sphingomyelin and intact HoAA RBCs of Hct 0.5 %
or PBS, after which the Ab blue indicator was added for a further 2 h. Finally, after 4 h of total incubation,
absorbance was measured with the absorbance level set at 655 nm in microplate reader. Histograms represent
means + S.E.M, n = 4.
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7.3 Discussion

Results with 3,4-dichloroisocoumarin, which is a SMase inhibitor suggest that there might
be a role for SMase and ceramide in exposing PS in RBCs of SCD patients as the inhibitor
reduced the number of cells externalising PS (Figure 7.1 and 7.2). In addition, the effect of
ceramide, which is a breakdown product of sphingomyelin when metabolized by SMase,
was also investigated. The results from Figure 7.4-7.6 provided further evidence of the
existence of SMase signalling pathway, as addition of ceramide significantly increased PS

exposure in HbSS RBCs in oxygenated, deoxygenated and hypertonic conditions.

Hence, it seemed appropriate to explore the activity of SMase initially in HbAA RBCs. In
this case, neutral SMase was chosen as more likely to have access to RBC sphingomyelin
in vivo, as they are membrane-bound SMase and more widespread in mammalian tissues,
whereas alkaline SMases are more localised in small intestine and bile, whilst acid SMase

is localised to lysosomes of cells.

In Chapter 5, ex vivo experiments demonstrated that urea (600 mM and 900 mM) inhibited
PS exposure in HbSS RBCs significantly in all conditions (deoxygenation, hypertonic shock
and at low pH). Thus, the effect of urea on in vitro SMase was explored, and as Figure 7.8
shows urea strongly inhibited SMase activity. In this case, only 50 mM of urea was able to
significantly inhibit (p < 0.001) the activity of SMase. Taken together these findings
suggests that SMase signalling pathway can potentially play a role in PS exposure of HbSS
RBCs and urea might be inhibiting this particular signalling pathway.

Control experiments were also carried out to determine any effect of RBCs on the
absorbance assay, with the absorbance wavelength set at 655 nm (at this wavelength the
colour produced by the indicator upon reacting with phosphocholine can be detected). This
was done to observe if haemoglobin in RBCs or RBCs itself is interfering or quenching the
absorbance of the assay. The results in Figure 7.9 were very promising as HbAA RBCs at
different Hcts (0.5 %, 5 % and 10 %) and lysed RBCs following the action of SMase on
sphingomyelin did not alter the absorbance measured. The negligible effect of HbAA RBCs
on absorbance was also much more apparent in Figure 7.11, using a wavelength scan, which
showed only a difference of 5-6 % in absorbance at 655 nm that recommended in the assay
kit, or indeed at the other wavelengths tested. This was reassuring as it meant that RBCs did

not interfere with absorbance of the indicator used.
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However, further experiments with longer incubation of HbAA RBCs (two hours) during
(rather than after) the SMase reaction with sphingomyelin did show a considerable effect.
As it can be observed in Figure 7.12 that the absorbance of HODAA RBCs when treated with
SMase (1.25 mU.ml) showed no absorbance, whereas the control (without RBCs) showed
an absorbance of 0.27. This was apparent by eye as the solution produced by incubation of
RBCs together with SMase was colourless, whereas control (without RBCs) produced a
noticeable blue colour. This suggests that the presence of RBCs is either interfering with the
enzymatic reaction of SMase with sphingomyelin or it is interfering with the indicator

process by which it binds to phosphocholine.

This finding will complicate further research on the role of SMase and the extent to which
it may stimulate PS exposure. One way to overcome this problem may be to use a different
kit, like Amplex Red Sphingomyelinase Assay kit by ThermoFisher, which uses a different
indicator that is detected at a different absorbance wavelength. Moreover, anti-ceramide
antibody conjugated to FITC could be used to detect ceramide levels by flow cytometry,
after adding sphingomyelin to HbAA or HbSS RBCs. Nevertheless, if it is true that RBCs
reduce SMase activity in some way this will still mean that ceramide production will be
reduced. However, further experiments could not be performed due to lack of access to

blood samples under the current circumstances.
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8 Conclusion and future directions

Findings from this thesis have identified some important potential pathways and therapeutic
compounds which could have a significant effect on PS exposure in RBCs of SCD patients.
Results from Chapter 4 and 5 showed that the conditions in the renal medulla markedly
stimulate PS exposure and it could be for this reason that the incidence of nephropathy is
very high in SCD patients. High PS exposure could lead to vessel occlusion, as a result the
filtration and reabsorption processes are disrupted, which later leads to nephropathy. Finally,
experiments also revealed the ability of urea to strongly inhibit PS exposure and sickling.
This could be an important stepping-stone in finding a new therapy and is thus discussed
further later in this Chapter (Section 8.4). Results from Chapter 6 provided strong evidence
that PIEZOL1 is a prime molecular candidate for Psickie. They further showed that PS exposure
is stimulated not only by increases in intracellular Ca2*, probably mediated via entry through
PIEZO1, but also that activation of protein kinase C (PKC) can also play a major role in PS
exposure. Moreover, findings also suggested that PKC activated independently of Ca?* to
activate the pathway by which PS exposure may be stimulated in RBCs of SCD patients.
Furthermore, experiments in Chapter 7 have further suggested a role for the enzyme SMase
and the metabolized product ceramide in PS exposure. It seems reasonable to conclude
therefore that multiple intracellular signalling pathways are contributing to stimulate PS
exposure in HbSS RBCs, which would complicate the design of successful therapeutic

interventions.

In Section 8.1 the role of PKCs and the possible mechanisms by which they cause PS
exposure are discussed. While in Section 8.2 the role of SMase signalling pathway is
analysed for its role in stimulating PS exposure. In both the Sections (8.1 and 8.2) together
with Section 8.3, future experiments are proposed to conclusively establish their role in PS
exposure in SCD patients. However, activation of PIEZO1, additionally with its inability to
inactivate (maybe due to SMase activation and increase in ceramide levels), simultaneously
with an increase in intracellular Ca?*, perhaps represent the main driving force for excess

PS exposure.
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8.1 Protein Kinase C (PKC)
8.1.1 PKC overview

PKC was originally isolated from bovine and rat brain, and was named protein kinase M
(PKM) as it was thought to be only activated by Mg?* (Inoue et al., 1977). Later it was
identified that free Ca?* and membrane phospholipids, namely diacylglycerol (DAG) and
PS, can independently activate the enzyme without the need of proteolytic events. Thus, the
enzyme was later named as Ca?*- activated-phospholipid-dependent protein kinase, or PKC
(Takai et al., 1979). The PKC family consist of thirteen isoenzymes and have been grouped
into three classes according to their binding capability of their regulatory domain and
activator requirements (Table 8.1). All PKCs have a common architecture of a single
polypeptide chain of 67-115 kDa, with four conserved domains (C1, C2, C3 and C4)
distributed between five variable (V1, V2, V3, V4 and V5) regions. They also consist of two
principle modules of N-terminal regulatory moiety linked with the C-terminal kinase

domain (Figure 8.1).

Table 8.1 PKC classification

Types Description

cPKCs (conventional) e Requires both Ca?* and phospholipid

activators (DAG and PS) for activation.
o, BI, BIT and vy

e The C1 domain consist of two
cysteine-rich regions allowing binding of
Zn?*. It is also involved in binding DAG.

e The C2 domain is responsible for
binding Ca?*.

nPKCs (novel) ® They lack the C2 domain for which

they do not require Ca?* for activity.
d,¢,Mm, Land O

e The C1 domain is present and hence
they are activated by DAG.
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aPKCs (atypical)

e The C1 domain only consist of one
cysteine-rich region, thus lack sensitivity

Cand A1 to DAG.
e The C2 domain is absent and hence do
not depend on Ca?* for activation.
e It is activated by PS.
V1 C1 Ve C2 V3 C3 V4 C4 V5
hinge
calcium region substrate

cys-rich repeat

pseudosubstrate

DAG PMA

C2-like
domain
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Figure 8.1: Schematic representation of the primary structure of PKC gene family (Liu and Heckman,

1998).

PKC can be found in cytosol and cell membrane of most of the cells. The membrane bound

fraction is mainly the active form of PKC. They are also very well distributed in all the

124




tissues, which has been studied using Northern or Western blot analysis. PKC a is expressed
in virtually all the tissues along with PKC I, BII, 6, € and {, which are variably expressed
in most of the tissues as well. PKC v is restricted to the central nervous system and spinal
cord. PKC n is strongly expressed in epithelial tissues and very slightly in spleen and brain.
PKC 0 is restricted primarily to skeletal muscle but can be found in lower extent in lung,
spleen, skin and brain. Although the distribution of PKC isozymes has been well studied, it

still remains unclear as to how this tissue specific distribution is regulated.

The presence of PKC o, and { have been previously reported in RBCs (Belloni-Olivi et al.,
1996; Fathallah et al., 1997), later Govekar and Zingde (2001) also provided evidence for
the presence of PKC isoenzymes 1 and p. However, PKC o was the only isoenzyme that
upon stimulation translocated to the membrane of RBCs. Although in Table 8.1 PKC p has
been classified as nPKCs, due to its unusual conformation, some groups sometimes classify
it alternatively as aPKCs. The structural abnormality includes: the C1 domain with the two
cysteine-rich regions separated by a 74 long amino acid chain and lack of the typical pseudo-
substrate site in C1 which also has a large molecular size compared to the other PKC
isoenzymes (Johannes et al., 1995, 1994). In addition, however, PKC p is Ca?* independent
and is activated by DAG and PS.

8.1.2 Activation of PKC

Table 8.1 clearly identifies the co-factors that lead to activation of the different PKC
isoenzymes. For activation of cPKCs intracellular Ca* is critical, in most cell types
generation of second messengers such as inositol 3-phosphate(IP3) through activation of
various receptors leads to mobilization of Ca?* from intracellular stores. The Ca?* then binds
to the C2 region of the regulatory domain as shown in Figure 8.1. Moreover, for both cPKCs
and nPKCs the availability of DAG is also essential, which acts like a second messenger to
activate the ¢ & nPKCs by binding to the C1 domain of the regulatory region. Generation
of DAG in cells can be achieved in two ways: (i) through activation of phospholipase C
(PLC), which hydrolyses phosphatidylinositol 4,5-biphosphate (PIP2) to produce IP3 (role
in Ca?" mobilization in cells) and DAG; and (ii) through hydrolysis of the predominant
membrane lipid phosphatidylcholine (PC) by the enzyme phospholipase D (PLD). This
hydrolysis of PC results in production of phosphatidic acid (PA) and choline. Then the
enzyme phosphomonoesterase converts PA to DAG (Mordechai Liscovitch, 1992;
Nishizuka, 1992). However, in some cases PIP2 and PI (precursor of PIP2) alone can
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substitute for the role of DAG. cPKCs such as PKC o and PKC BI showed no difference in
activity when DAG was replaced with P1 and PIP2 respectively in presence of Ca?* (Kochs
et al., 1993). Little is known about the activation of aPKCs, other than the fact that they are
both Ca?*- and DAG-independent. They can bind to PS for membrane interaction and unlike
cPKCs and nPKCs they are activated by binding to proteins (Graybill et al., 2012; Newton,
2001; Tsai et al., 2015). Activation of PKC isoenzymes can lead to a variety of biological
responses such as cell proliferation and differentiation, membrane ion transport, glucose and
lipid metabolism, gene expression, smooth muscle contraction, etc. (Nishizuka, 1995, 1992,
1984).

8.1.3 Role of Ca?* and PKC interaction in PS exposure of RBCs from SCD patients
RBCs are very different from many other cell types, as they lack major intracellular
organelles such as the endoplasmic reticulum, golgi bodies, nucleus, etc. Thus, there are no
regulated intracellular calcium stores in RBCs, so the role of IP3 as second messenger in
mobilizing Ca?* is irrelevant. However, it is very well established that when RBCs from
SCD patients are exposed to deoxygenated or hypoxic conditions, the RBCs not only sickle,
but it also allows entry of Ca?*, increasing the concentration of intracellular Ca?*. This entry
of Ca®* takes place through a deoxygenated-induced non-specific cation channel called
Psickie. The molecular identity of this channel is still uncertain, however, there are several
lines of evidence which show that it could be the stress-activated channel called PIEZO1
(Section 1.3(i)d). Results from Chapter 6 add to the growing evidence for PIEZO1 being the
candidate for Psickie and showed that Yodal, the chemical activator of PIEZO1 channel,
caused an increase in intracellular concentration of Ca?* in RBCs of SCD patients. While,
in addition, Dookul - the antagonist of Yodal - and GsmTx4 - the PIEZOL1 inhibitor -
inhibited this rise, adding further credence to the identity of Psickie being PIEZO1 (Wadud et
al., 2020).

Increased intracellular Ca®* could cause PKC a. to bind to 2Ca?* on its C2 domain leading
to a favourable interaction between PKC o and plasma membrane of the cell (Corbalan-
Garcia et al., 1999; Murray and Honig, 2002; Verdaguer et al., 1999). This binding of Ca?*
is known to increase the affinity of PKC o for the plasma membrane causing it to translocate
and bind to the lipid bilayer of the membrane. Mutations in the Ca?* binding site of the PKC
o have been shown to interfere with the interaction of the PKC isoenzyme with the plasma

membrane, both in vivo and in vitro (Bolsover et al., 2003; Marin-Vicente et al., 2005;
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Medkova and Cho, 1998; Ochoa et al., 2002). Moreover, evidences also show that influx of
Ca?" together with the help of endogenous PIP2 in the plasma membrane of the cell, serve
to anchor PKC «, and can in turn activate the PKC isoenzyme (Corbalan-Garcia et al., 2003,
Marin-Vicente et al., 2005; Raucher et al., 2000). It is also possible that PKC a is anchored
in the plasma membrane by DAG instead of PIP2. Increased intracellular Ca®* can lead to
the activation of phospholipase C enzyme. This would result in hydrolysis of PIP2 to DAG,
which together with Ca?* lead to the activation of PKC a. Furthermore, Fathallah et al.
(1997) showed higher contents of both total and membrane-associated PKC a in HbSS
RBCs compared to HbAA. Thus, it is possible in RBCs of SCD patients the over expressed
membrane-bound PKC o could eventually lead to the activation of the enzyme scramblase,
which results in externalisation of PS. Barber et al. (2015) showed that activation of PKC
with phorbol ester in both HbAA and HbSS caused an increase in scramblase activity and
PS exposure, while this was reduced in presence of the inhibitor of PKC chelerythrine

chloride.

RBCs of SCD patients are also exposed to high oxidative stress due to accumulation of
reactive oxygen species (ROS) such as hydrogen peroxide, superoxide anion and hydroxyl
radical in blood vessels. ROS has been shown to be involved in the activation of both the
enzyme PLC and PLD, especially PLD in endothelial cells (Domijan et al., 2014; Natarajan
et al., 1996; Parinandi et al., 2001, 1999; Patel et al., 2011; Servitja et al., 2000). As
aforementioned, activation of these enzymes can lead to production of DAG, which together
with Ca?" can result in activation of PKC o. Thus, in turn these events could activate the

membrane-bound scramblase enzyme and induce PS exposure.

Results with the Yodal (Chapter 6) also show that there is a Ca?*-independent mechanism
working in RBCs of SCD patients, which leads to the exposure of PS. Thus, it is important
to examine the roles of aPKC and nPKC isoenzymes that are present in the RBCs, which
are Ca?* independent. Though Fathallah et al. (1997) and Barber et al. (2015) utilized
phorbol 12-myristate 13-acetate (PMA) to show the increase in PKC o and scramblase
activity in HbSS RBCs, however, PMA is known to have various other effects in cells.
Moreover, it is possible that PMA does not affect the other PKC isoenzymes in the same
magnitude as it does with PKC a, hence explaining the translocation of PKC a to plasma
membrane of RBCs. Therefore, it will be interesting to examine the effect of specific
inhibitors of NPKCs and aPKCs on deoxygenation induced PS exposure of HbSS RBCs.
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8.2 SMase signalling pathway

8.2.1 Overview

Sphingolipids are an essential component of the mammalian cell membrane. They have
important functions including: (i) providing mechanical strength to cells; (ii) as stores of
key signalling molecules, which include ceramides, sphingosines and sphingosine-1-
phosphate; and (iii) as platforms for various membrane proteins such as ion channels, insulin
receptors, etc. Sphingomyelin is the most widespread sphingolipid, which is distributed
extensively in the exoplasmic side of the membrane and coexists with various other bio-
active molecules in the membrane. The structure of sphingomyelin consists of a polar head
group called phosphocholine together with a hydrophobic backbone of ceramide. The
sphingomyelinase (SMase) enzymes catalyse the degradation of sphingomyelin to form its
hydrolytic products phosphocholine and ceramide. The metabolic product ceramide, as
mentioned in Section 7.1, is responsible for the modulation of various cellular events

including proliferation, differentiation and apoptosis.

8.2.2 Role of SMase signalling pathway in RBCs

Results in Chapter 7 with 3,4-dichloroisocoumarin and ceramide have suggested a potential
role for the SMase signalling pathway in PS exposure in RBCs from SCD patients. There
are broadly three different types of SMase present, which are acid SMase, alkaline SMase
and neutral SMase. Results in this thesis focused primarily on neutral SMase because of its
abundance in different tissues and cells, and its localization in membranes. Moreover,
previous reports have shown the presence of neutral SMase on the surface of endothelial
cells and that it is activated by increase in fluid shear stress and pressure leading to
production of ceramide (Czarny et al., 2003; Czarny and Schnitzer, 2004). Building on this
work Shi et al. (2020) recently showed that neutral SMase suppresses PIEZO1 inactivation
in endothelial cells by catalysing the production of ceramide which stabilizes the open state
of the PIEZOL1 channel rather than the closed state. Although as stated before RBCs do not
have SMase enzymes of their own (Section 7.1), but it is possible that as RBCs circulate
they can be readily exposed to SMase secreted from neighbouring cells. As mentioned in
Section 1.4, high PS exposure on HbSS RBCs also increases cell-to-cell interactions with
endothelial cells, leukocytes and platelets. Therefore, it is possible that RBCs in SCD
patients, when exposed to neutral SMase from neighbouring cells, accumulate ceramide in
their membrane, which acts on PIEZOL. Furthermore, it is also possible when HBSS RBCs

pass through hypoxic regions, sickling activates PIEZO1 and the additional presence of
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excess ceramide in the membrane due to the exposure of RBCs to neutral SMase within the
circulation disables inactivation of PIEZO1. Both of these situations would cause increased
entry of Ca®* into the RBCs and stimulate PS exposure. Moreover, ceramide is also known
to sensitise the RBC scramblase to cytosolic Ca?* (Lang et al., 2004; Lang et al., 2005),
which would further promote PS exposure. Additionally, ceramide-enriched membrane
have previously been shown to make membrane of RBCs very fragile (Dinkla et al., 2012).
The other possibility is that RBCs in SCD patients are directly exposed to ceramide from
neighbouring cells, rather than that formed within their own membranes, which is causing

all the aforementioned affects.

Future experiments with schypostatin, GW4869 and altenusin, which specifically inhibit
neutral SMase, can be utilized to carry out various assays on HbSS RBCs. It will be
interesting to observe if the aforementioned inhibitors have any effect on deoxygenation-
induced Ca?* entry in sickle RBCs. Urea could also be utilized, because in Chapter 7 it was
shown that urea inhibits SMase in vitro, so it will be interesting to investigate any effect on
deoxygenation-induced Ca?* entry. Further experiments can be designed to determine any
effect of these inhibitiors on PS exposure in HbSS RBCs. These experiments will shed light
on the role of SMase signalling pathway in PS exposure and Ca?* entry in RBCs of SCD

patients.

It will be also interesting to explore the involvement of acid SMase on PS exposure in HbSS
RBCs. Chronic inflammation and anaemia triggers secretion of acid SMase in cells, which
can be observed in other diseases like diabetes, sepsis, cardiovascular and pulmonary
diseases (Jenkins et al., 2009). Patients suffering from SCD also suffer from such
pathophysiological effects and thus can have increased acid SMase. In fact, there is only one
study which showed that acid SMase activity in HbSS RBCs and plasma was significantly
elevated compared to levels in HbAA individuals (Awojoodu et al., 2014). Therefore, it
would be interesting to observe if ceramide produced from the action of acid SMase has a
similar effect on PIEZO1, as observed to that with neutral SMase. Additionally, the effect
of acid SMase on PS exposure in HbSS RBCs can be explored.

8.3 Creating knockin and knockout of in vitro cultured cell lines
In vitro cultured cell lines have long been utilized to study effects of various in vivo
phenomena. These models have enabled researchers to manipulate numerous molecular

targets to study the cellular signalling processes and their role in biological systems. Thus,
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it would be invaluable to have immortalized human erythroid progenitor cell lines that can
differentiate into proper mature RBCs to carry out and study the effects of genetic
manipulation — which is not possible in mature circulating RBCs which lack a nucleus and
other components required for protein synthesis. Previously, researchers could only study
erythropoiesis in cellular models of erythroleukemic cell lines, such as mouse
erythroleukemic cells (MEL cells), and K562 cells, a human erythroleukemic cell line. The
major limitation of RBCs produced from these erythroleukemic cell lines is that they do not
represent ‘normal’ human erythroid cells. These cells exhibit more fetal globin expression
rather than adult haemoglobin expression, and have terminal differentiation defects leading

to inefficient production of both reticulocytes and mature enculeated RBCs.

8.3.1 Utilising human umbilical cord blood-derived erythroid progenitor (HUDEP)
cells

However, in 2013 Kurita et al. provided a convenient and reliable ex vivo source for RBC
production from immortalized human erythroid progenitor cell lines, which differentiated
into cells containing functional haemoglobin, enucleated RBCs and expressed erythroid-
specific markers. Kurita et al. established three human umbilical cord blood-derived
erythroid progenitor (HUDEP) cell lines from three different cord blood samples: HUDEP-
1, HUDEP-2 and HUDEP-3. Amongst these three, HUDEP-2 cells developed into erythroid
cells which closely resembled ‘normal’ adult human erythroid cells as they: (i) pre-
dominantly expressed B-globin unlike HUDEP-1 and HUDEP-3 which pre-dominantly
expressed y-globin; and (ii) HUDEP-2 cell lines expressed BCL11A which is a known
suppressor of y-globin. Therefore, finally it is possible for researchers to utilize this
immortalized erythroid cell line for genetic manipulation to study diseases like SCD. The
aim would be to knockin HbS into this cell line to create the first immortalized sickle cell
line and compare their behaviour with clinical samples from sickle cell patients. They could
then be studied under similar conditions to those used in this thesis - like hypoxia, different
pHSs, hyperosmotic and hypertonic conditions - to compare their behaviour with “normal”
sickle cells. Once the cell line has been established and shown to be comparable to clinical
samples, there are a plethora of studies that can be done in this model to understand the
disease better. These would include creating a knockout of PIEZO1 in a sickle cell line and
studying its role in the disease pathogenesis. Moreover, much easier possibilities would be
to delete specific PKC genes, or SMase, and study their roles on Ca?* signalling pathway

and PS exposure, as these are much smaller proteins than PIEZOL.
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8.3.2 Utilising Bristol erythroid line adult (BEL-A) cells

Although, HUDEP-2 has paved the pathway for researchers to create a model amenable to
genetic manipulation and has provided a better alternative cellular model, however, the
major drawback of the HUDEP-2 model is that it has a very low rate of enucleation, only 5
%. This means that only a very low population of cells truly resembles adult matured RBCs
and further genetic manipulation might interfere with differentiation and growth resulting
in even lower yields. However, in 2017 Trakarnsanga et al., developed a far superior cellular
model of human immortalized adult erythroid cell line called the Bristol erythroid line adult
(or BEL-A) cells. BEL-A cells have an enucleation rate of around 42 % compared to 5 % of
HUDEP-2 cell line. The reticulocyte yield in BEL-A culture was also 4-fold higher than
HUDEP-2 cultures. Moreover, key transcription factors for erythroid differentiation and f3-
globin expression, were overall lower in HUDEP-2 compared to BEL-A. This clearly shows
that normal adult erythropoiesis is more closely followed in the BEL-A cell line compared
to that in HUDEP-2.

Therefore, in collaboration with King’s College London, preliminary work is underway to
study PS exposure in the BEL-A cell line, so that the aforementioned genetic manipulation
can be carried out to understand the disease and cellular signalling processes better. Initially
as shown in Figure 8.2, experiments were conducted on BEL-A cells at day 0 (Figure 8.2A)
and day 4 (Figure 8.2B) of their differentiation. Previously it has been shown that calcium
loading of RBCs using the ionophore Br-A23187 stimulates PS exposure. Thus, in presence
of extracellular Ca?*, the effect of using ionophore Br-A23187 (3 uM) in relation to PS
exposure was investigated on PS exposure of BEL-A cells at these different differentiation
stages. The results were very promising as it can be observed in Figure 8.2 that at day 0 of
differentiation PS exposure in presence of ionophore Br-A23187 and LA- FITC was 5.9 %
while following the same protocol at day 4 of differentiation exposure was 35.4 %. This can
be explained as at day O of differentiation of BEL-A cells many proteins have not been
expressed, while at day 4 of differentiation the cells have reached a stage of maturation
where most of the proteins are being expressed. Hence, entry of Ca?* is stimulating some of
these expressed proteins, perhaps the scramblase or PKC, causing increased PS exposure.
Therefore, further experiments and a comparative analysis need to be done with clinical
samples to ensure that this in vitro model can be used for genetic manipulation to study SCD
and PS exposure. Nonetheless, the initial results in terms of change in behaviour of the cells

in addition to ionophore Br-A23187 is very encouraging.

131



40 40
354 35-]

~ 30+ = 30

S S

S

0 2

> [}

(o) ] 251

o % o

< <

] o

m 209 m 204

o

o

£ £

) [%2]

O 154 8 15

o

3 3

" [0

n

o 104 Q40
5 54
0= T 0= T

Lactadherin (LA-FITC) 16 nm 16 nm Lactadherin (LA-FITC) 16 nm 16 nm

lonophore Br-A23187 - 3 uM lonophore Br-A23187 - 3 uM

Figure 8.2 PS exposure in BEL-A cells induced by the ionophore Br-A23187. BEL-A cells in Ca?*-
vanadate LK-HBS pH 7.0 at 37 ° C were either treated with LA-FITC (16 nm) or LA-FITC (16 nm) and
ionophore Br-A23187 (3 uM). A: Experiment was conducted when BEL-A cells were at day 0 of
differentiation stage. B: Experiment was conducted when BEL-A cells were at day 4 of differentiation stage.
Histograms represent means, n = 2.

8.4 Urea as a potential therapy

Previously Lu (2020) examined the effect of renal medulla conditions on HbSS RBCs in
relation to K* transport and volume control. Whilst, this report investigates the effect of
renal medulla conditions on HbSS RBCs in relation to PS exposure. Results from Chapter
5 clearly showed that urea at high concentrations caused a very strong inhibition of PS
exposure in HbSS RBCs in all the renal medullary conditions tested. Additionally, urea also
inhibited sickling in hypoxic condition. Furthermore, results in Chapter 7 showed that urea
has the ability to inhibit the enzyme SMase, which has the potential to cause PS exposure.
Although experiments showed that higher concentrations of urea were required to inhibit
PS, the experiment using isolated SMase showed that urea at a much lower concentration
(50 mM) was inhibitory. Thus, it might be possible that longer treatment of HbSS RBCs
with urea ex vivo might have resulted in inhibition of PS in HbSS RBCs, which can be
explored.
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Nonetheless, all these results show a potential for urea derivatives to act as inhibitors of PS
exposure. The use of drugs repurposing in this case could be a useful approach in identifying
potential therapies, as drugs structurally similar would tend to have similar targets, and
shared biological activity and indications. There are urea derivatives, which have been
approved by regulatory authorities previously for different purposes or treatments and have
gone through some rigid phases of clinical trials, providing important information about
their pharmacodynamics, pharmacokinetics, side effects and possible molecular pathways

they work through.

The following are two urea derivatives that have been approved and could be utilized to

assess their effect on PS exposure in HbSS RBCs:

a) Sorafenib: which is a diaryl urea multikinase inhibitor, which is currently under
evaluation for the treatment of acute myeloid leukaemia. In 2007, it was approved for the

treatment of advanced renal cell carcinoma and hepatocellular carcinoma.

b) Lenvatinib: which is a small urea based molecule multikinase inhibitor. It is approved for

thyroid cancer and advanced renal cell carcinoma.

Taken together, this study contributes substantially to understanding of the physiological
conditions and the potential pharmacological pathways that stimulate PS exposure in RBCs
of SCD patients. The study provides answers for why the kidney, in particular, is massively
affected at a very early age in SCD patients. Furthermore, results from the study show the
second messenger pathways that are likely to be involved and the multiple ways they could
be working to cause PS exposure. Additionally, this study has also provided a potential
compound (urea) that would help in identifying possible drug candidates. Therefore, a
starting point to design a pharmacological strategy to inhibit the pathways that could
significantly decrease PS exposure in RBCs of SCD patients and thus improving health

status and amelioration of complications of SCD.
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