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Abstract

Haemolytic uraemic syndrome (HUS) is a rare kidney disease characterised by
microangiopathic haemolytic anaemia, thrombocytopenia, and acute kidney injury,
histologically this is as a result of thrombotic microangiopathy (TMA). Work over the
last 25 years has identified inherited and acquired dysregulation of the complement
system as the underlying cause in complement associated HUS (C-aHUS); leading
to the introduction of the complement inhibitor, eculizumab. It is now clear that there
is a subgroup of patients who do not respond to eculizumab. The National Renal
Complement Therapeutic Centre (NRCTC) maintains one of the world’s largest
repositories of HUS cases, with approximately 2000 individuals. This project aimed

to review eculizumab non-responsive patients for an alternative genetic diagnosis.

Using a combination of Whole Exome and Sanger sequencing eleven patients with
variants in five RNA surveillance genes (EXOSC3, POLR3B, POLR3H, RNU4ATAC
and TSENZ2) were identified. These patients uncover a previously undescribed

pathway for TMA pathogenesis.

To further understand the effects of RNA surveillance in a conditional knockout
mouse of one of these genes (Exosc3") was utilised. A whole-body knockout model
(Exosc394ir. Rosa26CreERTZERT2) did not develop HUS but did show evidence of
ribosomal dysfunction in the form of bone marrow and intestinal failure secondary
to cell cycle arrest and apoptosis. P53 inhibition resulted in significant improved

survival.



To determine whether TMA would develop in an endothelial specific knockout
model, Exosc3™ were crossed with an endothelial specific cre model
(Exosc39/ip Tie2CreERTZERT2) unfortunately these mice did not show evidence of

recombination.

Overall, this project has identified five genes in the RNA surveillance pathway that
result in TMA via complement non-responsive pathways. Whilst the mouse models
did not develop TMA, the mice demonstrated evidence of ribosomal dysfunction that
was partially rescued with a p53 antagonist; suggesting ribsomopathy is central to
the pathogenesis of EXOSC3-mediated TMA and offering new insights in to other

forms of TMA.
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1.Introduction

1.1. Haemolytic Uraemic Syndrome

Haemolytic Uraemic Syndrome (HUS) is the clinical triad of microangiopathic
haemolytic anaemia (MAHA), thrombocytopenia, and acute kidney injury (AKI)

(Moake, 2002; Walsh and Johnson, 2018; Brocklebank et al., 2020).

1.1.1. Pathology

Pathologically, HUS is characterised by thrombotic microangiopathy (TMA) in
affected organs, most commonly the kidney (Figure 1-1). TMA can be recognised
in the acute phase with the appearance of intraluminal thrombi within glomeruli,
subendothelial space, and mesangium. Endothelial activation results in
mesangiolysis, endothelial swelling within the glomeruli that can be seen on both
light and electron microscopy. Chronic changes of TMA include duplication of
glomerular basement membrane, intimal proliferation and fibrosis with narrowed
arterioles lumen resulting in “onionskin” lesions. Immunofluorescence in TMA
confirms fibrin rich thrombi as well as non-specific Immunoglobulin staining (Lusco

et al.; Goodship et al., 2017; Brocklebank;Wood and Kavanagh, 2018).

1.1.2. Classification of TMAs

TMA classification has evolved through its history with the identification of new
causative genes, understanding of pathogenic mechanisms and the introduction of
therapies. Broadly speaking, TMAs can be categorised in to primary, due to genetic
variants or acquired autoantibodies, infection associated, and secondary TMAs,
occurring in the setting of other disease processes (Brocklebank;Wood and

Kavanagh, 2018).
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Figure 1-1 Pathological features of thrombotic microangiopathies.

a. Blood film showing MAHA and thrombocytopenia schistocytes evident. b. & c. Glomerular capillary lumina
containing fibrin thrombi (red) and erythrocytes (yellow) (Martius Scarlet Blue, x400) d. Glomerular paralysis
with capillary loops containing abundant erythrocytes (silver, x400) e. Mucoid thickening and obliteration of the
lumen of a small artery, typical onion-skin lesion (haematoxylin and eosin, x400) f. Electron micrograph
demonstrating fibrin tactoids (black) in glomerular capillary (x10,000) g. Reduplication of glomerular basement
membrane (arrow) and fibrillary mesangium (periodic acid—Schiff, x400) h. Reduplication of the glomerular

basement membrane (Periodic acid-Schiff x400)

1.2. Shiga Toxin HUS (STEC-HUS)

Shiga toxin HUS (STEC-HUS) is the most common form of TMA, responsible for
approximately 90% of cases. STEC-HUS occurs as a result of infection with Shiga
toxin producing E.coli (STEC) infection, most commonly serotype O157:H7 (Lynn
et al., 2005; Dallman et al., 2022). Additional shiga toxin producing organisms can
result in HUS, including Non-O157 E.coli (including 026, 0145, 0111, O13-0135,
0146, 045, O80 and 0O85), Shigella dysentriae, Shigella flexneri, Shigella sonnei

and Citrobacter (Walsh and Johnson, 2018; Michael et al., 2022; UKHSA, 2022).

1.2.1. Epidemiology

STEC has an annual incidence of 0.91 per 100,000 in the UK. Children under five
years of age are at highest risk of both STEC infection, with an incidence of 3.28
per 100,000 population, and progression to STEC-HUS (Lynn et al., 2005; Adams
et al., 2019b; UKHSA, 2022). Following infection with STEC, haemorrhagic colitis
occurs in the majority of infected people. In over 80-90% of cases this resolves
within a week with no further sequalae. In the remaining 10-20% STEC-HUS
develops 7-10 days after symptom onset (Tarr et al., 2005). The most commonly
affected organ is the kidney with 50-75% of patients needing dialysis (Walsh and

Johnson, 2018). Extra-renal manifestations occur in approximately 20% of cases.
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This can involve the gastrointestinal tract in the form of bowel ischaemia,
perforation, and bowel necrosis. Pancreatic involvement can include pancreatitis
and insulin dependent diabetes mellitus, cardiovascular involvement commonly
results in hypertension and myocarditis (Khalid and Andreoli, 2019). Of all the extra-
renal manifestations neurological involvement is the most serious and results in
seizures, encephalopathy, hemiplegia, cortical blindness, dysphasia diplopia, facial
nerve palsy and coma, which represents the major cause of mortality in HUS (Swick
and Haworth, 1986; Oakes et al., 2006). Acutely, mortality remains between 3-5%,
with long-term sequelae (hypertension, chronic kidney disease) affecting

approximately 30% (Lynn et al., 2005).

1.2.2. Source of disease

Cattle are the major reservoir for STEC globally, with other ruminants, including
deer, sheep and goats carrying STEC (Callaway et al., 2007; Fernandez et al.,
2009; Ferens and Hovde, 2011; Ferreira et al., 2014; Mellor et al., 2016; Venegas-
Vargas et al., 2016; Ross et al., 2019; Dallman et al., 2022; Jenkins et al., 2022).
Human infection usually occurs as a result of consumption of poorly cooked
contaminated beef (Kassenborg et al., 2004; Rangel et al., 2005; Vogt and Dippold,
2005). Other sources include consumption of unpasteurised contaminated milk
(Adams et al., 2019a; Dallman et al., 2022; Jenkins et al., 2022), and contaminated
vegetables (Franz and van Bruggen, 2008). Beansprouts were responsible for one
of the largest outbreaks in 2011 (Buchholz et al., 2011; Kintz et al., 2019). STEC
infection commonly occurs as part of an outbreak, partially due to the remarkably
low number of bacteria required for disease to develop. STEC infection has been
described in individuals exposed to ten bacteria (Schmid-Hempel and Frank, 2007),

this compares to >10° organisms required for infection with other E.coli species
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(Kothary and Babu, 2001). STEC-HUS displays a seasonal variation, with the peak
incidence in summer months (UKHSA, 2022). Whilst the exact reason for this is
unclear, one explanation is that contaminated beef consumption increases with
poorly prepared barbeques in the summer months and an increase in visits to
petting zoos. One potential public health intervention that has been suggested to
prevent the transmission of E.coli from cattle is vaccination, this has been predicted

to reduce the human infection rate by up to 85% (Matthews et al., 2013).

1.2.3. Pathogenesis of disease

Following ingestion, STEC traverses the acid stomach environment and enters the
intestine, the site of infection. One of the hallmarks of STEC, that is shared with
enteropathogenic E.coli, is the ability to bind to the intestinal epithelium through the
production of “attaching and effacing” (A/E) lesions (Lai et al., 2013). This is due to
the presence of the locus of enterocyte effacement (LEE) (McDaniel and Kaper,
1997; Elliott et al., 1998). This region codes for numerous proteins that aid the
attachment of STEC to the plasma membrane including adhesin intimin,
chaperones, a filamentous type lll secretion system composed of the translocators
proteins (EspA, EspB and EspD), and six effectors (Tir, EspF, Map, EspG, EspH,
and EspZ) (Gaytan et al., 2016). A/E lesions are characterised by effacement of the
intestinal brush border, bacterial attachment to the enterocyte cell membrane, and
accumulation of actin which appears as electron dense material (Lai et al., 2013).
These A/E facilitate the strong binding of STEC to the intestinal tract. STEC infection
does not result in bacteraemia, instead luminal bound STEC produces shiga toxin
(Stx.), the pathogenic toxin in HUS (Chan and Ng, 2016). The exact mechanisms of

toxin translocation is currently unknown. Once in the blood stream Stx. binds to
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circulating polymorphonuclear neutrophils and is transferred onwards (te Loo et al.,

2000).
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Figure 1-2: Pathogenesis of STEC-HUS. Following ingestion of STEC, most commonly from
consumption of contaminated dairy or beef, STEC binds to the intestinal lumen via Attaching and
Effacing lesion. This results in bloody diarrhoea lasting 7 -10 days. In 80% of people this resolves
without further sequalae. In the remaining 20% STEC-HUS occurs. Stx. released from STEC
translocates from the intestinal lumen to the bloodstream, through mechanisms that are so far
unknown. Once in the bloodstream Stx. binds to circulating neutrophils and is transported
systemically. Stx. binds to the Gb3 receptor that is found on endothelial surfaces, in particular on the
glomerular surface. This is then internalised and enters the endosome where it is then transported
to the Golgi and subsequently the ER before release into the cytoplasm (a process known as
retrograde transport). Once the A1 subunit is released into the cytoplasm it hydrolyses the
depurination of the alpha-sarcin loop ultimately leading to ribosomal dysfunction, protein synthesis
arrest, ribosomal stress response and apoptosis. This activates the endothelium and causes the
formation of platelet rich thrombi which occlude the lumen, these result in haemolysis as red cells
are forced through this network. Ultimately this leads to downstream organ dysfunction. There is
evidence of complement activation in STEC-HUS, complement containing microvesicles have been

identified in patients with STEC-HUS, complement components have been shown to be raised in
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patients with STEC-HUS and there is evidence that Stx. activates and upregulates P-Selectin on
both the endothelium and platelets, which can subsequently activate C3. (Images created in
BioRender)

1.2.4. Shiga toxin structure and function

Stx. produced by S. dysentriae was first described 120 years ago (Shiga, 1898).
Stx. was later discovered to be produced by E.coli species (Konowalchuk et al.,
1977). Two subtypes of shiga toxin have been identified, Stx. 1 and 2 (Melton-Celsa,
2014). Stx2 accounting for a greater likelihood of developing STEC-HUS, following
infection (Taylor et al., 1999; Adams et al., 2019b). Stx. 1 and 2 are both examples
of ABs toxins composed of two subunits A and B. The B subunit is a pentamer that
enables binding to the target receptor, the Globotriaosylceramide 3 (Gb3) receptor;
the A subunit is comprised of an A1 and A2 chain that are responsible for effects on
the ribosome. Following binding to the Gb3 receptor the toxin is internalised and
utilises retrograde pathways to enter the endosome, into the Golgi, where the A
subunit is proteolytically cleaved in to A1and A2z (but continues to be held together
by disulphide bonds) (Garred et al., 1995), then subsequently the Endoplasmic
Reticulum (ER) (Bonifacino and Rojas, 2006; Falguieres et al., 2006). Once within
the ER the disulphide bonds holding the A1and Az chains together are reduced and
only the A1 chain is released into the cytoplasm (Figure 1-2). A1 is a Ribonucleic
Acid (RNA) N-glycosidase that hydrolyses the N-glycosidic bond between a specific
adenine (differing between species) and its associated sugar, releasing this adenine
from the alpha-sarcin loop in the 28S ribosomal subunit, thus preventing its normal
function (Furutani et al., 1992). The ribosome is responsible for translating
messenger RNA (mRNA) into polypeptides. The ribosome is formed of two
subunits, each comprised of combination of non-coding ribosomal RNA (rRNA) and

ribosomal proteins (RP), together forming ribonucleoprotein particles (RNPs).
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Together these subunits perform the intricate task of decoding mRNA, matching to
the corresponding transfer RNA (tRNA) and finally catalysing the formation of
peptide bonds. The alpha-sarcin loop is essential for binding of Elongation factors
1 and 2 (EF1 and EF2) to the ribosome (Voorhees et al., 2010). EF1 mediates the
entry of aminoacyl tRNA (tRNA with amino acid attached) to the ribosome, EF2
mediates the elongation of the polypeptide change. The removal of this adenine by
the A1 chain prevents binding of EF1 and EF2 (Sperti et al., 1975), resulting in
ribosomal translation and protein synthesis arrest. In addition to the specific
depurination in the alpha-sarcin loop of rRNA resulting from A+ chain, there is
evidence that purified Ribosome Inactivating Proteins (RIPs) (of which Stx1 and
Stx2 are forms) cause depurination of Deoxyribonucleic Acid (DNA), tRNA and viral
nucleic acids (Peumans et al., 2001). It is now clear that Stx. has a direct effect on
rRNA and tRNAs, resulting in abnormal modifications that target these for

degradation by the RNA exosome (4.5) (Jobst et al., 2016).

1.2.5. Downstream effects of Stx. on ribosome function

Stx. results in up regulation of pro-apoptotic and inflammatory pathways through
three interdependent mechanisms (Jobst et al., 2016), translation arrest, ribotoxic
stress response and unfolded protein response. Translation arrest has been found
to up-regulate apoptosis, as a response to cell stress (Holcik and Sonenberg, 2005).
Ribotoxic stress response was initially described in response to anisomycin, a 28S
inhibitor (lordanov et al., 1997); upon depurination of 28S rRNA there is activation
of a number of pro-apoptotic and pro-inflammatory pathways that ultimately result
in apoptosis. Induction of the ribotoxic stress response using Deoxynivalenol has
been shown to result in upregulation of a wide number of proteins responsible for

cell cycle regulation, RNA processing (through the RNA exosome) and ribosomal
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biogenesis (Pan et al., 2013). Finally, the unfolded protein response is thought to
be initiated by the unfolding of Stx. within the ER, (Tesh, 2012) resulting in up-
regulation of pro-apoptotic pathways. Ultimately the cellular result of Stx. is

upregulation of pro-apoptotic pathways and cell death.

1.2.6. Management of STEC-HUS

The mainstay of treatment for STEC-HUS is supportive management, with
approximately half of children requiring dialysis and up to 80% needing red cell
transfusion (Walsh and Johnson, 2018). Multiple interventions have been trialled,
with limited evidence of success. One potential reason for this is due to trail design.
As previously noted 85-90% of people infected with STEC have complete resolution
of symptoms, without progression to HUS. The maijority of trails have used a
definition of HUS (MAHA, thrombocytopenia and AKI) as entry criteria. It is possible

and in some cases likely that this is too late for effective intervention.

1.2.6.1. Intravenous fluids

On acute presentation with STEC-HUS it is common for patients to have evidence
of hypovolaemia. One management strategy that has been employed is the
administration of Intravenous (IV) fluids, on presentation with STEC associated
diarrhoea, prior to established STEC-HUS to maintain intrarenal blood flow and
prevent thrombus formation, this has demonstrated some promise in preventing the

need for intensive care and dialysis (Ardissino et al., 2015).

1.2.6.2. Antibiotics
Antibiotic use is generally avoided, as there is in vitro evidence of upregulation of
Stx. production and release following exposure to antibiotics (in particular

ciprofloxacin) (Bielaszewska et al., 2012). Retrospective data has demonstrated an
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increased likelihood of developing HUS following treatment with antibiotics in the
diarrhoeal stage of disease (Wong et al., 2000; Adams et al., 2019b). There is some
promising data that Azithromycin may be of benefit in STEC-HUS, due to its ability
to block protein synthesis within E.coli (Ohara et al., 2002; Bielaszewska et al.,
2012; Seifert and Tarr, 2012), however this is in the early stages of investigation.
As previously noted, bacteraemia is rare in STEC infection, however intra-
abdominal sepsis is a recognised complication, due to breakdown in the intestinal

integrity.

1.2.6.3. Gb3 binding agents

SYNSORB Pk (SYNSORB Biotech Inc., Canada) was once a promising treatment
for STEC-HUS. This agent consists of silicon dioxide particles linked to the
trisaccharide moiety of the Globotriaosylceramide molecule. This agent competes
for Gb3 binding thus preventing Stx. binding and internalisation. Unfortunately
despite promising results in preclinical models, there were no benefits seen in the
randomised clinical trial (Trachtman, 2003), potentially as patients were treated

only after the onset of HUS, at a time point where Stx. has already internalised.

1.2.6.4. Shiga toxin neutralising antibodies

Several agents that bind to Stx. and prevent binding to cells have been investigated
including STARFISH (Kitov et al., 2000), NEAST (Hiriart et al., 2019), and
Urtoxazumab (Moxley et al., 2017), whilst these have all shown promise in
preclinical models, all have failed to translate to clinical effectiveness in patients with

STEC-HUS.
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1.2.6.5. Plasma Exchange
Once the mainstay treatment for salvage treatment in cases of neurological
involvement, plasma exchange has failed to demonstrate clinical improvement

outside small anecdotal studies (Colic et al., 2011; Kielstein et al., 2012)

1.2.6.6. Anti-complement therapy

The role of anti-complement therapy is examined below (1.3.5).

1.3. Atypical HUS (aHUS)

The term aHUS has traditionally been used for HUS not due to STEC. However,
with an increase in understanding of the underlying pathogenesis of disease the
term is now generally used to describe complement mediated disease, alternatively
the term Complement-associated haemolytic uraemic syndrome (C-aHUS) has

been used.

1.3.1. Epidemiology

C-aHUS is a rare disease with an annual incidence of 0.41/million/year in England
(Brocklebank et al., 2023). Whilst aHUS has been reported at any age there are two
recognised peaks, in early childhood and subsequently in early adulthood in women
of child bearing age (Noris et al., 2010; Brocklebank et al., 2023) likely due to
complement activation during and immediately after pregnancy (Smith-Jackson and
Harrison, 2023). Triggering events, most commonly viral infection and pregnancy,
are identified in between 30-70% of patients (Noris et al., 2010; Brocklebank et al.,

2023) .

Since the first identification of pathogenic variants in complement factor H (CFH) 25
years ago (Warwicker et al., 1998) the number of complement genes that have been

documented in aHUS has grown to include: Complement Factor | (CFl), Membrane
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Cofactor Protein (MCP or CD46), Complement Factor B (CFB), Complement
component 3 (C3), Complement Factor H Related genes (CFHR) and
autoantibodies to CFH (Caprioli et al., 2006; Noris et al., 2010; Brocklebank et al.,
2017). Approximately 50% of patients with C-aHUS have a pathogenic variant in a
complement gene identified and/or factor H autoantibody identified (Brocklebank et

al., 2023)

1.3.2. Complement system

The complement system is an arm of the innate immune system comprising of over
30 serum and membrane bound proteins (Walport, 2001). The complement system
is comprised of three separate activation pathways that converge on a common final
pathway. Namely the classical, alternative and mannose binding lectin pathway.
The complement system acts in three main ways firstly, as part of the host innate
response to infection, resulting in opsonisation, chemotaxis, and direct cell lysis.
Secondly, it acts at the interface between the innate and adaptive immune system,
by augmenting antibody responses, and enhancing immune memory. Finally, it is
involved in cellular waste disposal, by clearing immune complexes and apoptotic

cells.

1.3.2.1. The Alternative complement pathway

C-aHUS is a disease of alternative complement (AP) dysregulation (Kavanagh et
al., 2013). Under normal physiology the alternative complement pathway is
constitutively active, due to the spontaneous hydrolysis of C3 (the first protein in the
alternative complement pathway) to C3(H20) (Pangburn et al., 1981). This process
exposes the binding site for a CFB, resulting in the formation of C3(H20)-Bound FB.
This is cleaved by circulating Factor D to form the C3 convertase (C3(H20)Bb),

which can convert circulating C3 to C3a and C3b. This C3b binds to available cell
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surfaces where it is able to generate additional C3 Convertase (C3bBb) with Factor
D and CFB acting as described. This generates an amplification loop whereby there
is rapid conversion of circulating C3 to C3a and C3b by the C3 convertase. The
generated C3a and C3b have a role in chemotaxis and opsonisation, respectively
(Walport, 2001). The membrane bound C3 convertase continues to amplify this C3
conversion and ultimately binds a further molecule of C3b to become C3bBbC3b,
the C5 convertase. The C5 convertase is responsible for the conversion of
circulating C5 to C5a (a chemotactic molecule) and C5b, which complexes with C6-
C9 to become the Membrane attack complex (MAC), which binds to the cell surface
to create a pore in the cell membrane that results in cell lysis through osmosis (Merle

et al., 2015).
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Flgure 1-3: The alternative pathway of complement actlvatlon

C3 spontaneously hydrolyses to C3(H20), a process known as C3 tick-over. This exposes the factor
B binding site; following Factor B binding this is further cleaved by factor D, resulting in the C3
convertase C3(H20)Bb. The C3 convertase is then able to convert circulating C3 to C3a
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(anaphylatoxin) and C3b (opsonisation). C3b binds to the cell surface and finds circulating Factor B
to become the C3 convertase (C3bBb). This generates a positive feedback amplification loop where
circulating C3 is converted to C3a and C3b. Ultimately the C3 convertase binds a further molecule
of C3b to become the C5 convertase (C3bBbC3b). The C5 convertase catalyses the conversion of
C5 to Cbha (Anaphylatoxin) and C5b, which complexes with C6-C9 to generate the membrane attack
complex that creates an osmotically active pore on the cell surface, resulting in cell lysis. To prevent
inappropriate activation on host cells there are a number of regulators that prevent unchecked
complement activity. C3 and the amplification loop are regulated by CFI, CFH and MCP. These
regulators degrade surface bound C3b to iC3b, which can no longer bind factor B, preventing it from

amplifying the complement cascade.

1.3.2.2. Complement regulation

To prevent indiscriminate complement activation that would result in host cell
damage, a number of complement regulators exist, CFH, CFIl, MCP (CD46), CR1
and C4BP (Merle et al., 2015). Of these pathogenic variants in CFl, CFH and MCP
have been described in C-aHUS (Caprioli et al., 2006; Noris et al., 2010; Goodship

etal., 2017).

CFl is a serine protease that cleaves C3b in the presence of co-factors, including
CFH and MCP. CFI activity on C3b results in the degradation to iC3b, which is
unable to bind CFB, preventing downstream processes. MCP is a membrane bound
CFI cofactor that is present on all nucleated cells (M K Liszewski et al., 1991),
composed of four complement control proteins (CCPs) MCP is required for CFI

mediated C3b inactivation on the cell surface.

CFH is described as the master regulator of the alternative pathway. CFH is
composed of 20 CCPs oriented in a “Bead on string” configuration. There are two
domains that are of particular interest in complement regulation, the N-terminal
CCPs (1-4) are responsible for the cofactor activity with CFl, compete with
circulating CFB for C3b binding, therefore preventing the conversion to the C3

convertase and accelerate the degradation of formed C3 convertase (Kavanagh et
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al., 2013). The final two CCPs at the C-terminus enable CFH to bind to the cell
surface through binding to glycosaminoglycans (GAGSs) in the kidney (Ferreira et
al., 2010). CFH therefore has complement regulatory properties in both the fluid

phase and as a surface bound protein.

1.3.3. Historical outcomes of pathogenic variants in C-aHUS

Pathogenic variants in CFH were the first identified in aHUS 25 years ago
(Warwicker et al., 1998). CFH are the most commonly identified variants in C-aHUS,
detected in 47% of the historical NRCTC cohort. These were historically associated
with a poor prognosis, with a five-year end stage kidney disease (ESKD) free
survival of 16% (Brocklebank et al., 2023). Pathogenic variant in CFH cluster at the
C-terminus in CCP19-20 affecting the cell surface binding (Kavanagh;Goodship and
Richards, 2013; Brocklebank et al., 2023). In addition to point mutations in CFH, the
region of the genome in which CFH resides is particularly susceptible to genomic
rearrangement events (4.2). These genomic rearrangement events result in
disruption of the C terminus and therefore have similarly outcomes to the CFH

variants (15% five-year ESRD free survival).

CFl and C3 variants have had historically poor outcomes similar to CFH variants (5
year ESKD free survival of 17 and 21%, respectively). Whilst CD46 variants were
associated with the lowest chance of disease progression (84.75% five-year ESKD
free survival) (Brocklebank et al., 2023). In addition to pathogenic genetic variants,
there are patients with autoantibodies directed against CFH (FHAA), these are
associated with a five-year ESKD risk of 75% (Brocklebank et al., 2017,

Brocklebank et al., 2023)
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1.3.4. Anti-complement therapy in aHUS

Eculizumab (Alexion, USA) is a recombinant humanised monoclonal [1gGz2/k
antibody that binds to C5 and inhibits the activation of terminal complement
pathway, preventing the formation of MAC. Eculizumab has transformed the outlook
for patients with C-aHUS, consistently demonstrating life-changing benefit for
patients with C-aHUS (Legendre et al., 2013; Licht et al., 2015; Greenbaum et al.,
2016; Menne et al., 2019). Eculizumab effectively blocks the conversion of C5 to
Cb5a and C5b, with the effect of preventing the formation of MAC, which appears to
be the pathogenic process in C-aHUS (Figure 1-4). Patients treated with eculizumab
are at 1000-2000 times increased risk of Neisseria meningitidis, underpinning the
important role of complement in preventing infection (Struijk et al., 2013; McNamara
et al., 2017). Current practice in England is to ensure patients treated with
eculizumab are vaccinated with both the meningitis ACWY and B vaccines,
additionally patients are treated with prophylactic penicillin to reduce the risk.
Recently a modified version of eculizumab, Ravulizumab (Alexion, USA), has been
developed that allows for extended dosage interval, this is has been shown to be

efficacious for patients with C-aHUS (Rondeau et al., 2020; Tanaka et al., 2021).
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Figure 1-4: Complement dysregulation in C-aHUS and the role of anti-C5 antibodies.

Genetic variants in complement regulators, autoantibodies against CFH or activating variants in
complement components (Approximate percentages of variants identified in C-aHUS given), result
in unchecked complement activation on the cell surface. This ultimately leads to an increase in
conversion of C5 toCba and C5b, which leads to increased deposition of the MAC on the cell surface
and endothelial cell activation and thrombus formation. Treatment with C5 inhibition blocks the
conversion of C5 to C5a and Cb5b, preventing endothelial activation and restoring the endothelium

to its normal state.

1.3.5. The role of complement in STEC-HUS

The similarity between C-aHUS and STEC-HUS pathology raises the question of
whether complement activation participates in STEC-HUS. There is evidence to
suggest that patients with STEC-HUS have complement activation (Figure 1-2) as
measured by higher plasma levels of the alternative complement activation
products, C3b, C3c, C3d, CFB, C5 convertase and soluble C5b-9 (Thurman et al.,
2009; Morigi et al., 2011; Ferraris et al., 2015; Westra et al., 2017). Additionally
there is evidence of complement containing microvesicles in affected patients
(Stahl;Sartz and Karpman, 2011; Arvidsson et al., 2015). This data suggests that
complement is activated in patients with STEC-HUS; however, complement

activation is frequently seen in patients presenting with infections, most notably in
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recent history with COVID-19 (Holter et al., 2020; Java et al., 2020; Noris;Benigni
and Remuzzi, 2020). A direct implication for the role of complement in the
pathogenesis of STEC-HUS comes from the finding that incubation of Stx. (at levels
higher than found in patients) with normal human serum results in increased levels
of soluble C5b-C9, via activation of the AP (Orth et al., 2009). In the same study
Stx2 was demonstrated to bind to CFH, CCPs 6-8 and 18-20, the regions
responsible for binding GAGs in the eye and kidney respectively (Kavanagh et al.,
2013). This results in decreased cell surface binding, with preserved fluid phase
regulation. P-Selectin (CD62P) is a cell adhesion molecule that is found on the
surface of endothelial and activated platelets, it is responsible for recruitment of
platelets to the site of vascular injury and induction of thrombus formation (André,
2004). P-Selectin levels have been found to be increased in patients with STEC-
HUS (Kamitsuiji et al., 1999) and Stx2 has been shown to significantly upregulate P-
selectin in human microvascular endothelial cells (HMEC-1) (Ferraris et al., 2015).
This increased P-selectin has been shown to bind and activate circulating C3
resulting in greater thrombus burden, the use of a P-selectin antibody reduced both
the C3 deposition and thrombus burden in this HMEC-1 model, suggesting a role

for P-selectin in activating complement in response to Stx.

1.3.6. Eculizumab in STEC-HUS

Until very recently the only available data on eculizumab efficacy came from small
cases series and uncontrolled observational data. For example, the first reported
use of eculizumab in STEC-HUS was published (Lapeyraque et al., 2011) in which
three young children with STEC-HUS, complicated by dialysis-dependent AKI and
severe neurological involvement, were treated with eculizumab. All three patients

showed dramatic improvement in their neurological symptoms within 24 hours of
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the first dose and normalisation of their haematological parameters within 5 days.
On the basis of this report eculizumab was used in the large outbreak of STEC O104
in 2011 (Buchholz et al., 2011). Eculizumab was used in a non-blinded open-label
fashion in patients with the most severe disease, AKI stage 3, neurological
involvement, or thromboembolic events. No benefit of eculizumab over best
supportive care or plasma exchange was found even after adjustment for potential
confounding factors (Menne et al., 2012). Recently the first randomised controlled
trial of eculizumab in STEC-HUS was published (Garnier et al., 2023), in which 100
children were randomised to either eculizumab or placebo (50 to each group). This
study failed to achieve the primary endpoint of dialysis discontinuation at 48 hours,
however there was a significant difference in the percentage of patients with renal
sequelae at 1 year (20/50 in the eculizumab group vs. 29/50 in the placebo group).
As with the other studies described above (1.2.6) one of the essential inclusion
criteria was eGFR<75ml/min/1.73m? i.e. patients were required to have established
AKIl, prior to enrolment. This resulted in a median eGFR at enrolment of 15.2
ml/min/1.73m? and 29 patients were receiving renal replacement therapy.
Additionally, only 54.3% and 42.1% of children had therapeutic complement
blockade (as measured by CH50) at day 7 and 21 respectively. Whilst this study is
one of the first studies to show any positive intervention in STEC-HUS, it appears
that treatment may have been commenced too late in the disease timeline, at a time
when renal injury is established meaning that is difficult to conclude definitively the
effects of C5 inhibition in STEC-HUS. Ultimately to answer this question pre-clinical

models of disease will be required.

40



1.4. Animal models of HUS

1.4.1. STEC-HUS

1.4.1.1. Rodent models

Rodent models of STEC-HUS have so far failed to recapitulate the HUS phenotype
(Richards and Kavanagh, 2009). Mouse models have be based on administering
either E.coli O157:H7 orally (Eaton et al., 2017) or purified Stx. parenterally (Tesh
et al., 1993). Whilst these mice develop evidence of renal dysfunction, this is in the
form of tubular necrosis. The failure to recapitulate TMA in these mice is felt to be
due to the distribution of the Gbs receptor in mice, which is predominantly tubular

and absent within the glomerulus (Tesh et al., 1993; Morace et al., 2019).

1.4.1.2. Non-rodent models

“‘Alabama Rot” or Cutaneous and Renal Glomerular Vasculopathy is a naturally
occurring model of HUS that was first recognised at a greyhound race track in
Alabama. Racing greyhounds were fed raw meat from rendering plants which
commonly contains pathogenic E.coli. Whilst reported in the UK, the cause of this
is currently unknown (Stevens et al., 2018). TMA has been seen in Baboons given
IV Stx. (Taylor et al., 1999), however, given the expense and complexity of
maintaining non-human primate colonies this is not a practical model for widespread
research in HUS. Currently there are no animal models that have widespread utility

for examining STEC-HUS.

1.4.2. Complement mediated HUS

1.4.2.1. CfhA16-20
There have been several mouse models of C-aHUS, the first model was described

in 2007 (Pickering et al., 2007). In this model a stop codon was introduced at the
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beginning of CCP16, resulting in mice that expressed this truncated Cfh216-20, As
previously highlight (1.3.2.2) the N-terminus CCPs are responsible for cell surface
binding, and are enriched in aHUS (Kavanagh et al., 2013). These mice developed
red cell fragmentation, thrombocytopenia, and renal failure i.e., TMA,

spontaneously. Unfortunately, this model is no longer available.

1.4.2.2. CfhW1206R

A mouse model containing a point mutation identified in patients with aHUS, Cfh
W1206R (W1183R in humans) has been developed (Ueda et al., 2017). The
W1206R variant resides in the C-terminus of CFH, therefore preventing cell surface
binding, but as predicted this mouse has normal plasma complement regulation.
This mouse has been shown to develop features of TMA in the kidney with systemic
thrombophilia, in the liver, lung, spleen, kidney, and brain (in the form of thrombotic
strokes), features that are not seen in C-aHUS. Further work on these mice has
demonstrated that these macrovascular changes can be ablated by a C5a Receptor
deficiency (C5aR1), without effect on the renal TMA. Conversely, C6 or C9
deficiency results in improvement in renal TMA, without an effect on the
macrovascular phenotype (Ueda et al., 2019). Suggesting that TMA, in this model

at least, is mediated through MAC formation, rather than C5a signalling.

1.4.2.3. C3D1115N

The C3P"1N model, originally developed in Newcastle and used as the mouse
model of aHUS in this study, contains a point mutation in C3 that has been identified
in patients with C-aHUS (Smith-Jackson et al., 2019). This model represents the
most accurate model of non-human C-aHUS developed. The C3 point mutation
introduced into the mouse results in a “Gain of Function” variant, this variant binds

CFH with lower affinity than wild type CFH, resulting in a reduced ability to regulate
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complement. C3bP"""5N deposited on the cell surface results in resistance to CFH
mediated inactivation, therefore resulting in complement dysregulation. This model
has been shown to result in TMA through terminal complement activation, the TMA
in this model was prevented by therapeutic and genetic C5 blockade, using BB5.1
(C5 specific monoclonal antibody, an orthologue of eculizumab) and C5 knockout,

respectively.

Interestingly, the Cfh"W1206R CfhA16-20 gnd C3P1"1SN models all require the transgene
in homozygosity, despite the human variants being found in heterozygosity. The
reason for this is not entirely clear, however is likely due to differences in
complement regulators in mice compared to humans, such as the presence of Crry

in mice.

1.5. Eculizumab non-responsive TMA

Whilst the outlook for C-aHUS has been transformed by the introduction of anti-C5
therapy. There are a group of patients that demonstrate variable respond to
eculizumab or show no response at all (Palma et al., 2021). This group includes
patients with C-aHUS, who present at a late stage of disease (Brocklebank et al.,
2023), and patients with eculizumab resistance due to a C5 polymorphism that
alters the eculizumab binding site (Nishimura et al., 2014). In addition, this group

includes patients with genetic variants in non-complement genes.

1.5.1. DGKE

Diacylglycerol kinase epsilon (DGKe) is a ubiquitously expressed lipid kinase that
converts diacylglycerol to phosphatidic acid as part of the phosphatidylinositol cycle
(Lemaire et al., 2013). This increase in intracellular diacylglycerol results in

downstream effects through activation of protein kinase C that ultimately results in
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changes in vascular tone (Khalil, 2013), release of prothrombotic factors and
platelet activation (Lemaire et al., 2013). Autosomal recessive variants in DGKe in
patients who develop TMA were first reported in 2013 (Lemaire et al., 2013). A long-
term outcome study performed in the NRCTC of patients with DGKe mediated TMA
revealed an estimated incidence of 0.009/million/year. Unlike C-aHUS, patients do
not respond to eculizumab (Brocklebank et al., 2020). DGKe mediated TMA is also
associated with childhood presentation and significant persistent proteinuria. The
prognosis of DGKe mediated TMA is favourable compared to C-aHUS, in the long-
term outcomes study from the NRCTC 2/14 patients developed ESKD and one of

these was successfully transplanted without relapse.

A mouse model of DGKe mediated TMA recapitulated the TMA phenotype by using
a Dgke"" mouse crossed with an endothelial specific cre promoter, Tie2C (Liu et
al., 2021). This mouse developed TMA due to defective vascular endothelial growth
factor 2 (VEGF2) production that led to reduced induction of cyclooxygenase 2 and
production of prostaglandin E2 (PGE2). Interestingly this mouse phenotype was

rescued with a PGE2 analogue.

1.5.2. MMACHC

Autosomal recessive variants in Methylmalonic aciduria and homocystinuria type C
(MMACHC) are the most common inherited disorder in vitamin B12 metabolism with
an incidence of approximately 1/100,000 live births (Weisfeld-Adams et al., 2010).
Variants in MMACHC result in defective cobalamin C (CbIC) protein. CbIC is a
member of the intracellular vitamin B12 complementation group, which is responsible
for the intracellular metabolism of vitamin B12. Specifically, CbIC is essential for the
production of 2 coenzymes adenosylcobalamin (AdoCbl) and methylcobalamin

(MeCbl) (Gravel et al., 1975). MeCbl converts homocysteine to methionine. Whilst
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AdoCDbl converts L-methylmalonyl-CoA to succinyl-CoA. In CbIC deficiency failure
to produce AboCbl and MeCbl results in increased methylmalonic acid (MMA),

homocysteine, and decreased methionine.

CbIC deficiency results in a multi-system disorder that compromises, hematologic
involvement megaloblastic anaemia, MAHA and thrombocytopenia, neurological
involvement including developmental delay, microcephaly, hypotonia, seizures,
macrocephaly, and dementia; myelopathy, metabolic acidosis, and
ophthalmological involvement with pigmentary retinopathy, decreased visual acuity,

and nystagmus (Lerner-Ellis et al., 2009).

HUS in CbIC deficiency presents in infancy (Beck et al., 2017), with few cases
reported in older children and young adults (Cornec-Le Gall et al., 2014). Without
treatment, the prognosis is poor, however treatment with hydroxycobalamin and
betaine results in stabilisation of the kidney function (Beck et al., 2017). Currently
the exact mechanism is unclear; however, there is some evidence that increased
homocysteine results in endothelial dysfunction that may explain the phenotype

(Carrillo-Carrasco and Venditti, 2012).

1.5.3. INF2

Pathogenic variants in Inverted formin-2 (INF2) are the most common inherited form
autosomal dominant form of focal segmental glomerulosclerosis (FSGS) (Brown et
al., 2010; Boyer et al., 2011a; Gbadegesin et al., 2012), additionally INF2 is
associated with the neurological condition Charcot-Marie Tooth (CMT) (Boyer et al.,
2011b). Two families have been identified in the NRCTC cohort that develop TMA
with pathogenic variants in INF2 (Challis et al., 2017). INF2 is a ubiquitously

expressed formin protein that is responsible for actin polymerisation
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/depolymerisation. Functional analysis of pathogenic variants in INF2 are linked to
disordered cytoskeletal organisation (Brown et al., 2010; Boyer et al., 2011a), which
may explain the FSGS in these patients. It is currently unclear whether the TMA
phenotype is a direct effect of INF2, or secondary to FSGS as TMA has been

associated with other causes of FSGS (Siegler et al., 1989).

1.5.4. G6PD

Glucose-6-phosphate dehydrogenase (G6PD) deficiency has been identified as a
mimic of HUS in a small number of patients presenting clinically with HUS (Walsh
et al., 2018) within the NRCTC cohort. This presents following oxidative stress
(secondary to infection, and/or medications) with profound non-immune haemolysis,
moderate thrombocytopenia, and acute kidney injury. G6PD deficiency is an X-
linked recessive disorder that results in reduced nicotinamide adenine dinucleotide
phosphate (NADPH) in cells, In anucleated cells (platelets and erythrocytes) there
is no alternative pathway for NADPH production, therefore resulting there is
increased production of free radical damage and reactive Oxygen species
formation, this ultimately results in destruction of these cells. In mild variants, this
results in shortened erythrocyte lifespan and increased haemolysis following
oxidative stress, for example secondary to medications, infection and consumption
of Fava beans. In patients with variants that result in severely suppressed G6PD
levels there is chronic non-spherocytic haemolytic anaemia, which leads to platelet
destruction, and thrombocytopenia as the residual G6PD activity is too low to
maintain the redox state, even in younger cells. Following exposure to oxidative
stress these patients experience profound haemolytic anaemia and
thrombocytopenia, they may also develop AKI secondary to haem-mediated

damage within the glomeruli.
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1.6. Secondary TMAs

1.6.1. Thrombotic Thrombocytopenic Purpura

Thrombotic thrombocytopenic purpura (TTP) is the name given to TMA occurring
secondary to ADAMTS13 deficiency (<10% of normal) (Page et al., 2017; Chiasakul
and Cuker, 2018). TTP is a rare form of TMA (2/1,000,000 people/year) (Page et
al., 2017) and is characterised by MAHA and thrombocytopenia, in contrast to C-
aHUS renal failure is not universal, and neurological involvement, and fevers are
common. Historically, TTP was defined as a classic pentad of MAHA,
thrombocytopenia, renal involvement, fevers and neurological involvement,
however this is found in fewer than 10% of patients at presentation (Page et al.,
2017). Since the introduction of plasmapheresis in the management of TTP the
mortality rate has improved substantially, from approximately 90% (Phillips et al.,
2016) to 10% acutely in the UK (Scully et al., 2008). ADAMTS13 is a
metalloprotease enzyme that cleaves von Willebrand factor (vWf) (Sonneveld;de
Maat and Leebeek, 2014). The pathogenesis of TTP occurs due to the formation of
ultra large VWF multimers in the absence of ADAMTS13. This ultimately results in
platelet aggregation and thrombus formation. TTP may be either acquired, due to
autoantibodies against ADAMTS13, or congenital due to pathogenic variants in
ADAMTS13. Recently, Caplacizumab has been introduced in the treatment of acute
acquired TTP in combination with plasma exchange and immunosuppression

(Hughes et al., 2021).

1.6.2. Streptococcal Pneumoniae HUS
Streptococcal Pneumoniae HUS (p-HUS) is a rare complication of invasive
S.pneumoniae. Acute mortality from p-HUS ~10%, however the majority of deaths

occur in patients with S.pneumoniae meningitis (Copelovitch and Kaplan, 2008).
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S.pneumoniae secretes neuraminidase, which is results in desialylation of
glycoproteins on the surface of red blood cells, platelets, and endothelial cells, this
is hypothesised to prevent CFH binding to the cell surface (Blaum et al., 2015). This
reveals a cryptic antigen, the Thomsen-Friedenreich antigen, this antigen reacts

with circulating IgM resulting in HUS.

1.6.3. Pregnancy associated TMA

There is a peak in presentation with C-aHUS in women of child-bearing age. During
pregnancy there are significant changes to the physiological complement profile,
which may explain this peak in presentation (Smith-Jackson and Harrison, 2023).
The frequency of complement variants, severity outcomes and response to
treatment of pregnancy associated TMA are similar to that of C-aHUS (Bruel et al.,

2017)

1.6.4. Transplant associated TMA

TMA can occur in the setting of solid organ transplantation (Ponticelli and Banfi,
2006; Verbiest et al., 2014). The underlying mechanism for this is not clear, with a
multifactorial nature with ischaemia/reperfusion injury, immunosuppressive drugs,
antibody mediated rejection and viral infection all causing endothelial stress that can
result in TMA. Patients with C-aHUS who undergo transplantation were traditionally
at high risk of relapse, with the exception of patients with MCP variants, due to the
local production of MCP on the endothelial surface. The introduction of prophylactic
eculizumab has enabled patients with C-aHUS, in whom recurrence of aHUS
occurred in one third of patients, to undergo successful transplantation, with one

year graft survival of 94%(Glover et al., 2022).
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1.6.5. Bone marrow transplant associated TMA

Multi-system TMA has been reported after bone marrow transplantation, this is
associated with a poor prognosis. Unlike C-aHUS there is a high proportion of
patients that present with serositis, particularly with pericarditis. There are reports
of improved outcomes with anti-complement therapy (Jodele et al., 2013; Jodele et
al., 2014a; Jodele et al., 2014b; Elfeky et al., 2020), but as yet there are no
randomised control trials available. Similarly, to solid organ transplantation this is
likely to be multifactorial in nature. Genetic screening of patients with Post bone
marrow TMA has revealed only a small number of patients with variants in

complement regulatory proteins (2/25) (Elfeky et al., 2020).

1.6.6. TMA associated with autoimmune disease
TMA can occur in association with Systemic Lupus Erythematous (SLE),
catastrophic antiphospholipid syndrome and Scleroderma renal crisis (SRC). The

mechanisms behind the development of TMA in these conditions is unclear.

SRC occurs in up to 15% of patients with Systemic Sclerosis (SSc) (Woodworth et
al., 2016), despite dramatic improvements in outcomes with the introduction of
Angiotensin converting enzyme inhibition; the prognosis remains poor with an
estimated mortality of 31 - 50%; whilst dialysis is required in 25-40% of survivors
(Penn et al., 2007; Bussone et al., 2011; Hudson et al.,, 2014). Autoantibody
production is a cardinal feature of SSc (van den Hoogen et al., 2013), with specific
antibodies predictive of disease phenotype, for example anti-topoisomerase | are
associated with diffuse SSc and anti-centromere with limited cutaneous sclerosis.
Anti-RNA Polymerase Il (Anti-RNAPIII) antibodies are found in up to 60% of
patients with SRC (Penn et al., 2007; MEYER et al., 2010; Hudson et al., 2014),

however whether these antibodies are pathogenic or an epiphenomenon is unclear
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(Fritzler and Choi, 2016). Purified IgG from patients with anti-RNAPIII antibodies
inhibit the RNA polymerase |l ability to transcribe DNA in vitro (Kuwana et al.,
1993). Anti-RNAPIII have been found to be detectable years before the clinical
manifestations of SSc, with a rapid rise short before patients develop SRC (Burbelo
et al., 2019), indicating that the rapid rise in antibody may result in direct damage to
the kidney resulting in TMA. A potential link between RNA Polymerase Il and TMA

is explored later (4.5.3).

1.6.7. Drug induced TMA
TMA has been associated with a more than 75 drugs reviewed in (Al-Nouri et al.,
2015), with very few mechanistic studies ascribing a cause in this group. For the

majority of cases withdrawal of the offending drug results in resolution of the TMA.

1.6.8. Interferon-mediated TMA

TMA has been described as a rare complication of treatment with interferon-3 for
multiple sclerosis (Hunt et al., 2014). Patients with interferon induced TMA present
following years of uneventful management, at presentation patients show evidence
of severe hypertension in addition to TMA, management of interferon induced TMA
is principally withdrawal of interferon-p. A mouse model that overexpresses
interferon, restricted to the brain, has been developed (Kavanagh et al., 2016),
which demonstrates TMA-like lesions in the brain vasculature at 2-3 months of age.
Together these data suggest that chronic interferon exposure to the endothelium

results in TMA. The mechanism underlying this is currently unclear.

1.7. Summary
HUS describes a heterogeneous group of disorders that share a histological legion

i.e. TMA, the introduction of anti-complement therapy has revolutionised the
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management of C-aHUS. There are still questions about how eculizumab will affect
the disease course of other forms of HUS (e.g. STEC-HUS). However, it is evident
that some forms of inherited and acquired forms of TMA that are eculizumab non-
responsive e.g. TTP, SRC, as well as DGKe, MMACHC and INF2 have alternative

pathological processes.

2.Aims of this Project

1. The first aim of this project was to review the NRCTC cohort of aHUS patients
to describe the current cohort of complement genetics in this cohort.
2. The second aim was to identify novel eculizumab non-responsive genetic

causes of TMA.
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3.Methods

3.1. Diagnostic testing

Genetic analysis of the NRCTC cohort was performed in collaboration with the NHS
clinical genetics service based at the Centre for Life (Newcastle, UK), this included
Sanger sequencing, Multiplex ligation-dependent probe amplification (MLPA) and

Factor H autoantibody screening.

3.1.1. Sanger sequencing of HUS associated gene

Sanger sequencing of coding exons of C-aHUS associated genes CFH, CFI, CD46,
C3, CFB and the C5 polymorphisms that result in Eculizumab non-responds was
performed. Non-complement responsive genes DGKE and MMACHC were also

tested.

3.1.2. MLPA of HUS-associated genes

MLPA was utilised to determine copy number variant (CNV) of CFH and CFHRs.
MLPA was performed by the clinical laboratory, following manufacturer’s instruction
at the Centre for Life (Newcastle, UK) utilising the MLPA probe mix P236-B1 and
P296 (MRC Holland). MLPA allows the copy number of multiple genomic regions to
be determine in a single reaction (Figure). Briefly, sample DNA was denatured at
95°C and probes hybridised to the DNA at 60°C overnight. For each target site a
right and left probe anneal, both probes are required to allow ligation to proceed.
The right and left probes contain the complementary sequence to allow
hybridisation, a common PCR primer sequence that is shared with all probes (to
allow a single primer to be used to amplify all probes) and a stuffer sequence of
varied lengths (this generates amplicons of unique sizes that are separated by

capillary electrophoresis). Following hybridisation, a ligation step is performed, DNA
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ligase is added to the reaction and incubated at 54°C for 15 minutes to generate a
single probe from the left and right probes, the DNA ligase is inactivated by heating
to 98°C for 5 minutes. This stage of the reaction generates ligated probes of varied
lengths from multiple targets within the genome. PCR amplification is performed
with a common fluorescently tagged PCR primer (35 cycles [95°C 30 seconds, 60°C
30 seconds, 72°C 60 seconds], 72°C 20 minutes). Following amplification the
amplicons are separated by capillary electrophoresis to determine relative
abundance of each probe. The results of this were subsequently analysed using
Coffalyser.Net. Ultimately this generated a relative abundance of each probe
compared to known reference probes within the mix. This data can be used to

calculate CNV of each probe.

Common right
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Common left '."
primer sequence  Left hybridisation  Right hybridisation .+" Variable length
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Figure 3-1: MLPA Workflow

a) Probe mix containing sequence specific probes, each probe pair contains a sequence specific

hybridisation region, a variable length stuffer sequence and common primer sequences. This design
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later generates probes of various sizes containing common primer sequences, which allows
amplification of all amplicons using a single sequencing primer, during the hybridisation stage the
sequence specific probes bind to the complementary region in the genomic DNA. b) The addition of
DNA ligase generates single probes from the probe pair. ¢) PCR amplification using the common
primers generates amplicons of unique sizes, the addition of a fluorescently labelled primer enables
separation by capillary electrophoresis d) capillary electrophoresis is used to separate the amplicons,

which can be subsequently analysed to determine CNV

3.1.3. Factor H antibody screening

Factor H (FH) antibody screening was performed by Enzyme linked immunosorbent
assay (ELISA) as previously described (Watson et al., 2014). Briefly, Maxisorb
ELISA plate (Thermofisher) were coated with 50ul of 5ug/ml FH (Comptech, USA)
in dPBS per well, control wells without FH were prepared in tandem. These plates
were incubated overnight at 4°C. Following incubation, the wells were aspirated and
washed with 200ul PBS/Tween 0.1% (PBS-T) three times. 200ul PBS-T was added
to each well on plate and incubated at room temperature for one hour. Test sera
and negative control (pooled sera) was prepared in triplicated at 1/50 concentration
in PBS-T. The positive control was prepared at 1/25. PBS-T was then aspirated
from plates and washed with 200 ul PBS-T. 50ul of serum was added per well on
both FH coated and control plate and incubated at room temperature for one hour.
The plates were then washed three times with PBS-T; followed by 50pl of Goat anti-
human IgG Fcy specific-horseradish peroxidase (HRP) at 1/20,000 in PBS-T
(Stratech Scientific) for one hour at room temperature. A final wash step with PBS-
T was performed three times. 50ul of 3,3,5,5 tetramethylbenzidine (TMB)
(Universal Biologics, UK) was added for 5 min at room temperature. To stop the
reaction 50ul of 10% Sulphuric acid was added to each well. Absorbance was read

at 450nm using EL-800 plate reader (Biotek, UK). Triplicate samples were averaged
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and background subtracted using the corresponding control plate sample. Samples
were standardised to an Optical density was 1.6 at 450nm for the positive sample.
To generate the Relative Units (RU) a standard curve was generated using the
positive value of 1.6 (GraphPad prism). A value of >100RU/ml was considered

positive (Brocklebank et al., 2017).

3.2. Whole exome sequencing

Whole exome sequencing had previously been performed in selected patients and
families with a diagnosis of aHUS. Briefly, DNA was sent to AROS AB and GATC
Biotech. Three exome enrichment kits were used, TruSeq exome enrichment kit
(Ilumina), Nextera Rapid Capture Exome kit 37Mb (lllumina) and SureSelectXT
Human all exon V5 (Agilent). The resultant data was subsequently analysed using

our bioinformatics pipeline
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3.2.1. Bioinformatics pipeline and analysis

The sequencing reads were analysed using the following workflow to generate a list
of variants per family or case. | then performed analysis of the candidate genes for
evidence of pathogenicity utilising in silico analysis programs, including Polyphen-
2, Mutation Taster, Functional Analysis through Hidden Markov Models (FATHMM),

and Mutation Assessor. This process identified genetic variants in novel genes.

» FastQC
Quality
Control
* Duplicates removed (FastUniq)
o . » Reference mapping (Burrows-Wheeler Aligner)
;g;ﬁ;ﬁéeeas « Alignmentrecalibration (GATK Best practice)

* Annovar
Variant calling
* Exonic and spice site
variant | * Mean Allele Frequency <5%
Selection )

Figure 3-2: Bioinformatics pipeline workflow used to generate the list of candidate genes
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3.3. Mouse methods

3.3.1. Mouse housing

Mice were housed within the Comparative Biology Centre (Newcastle University,
UK). Mice were caged in individually ventilated cages; and were provided standard
chow food and water ad libitum. Additionally, experimental mice, following treatment
with tamoxifen, were given a soaked diet, to increase fluid intake and reduce the
risk of AKI secondary to dehydration. A standard 12-hour light/dark reverse cycle
and an ambient temperature of 21 £ 1°C was maintained. The wellbeing of mice
was monitored daily, and clinical scoring of mice were performed, as previously
developed within the complement therapeutics group (daily following treatment with
tamoxifen; this scoring system assigns value between 0 (least severe) and 3 (most
severe) on a number of observable parameters indicative of ill health; weight loss,
piloerection, decreased activity, movement impairment, and respiratory rate. The
score for all of these parameters were summated and any mouse with a clinical
score greater than 15 was promptly euthanised to avoid any unnecessary suffering.
All mice were euthanized either by cervical dislocation, exposure to increasing
levels of Carbon Dioxide or terminal exsanguination via cardiac puncture, performed
under deep anaesthetic with Isoflurane, with a secondary method to confirm

cessation of life.

3.3.2. Mouse strains

3.3.2.1. Exosc3 inducible conditional mouse

The Exosc3 conditional mouse model, Exosc3™*-1Uba was a kind gift from Professor
Basu (Columbia University, New York) (Pefanis et al., 2015b). Mice were originally
derived on a C57BL/6/Tec background. This model contains a Conditional by

Inversion (COIN) module. This module contains an inverted sequence of enhanced
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Green fluorescence protein (GFP), preceded by a 3’ splice site (3'SSPI) and
followed by a polyadenylation region (pA). To enable inversion by Cre recombinase,
the COIN module is flanked by LoxP and Lox2372 sites in a head-to-head
orientation. To achieve temporospatial control of Exosc3 knock-out these mice have

been crossed with Cre-expressing lines, this allows inversion of the floxed allele.

8.) lox2372 lox2372
3 \ . 4 d
L - -2 3 - —— 4
4 ' \ \
loxP [ loxP
Inversion via b | | VS
lox2372 )
SA
b) = A l I i 4 4 ~
- £ o/ —_—— — 4
Y o T N \
Deletion via )
LoxP
SA A 4
) ) l { »
LBy Lt 2 . 4

Figure 3-3: Schematic view of Exosc3 COIN allele (Exosc3")

Exon 2 and 3 and inverted eGFP cassette floxed with Lox2372 and LoxP sites. a. Prior to cre-
recombination, resulting in normal expression of Exosc3 with no GFP expression, Lox sites in head-
to-head orientation. b) Following cre mediated inversion of floxed region between Lox2372 sites
resulting in inversion of exon 2-3 with GFP cassette in normal orientation and therefore GFP
expression, Lox2372 sites remain in head-to-head orientation, with LoxP sites in head-to-tail
orientation. c) Final orientation following recombination event resulting in deletion of Floxed region
between LoxP sites leading to abrogation of 10x2372 site and therefore irreversibility of
recombination. Adapted from (Economides et al., 2013b)

3.3.2.2. ROSA26CreERT2 mouse
To allow temporospatial control of Exosc3 knock-out mice were bred with mice

containing Tamoxifen sensitive Cre recombinase. To allow whole body cre-
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expression the B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J (Rosa26CrefRT2) was

purchased from Jackson Laboratory (Maine, USA).

3.3.2.3. Tie2CrefR™2 mouse

To restrict Cre expression to the endothelium The B6.Cg-Tg(Tek-
cre/ERT2)1Arnd/ArndCnrm  (Tie2CrefR™) mice were used; these mice have
previously been shown to have cre-expression restricted to the endothelium in adult
mice (Forde et al., 2002). B6.Cg-Tg(Tek-cre/ERT2)1Arnd/ArndCnrm were

purchased from The European Mouse Mutant Archive (Minchen, Germany).

3.3.2.4. Ifnar mouse
To investigate the effects of interferon on this phenotype a type 1 interferon receptor
(Ifnar) knock out model was used, B6(Cg)-Ifnaritm1.1Ees/J (Ifnar’), these were

previously held in the facility and a gift from Dr. Chris Duncan (Newcastle University)

3.3.3. Mouse monitoring

Mouse monitoring was performed using a purpose designed clinical monitoring tool
(Smith-Jackson et al., 2019). Mice were weighted daily initially and monitoring
adjusted according to severity (e.g. relaxed to every other day after completing
treatment and then no observable phenotype developing.) Urinalysis was performed

using Multistix 10SG Urinalysis Strips (Siemens).

3.3.4. Mouse nomenclature
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3.3.5. Clinical monitoring sheet

Mouse health was tracked using the scoring system below

Characteristic

Grading guidance — for use in moderate and severe protocols

Score 0 1 2 3
Activity Normal, Active but Inactive, moves | No activity, only
stands avoids being around bottom moves when
upright, upright on hind of cage only provoked
explores, legs (2b) (3%)
climbs
Appearance Normal, well Patches of >50 but less Mouse appears
groomed piloerection than 75% of back puffy,
covering >25 showing >75%
but <50% of piloerection piloerection
body
(3°)
Body condition 3or4 Change in BCS 2o0r5 1
score (BCS) (1) (2b) (3%)
Body weight <5% 5-12% 13-19% >20 < 30%
change (1%) (2°) (3%)
Hydration Normal skin | Skin folds on Skin fold Skin fold on
turgor back but remains > 2 back remains
returns to seconds but > 5 seconds or
normal within 2 returns to does not
seconds normal after 5 resolve
(12) seconds (3%)
(2%)
Faeces Normal Soft, but Soft, wet in Watery, v. loose
formed appearance (diarrhoea)
(29) (3%)
Respiration Normal Periods of Laboured Laboured
rapid laboured breathing for and/or
mouse breathing for 5- | >10 secs and/or abdominal
breathing 10 secs, abdominal breathing with
breathing, no gasps >1s
gasping between
(29) breaths
(3°)
Proteinuria Normal (O- >31 >100 >800
(mg/dl) 30) (2¢) (3°)
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Haematuria Normal (0) >10 >50 >100
(Ery/ul) (2c) (3°)

TOTAL SCORE

Notes: 12 — add soaked diet to cage.

1°- treat affected area with green clay or Vetericyn spray twice daily for 3 days and

trim nails

22- give subcutaneous fluids, reassess in 1 hour, can be given up to 3 times then

consult vet for further advice
2b - consult vet — interventions maybe available;
2¢ —increase monitoring or for moderate protocols refer to 3°

32- if associated with BCS of 2 this finding may require humane killing, consult

NAWCO/NVS, and ensure you have checked correct protocol;

3b- arrange to humanely kill a.s.a.p.; preferably - Terminal exsanguination via

Cardiac Puncture followed by schedule 1 technique.

Guide to cumulative score and suggested outcome — severe protocols
0-6 Continue normal monitoring.

7-11 Examine and rescore daily; treat animals; use soaked diet if not already used.
Consult with NACWO/NVS as needed, particularly if moderate severity study.

$12-15 Treat animals ASAP or Consult NACWO/NVS (with view to humane killing).
>15 Humanely Kill.

N.B. * compared to baseline evaluation and please see below for Body conditioning
score diagrams
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BC1- Mouse is emaciated.

= Skelatal structure extremedy prominant, little
or no flash cover.

= Vertebrae distinctly segmented

BC2 - Mouse is underconditioned.

+ Segmentation of vertebral columin evident,
» Dorsal pelvic bones are readily pafpable.

BC3 - Mouse is well-conditioned,

* Vertebrae and dorsal peivis not prominent;
palpable with shight presswve.

BC4 - Mouse is overconditioned.
« Spine is a continuous column.
= Vertebrae palpabie with only firm pressure.

BCS5 - Mouse is obese,

* Mowuse is smooth and bulky.

« Bone structure disappears under flesh and
subcutareous faf.

A"+ or " =" can be added 1o the bedy condition score if additional increments are necessary jie. .2+ 2 2 - )

Bedy condiion scodng i= a guick and easy methodology that is useful in assessing animal hedth. itis particulasdly helpful when body weight might not reflect body
condition (e g presance of tumars, ascites, ceganomagaly, pregnancy )  Simply run youwr finger over the sacral area and score the animal according to the chart.

Figure 3-4: Body condition score.

Condition scoring used as part of the clinical scoring system, used to determine overall mouse health.
Adapted from (Ullman-Culleré and Foltz, 1999)
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3.4. Tamoxifen induction

3.4.1. Intraperitoneal injection

Tamoxifen was administered via intraperitoneal (I.P.) injection to induce
recombination in mice containing the Tamoxifen sensitive Cre cassette. Tamoxifen
base (Sigma-Aldrich, UK) was dissolved in filter sterilised corn oil (Sigma-Aldrich,
UK) at a concentration of 20mg/ml, and incubated in a 55°C water bath for 1-2
hours, with regular agitation, until fully dissolved. This was stored at 4°C for up to
two weeks in the dark. To induce recombination mice were treated with 75mg/Kg
dose every 24 hours for four days as standard, some mice received different dosage

strategy as described (6.2.3).

3.4.2. Oral route

To enable long-term tamoxifen dosing studies, mice received tamoxifen orally. This
was achieved via chow (Envigo, UK) or via oral gavage, to perform this Tamoxifen
was dissolved in either corn oil or Kolliphor HS (Sigma, UK) at 10mg/ml. Oral
gavage was performed every 24 hours at a dosage of 2mg a day for up to eight

weeks.

3.5. Mouse dissection and tissue preservation

3.5.1. Terminal exsanguination

Terminal exsanguination was performed to collect blood at the end of the study.
Mice were first anesthetised using isoflurane inhalation. Once mice where under
deep anaesthesia, blood was collected via cardiac puncture into heparinised tubes

(SARSTEDT, Germany) and placed on ice for downstream processing.
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3.5.2. Storage for RNA analysis
Following dissection of organs these were snap frozen in liquid Nitrogen for RNA

analysis. Samples were stored at -80°C for downward processing.

3.5.3. Storage for formalin fixation

Samples for histology were fixed in 10% neutral buffered formalin (CellStor, UK)

3.5.4. Storage for electron microscopy

Kidneys were cut in to 2mm cubes and fixed in 2% glutaraldehyde.

3.5.5. Plasma collection
Plasma was isolated from heparinised blood; blood was centrifuged at 1000 x g for
10 minutes at 4°C to separate plasma and cells. Plasma was removed, separated

into 50ul aliquots and stored at -80°C.

3.5.6. Histology

Histology was performed on formalin fixed tissue. Haematoxylin and Eosin (H&E)
staining was performed by Charles River Labs. Periodic Acid-Schiff (PAS) and
Martius Scarlet Blue (MSB) were performed by Newcastle-Upon-Tyne Pathology

labs.

3.6. Treatments

3.6.1. Bromodeoxyuridine

To investigate cell cycle dynamics mice were treated with 100mg I.P.
bromodeoxyuridine (BrdU, Biolegend). BrdU is a synthetic nucleoside analogue that
is incorporated in to dividing cells in place of thymidine, utilising an anti-BrdU

antibody this can be used to determine which cells are actively dividing.

65



3.6.2. Pifithrin-a

Pifithrin-a (PFT-a, Selleckchem) is a p53 antagonist that has been shown to protect
mice from irradiation damage (Komarov et al., 1999). PFT-a was made up in sterile
conditions (Table 3-1). PFT-a (2.2mg/Kg, I.P.) was administered to mice 24 hours
before commencing tamoxifen treatment and then every 48 hours for a maximum

of 5 doses (Kuang et al., 2016).

Component Volume (%)
Dimethyl sulfoxide (DMSOQO) (Sigma) 5
PEG300 (Sigma) 40
Tween80 5
Double distilled water 50

Table 3-1: PFT-a recipe
3.7. Genotyping

3.7.1. DNA extraction from mouse

3.7.1.1. Sodium Hydroxide boiling for standard PCR

Exosc3COIN, Ifnar and Rosa26CrefR™ genotyping was performed via conventional
Polymerase chain reaction (PCR) using ear punch biopsy following weaning (three
weeks onwards). Ear punch biopsies were added to 100pl of lysis buffer (0.1uM
Ethylenediaminetetraacetic acid (EDTA), 10mM sodium hydroxide). This was

incubated at 95°C for 30 minutes and stored at -20°C prior to use.

3.7.1.2. DNA Extract All Reagent

To perform Tie2Cre®R™? genotyping, quantitative PCR (qPCR) was used to
determine copy number of Cre allele. This was performed using the TagMan®
Sample-to-SNP™ Kit (Thermofisher, UK) following the manufacture’s instruction.
Ear punch biopsies were added to 50ul of DNA Extract All Lysis reagent and
incubated at 95°C for 5 minutes, 50ul of DNA Extract All Stabilisation reagent was

then added to halt lysis, and samples were stored at -20 °C.
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3.7.2. Standard PCR
Standard genotyping PCR was performed for Exosc3", Ifnar, and Rosa26CreERT2
and Exosc3 genomic recombination alleles. This was performed using Immomix™

(Meridian, UK), amplification was performed on the Bio-Rad thermocycler using

conditions in (Table 3-2 &Table 3-3).

PCR Stage Temperature (°C) | Time (Seconds) | Cycle number performed
Initialization 95 600 1
Denaturation 95 30
Annealing 65 c(;-yOC.ISe)per 30 10
Elongation 72 30
Denaturation 95 30
Annealing 60 30 28
Elongation 72 30
Elof]igr]]:tlion 2 600 !
Storage 12 o0 1
Table 3-2: PCR conditions used for both Exosc3 and Rosa26CrefR™ alleles.
PCR Stage Tem(pl%r;a ture Time (Seconds) Cgcezlr(?or:rt;rgger
Initialization 95 600 1
Denaturation 95 15
Annealing 57 15 37
Elongation 72 90
Final Elongation 72 600 1
Storage 12 0 1

Table 3-3: PCR conditions used for Ifnar allele
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Primer Name Sequence (5'— 3)
Rosa26Cre Forward AAGGGAGCTGCAGTGGAGTA
Rosa26Cre Reverse TCTTGCGAACCTCATCACTC

Rosa26 Cre alternative CCGAAAATCTGTGGGAAGTC
Exosc3 Forward GTCCCAGTTGCAATGAGTCC
Exosc3 Reverse TGGTCCCCTTTCACAGGTAC
Ifnar Forward GACAATTCAAGTAGCCCTCTGG
Ifnar Reverse CGTCTGCTGAATGGTCTTAGC
Exosc3 Post-recombination Forward GACAATTCAAGTAGCCCTCTGG
Exosc3 Post-recombination Reverse | CGTCTGCTGAATGGTCTTAGC

Table 3-4: PCR primers used for conventional PCR (all primers ordered from Integrated DNA
technologies (USA))

3.7.3. Visualisation of PCR products on agarose gel

Following PCR reactions amplicons were separated using gel electrophoresis.
Agarose gel (0.5 -2%) was made up with Tris-acetate-EDTA (TAE) (stock at 50x,
diluted to 1x with water prior to use) and stained with SYBR™ Safe DNA Gel Stain

(1:10000) (Thermofisher).

Gels were submerged in TAE in gel running tank, 10ul of PCR product and 5ul of
DNA ladder (Generuler 1Kb plus, Thermofisher) was loaded on to gel and
electrophoresis was performed for two hours at 100V. Images were captured on the

Li-cor Odyssey® FC using the 600nm acquisition channel and analysed using

ImageStudio.
Component Concentration (M)
Tris Base (Sigma) 2
Acetic acid 1
EDTA disodium salt dihydrate 0.05

Table 3-5: 50x TAE recipe
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3.8. gPCR

3.8.1. Genotyping for Cre allele

gPCR was used to determine Cre recombinase copy number (i.e., Wild-type,
heterozygous and homozygous) in the Tie2CreER™ mouse line, using the TagMan®
Sample-to-SNP™ (Thermofisher, UK) Cre genotyping probes had previously been

designed by Jackson Laboratory (Protocol 20627) (Table 3-6).

TagMan® Probe Cre FAM 0.15uM
TagMan® Probe ApoE SUN™ 0.15uM
Primer (Cre F&R, ApoE F&R) 0.4uM
GTXpress™ 5ul
Genomic DNA (gDNA) 2l
RNase/DNase free water Up to 10l

Table 3-6 Cre qPCR recipe

All samples were run in duplicate on Quantstudio3 (Applied biosciences) (Table

3-7).
Temperature , Cycle number
PCR Stage (°C) Time (Seconds) performed
Initialisation 95 20 1
Denaturation 95 3
Anneal/extend & 40

fluorescence 60 20

measurement

Table 3-7: PCR conditions used for Cre allele genotyping PCR

Copy number was determined using CopyCaller® v2.1 (Applied Biosciences) using
a known Cre homozygous sample as the reference, ApoE was used as an internal

control to allow for quantification.

3.8.2. RNA preparation for RNA-Seq.
Kidneys were isolated from mice and snap frozen in liquid nitrogen, these were then

thawed in RNAl/ater™-ICE (Ambion) before being sent to QIAGEN for mRNA
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sequencing, utilising polyA enrichment using CLC Genomics Workbench (version
12.0.2) and CLC Genomics Server (version 11.0.2). RNA was analysed using

QIAGEN Ingenuity Pathway Analysis (IPA).

3.8.3. RT-qPCR
Reverse transcriptase quantitative PCR (RT-gPCR) was performed on samples to

investigate changes in expression levels following recombination.

3.8.4. RNA extraction using Trizol

RNA was extracted from tissue snap-frozen in liquid Nitrogen using Trizol (Sigma,
UK) as per manufacturer’s instructions. 50mg of tissue was added to 500pl of Trizol
(Sigma, UK) and homogenised using a handheld tissue homogeniser. This was
incubated for 5 minutes at room temperature, 100ul of chloroform (Sigma, UK) was
added and then shaken to ensure proper mixing of Trizol and chloroform. Following
incubation for 2 minutes the mixture was centrifuged for 15 minutes at 12,000 x g
at 4°C. To isolate RNA the aqueous phase was removed and transferred to a fresh
microcentrifuge tube. 250l of isopropanol was added and incubated for 10 minutes
at 4°C, followed by centrifuge for 10 minutes at 12,000 x g at 4°C. RNA precipitate
formed a white gel-like pellet. The RNA pellet was washed with 500ul of 75%
ethanol and centrifuged for 5 minutes at 7500 x g at 4°C. Supernatant was
discarded and the RNA pellet was air dried for 10 minutes. Finally, the RNA pellet
was re-suspended in RNAse free water (Ambion, UK) and incubated at 55°C for 10
minutes. RNA concentration was determined using Nano-Drop™ spectrometry,

using the A260/280 ratio and then stored at -80°C.
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3.8.5. DNase treatment
Following isolation of RNA, samples were treated with TURBO DNA-free™ Kit

(Thermofisher, UK) to remove residual gDNA.

RNA 10ug diluted in 50ul of RNAse-free
water
10X TURBO DNase™ Sul
Buffer
10X TURBO DNase™ 1ul
Enzyme

This was incubated at 37°C for 30 minutes. 5l of DNase Inactivation Reagent was
added and incubated for 5 minutes at room temperature. The sample was then
centrifuged at 10,000 x g for 1.5 minutes. The supernatant was transferred to a

fresh tube and stored at -80°C.

3.8.6. RT-gPCR
RT-gPCR was used to determine the mRNA levels of specific genes in mice. RNA

was generated using Trizol, as described.

RNA was subsequently converted to complementary DNA (cDNA) using
SuperScript |ll First-Strand Synthesis System (Invitrogen, USA) as per

manufacturer’s instructions.

Total RNA (TurboDNase treated) 1ug
Random Hexamer 50uM (Invitrogen, UK) 1ul
dNTPs (50uM) 1l

RT-PCR grade PCR water Up to 13l

This was heated to 65°C for 5 minutes and then transferred to ice for 1 minute.

cDNA was then generated:
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5X first-strand buffer 4ul
0.1 M Dithiothreitol (DTT) 1ul
SuperScript™ Ill Reverse Transcriptase 1ul

This was incubated at 25°C for 5 minutes, followed by incubation at 50°C for 30
minutes, finally the reverse transcriptase was inactivated by heating to 70°C for 15

minutes.

Primers and probe pairs (Universal Probe Library Set; Roche, Switzerland) were
designed on the Universal Probe Library Assay Design Centre (Roche,
Switzerland). RT-qPCR was performed using TagMan™ Gene Expression Master
Mix (Applied bioscience) (Table 3-8). All samples were run in duplicate on

Quantstudio3 (Applied biosciences), using condition in (Table 3-9).

TagMan™ Gene Expression Master Mix Sul
cDNA (diluted 1in 5) 2yl
10uM forward & reverse primers combined. 0.2ul
0.1uL probe (Roche, universal probe library) (FAM) 0.1yl
2.7uL RT-grade water 2.7yl

Table 3-8: RT-qPCR recipe

PCR Stage Temperature (°C) Time (Seconds) Cycle number performed
Initialisation 95 600 X1
Denaturation 95 15
Anneal/extend x40
& fluorescence 60 60
measurement

Table 3-9: PCR conditions for RT-qPCR

72




Ct values were recorded and then analysed using the 222 CT method described
(Livak and Schmittgen, 2001), B-Actin was used as the housekeeper gene to allow

normalisation.

3.9. Blood investigations

Mouse biochemistry and haemoglobin from terminal exsanguination was analysed
using the iISTAT system (Abbott) using CHEM8+ cartridges. 100ul of blood collected

in heparinised blood was analysed using these cartridges.

3.9.1. Blood films

Blood films were performed to investigate for evidence of haemolysis, specifically
looking for schistocytes. 2yl of heparinised blood was placed on a slide and a smear
generated by using a second slide to push the blood along the slide. This smear
was then stained with the Rapi-Diff Il Stain (Atom Scientific) according to
manufacturer’s instruction. Blood films were immersed in Solution A (Thiazine dye
in methanol) for five seconds, followed by immersion in Solution B (Eosin Y dye in
phosphate buffer) for five seconds, this was rinsed with water and then immersed
in Solution C (Polychromed Methylene Blue in phosphate buffer), excessed solution

was rinsed with water and blood films imaged.

3.9.2. Reticulocyte counting

Reticulocyte counting was performed using the BD Retic-count (BD Biosciences),
which uses Thiazole Orange as an intercalating DNA/RNA dye, therefore binding
nucleated reticulocytes, but not mature anucleated erythrocytes. Two samples were
required per test, for the background control Sul of heparinised blood was added to
1ml Dulbecco Phosphate buffered saline (dPBS, Gibco). To calculate the

reticulocyte percentage 5ul of heparinised blood was added to 1ml BD Retic-count,
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both were incubated at room temperature in the dark for at least 30 minutes and no
longer than 3 hours. Data acquisition was subsequently performed using flow

cytometry (3.12.2)

3.9.3. Platelet count

Heparinised whole blood was used for platelet analysis. After collection, samples
were immediately stored on ice and kept on ice throughout. 10ul of heparinised
blood was added to 400yl platelet flow buffer (dPBS containing 5% w/v Bovine
Serum Albumin (BSA), 1 mM Ethylenediaminetetraacetic acid (EDTA), 0.1% w/v
Sodium azide). 5ul of this was transferred to 200ul staining buffer (platelet flow
buffer containing anti-CD41 (1:400). This was incubated in the dark on ice for 30
minutes. Prior to analysis 50ul CountBright™ Plus Absolute Counting Beads were
added to allow a platelet count to be performed. Data acquisition was subsequently

performed using flow cytometry (3.12.3)

3.9.4. White blood cell count

Heparinised whole blood was used for white cell counting analysis. 50ul of blood
was added to a 5mL Round Bottom Polystyrene FACS Tubes (BD Biosciences). 1l
of CD45 (BD Biosciences), CD19 (BD Biosciences), CD3 (Miltenyi Biosciences),
and Ly6G (Miltenyi Biosciences) antibodies were added and incubated in the dark
for 15 minutes at room temperature. 450yl of red cell lysis fixation buffer (Biolegend)
was added and incubated for 20 minutes in the dark at room temperature. Prior to
analysis 50ul of CountBright™ Plus Absolute Counting beads were added to allow
white cell count to be performed. Data acquisition was subsequently performed

using flow cytometry (3.12.4)
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3.9.5. Cell counting formula
CountBright™ Plus Absolute Counting beads (Invitrogen, UK) were used to count
cells via flow cytometry. 50ul beads were added to the tube prior to data analysis.

Beads were identified via flow cytometry and used to count cells using the formula:

(Cell count x Counting bead volume) ] . Beads \
/((Counting bead count x Cell volume) x Counting bead concentration ( ul )

1000
Dilution factor ) x

Equation 3-1: Equation used to determine cell count using CountBright™ Plus Absolute

Counting Beads (cells/ml).

3.10. Immunoblotting

3.10.1. Sample preparation

Western blot was performed on whole kidney lysate to identify Exosc3 expression.
Following isolation kidneys were snap frozen in liquid Nitrogen and stored at -80°C.
To isolate lysate 5mg of tissue was homogenised in 900ul of ice cold
Radioimmunoprecipitation assay (RIPA) buffer (Table 3-10) with added protease
inhibitor (1%) using an electric homogeniser. This was then placed at 4°C under
constant agitation for 2 hours. To isolate supernatant the protein lysate was
centrifuged for 20 minutes at 17,000 g at 4°C. The supernatant was aspirated and

stored at -80°C.

10mM Tris-HCI, pH 8.0
1mM EDTA
0.5mM EGTA
1% Triton X-100
0.1% Sodium Deoxycholate
0.1% SDS
40mM Sodium Chloride
ddH.0

Table 3-10: RIPA Buffer Recipe
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3.10.2. SDS PAGE

Reducing Sample Buffer (Thermo Fisher Scientific, 39000) or Non- reducing
Sample Buffer (Thermo Fisher Scientific, 39001) was mixed with protein lysate,
diluted to appropriate concentration. Samples were heated at 95°C for 5 minutes.
Tris-Glycine gels (Novex, Life Sciences. 1.0mm x 10 well) and the XCell SureLock
Mini-Cell (Novex, Life Technologies. EIO002) were set up according to
manufacturer’s instructions (Life-Technologies, 2012) using 1x Running Buffer
(25mM Tris base, 192mM Glycine, 0.1% SDS pH 8.3) (Life Technologies, LC2675-
5). 30puL of sample was loaded per well and 15uL of molecular weight ladder (BIO-
RAD, 1610324). This was connected to a PowerPac (Bio-Rad. 300V, 400mA, 75W)

and run for 90 minutes at 125 volts.

3.10.3. Western Blot

XCell SureLock Mini-Cell was set up for gel transfer, following manufacturer’'s
instructions (Life-Technologies, 2009) for transfer of Novex Tris Glycine Gels onto
a nitrocellulose membrane (Invitrogen, Life technologies. LC2001). Gels were
transferred for 90 minutes at 25 volts on ice using 1x Tris-Glycine Transfer Buffer
(12mM Tris base (Sigma), 96mM Glycine (Sigma), pH 8.3, 20% Methanol (VWR)).
After transfer the membrane was then blocked with blocking solution, 5% non-fat
milk powder in 1 x TBST (50mM Tris.HCI pH 7.4 (Sigma), 150mM NaCl (Sigma),
0.05% Tween 20 (Sigma)), for 1 hour at 4°C overnight. The blocking solution was
removed and the fresh blocking solution with the primary antibody at the
appropriate concentration was added (Table 3-11). This was incubated for 1 hour
at room temperature. The liquid was discarded and the membrane was washed for

5 minute three times, using fresh TBST. Fresh blocking solution containing
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appropriate concentrations of secondary antibody was then added and left for 1

hour at room temperature. A final wash step with TBST was performed.

Antibody used Exosc3 (Polyclonal, Exosc3 (Monoclonal, Abcam
Proteintech, ab190689)
15062-1-AP)

Size range 34kDa 30kDa

Gel percentage 4-20% 4-20%

Concentration 1:250 1:1000

Secondary antibody Goat a-rabbit (Abcam, Goat a-rabbit (Abcam,

ab6721) ab6721)

Concentration 1:20000 1:20000

Table 3-11: Western Blot antibodies

3.10.4. Protein visualisation

SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific,
34077) was added to the membrane and left for 1 minute. The membrane was then
imaged on the Lic-or Odyssey®at 700nm for 10 minutes. Image Studio Lite Version

5.2 software was used to analyse the image.

3.11. Flow Cytometry

3.11.1. Data collection and analysis
Flow cytometry was performed on the BD Symphony A5 (BD Biosciences) based in
the Flow Cytometry Core Facility at Newcastle University. Data was analysed using

FCS Express 7 (DeNovo software).
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3.11.2. Tissue isolation

3.11.2.1. Spleen

Spleens were isolated in ice cold dPBS. Spleen was then transferred to a petri dish
with 5ml of ice-cold dPBS and crushed between the frosted surfaces of two slides
to dissociate cells. This was transferred to a fresh 15ml conical centrifuge tube and
a further 5ml of dPBS added up to 10ml. This was left to settle for five minutes, the
top 9ml of suspension was aspirated, being careful not to disturb the debris, and

transferred a 15ml conical centrifuge tube.

This single cell suspension was centrifuged at 400 x g for five minutes to pellet the
cells. The supernatant was discarded, and cells were resupended in 1ml of red cell
lysis buffer (Gibco, UK) for three minutes on ice, with regular agitation. 9ml of ice-
cold dPBS was added and centrifuged at 300 x g for 10 minutes. The supernatant

was discarded, and cells were resupended in 10ml of PBS.

3.11.2.2. Kidney
To perform flow cytometry analysis on the kidney, a single kidney was isolated in
ice cold RPMI-1640 media (Gibco).To generate a single cell suspension from the

kidney enzymatic digestion was performed.

Kidneys were decapsulated and then finely chopped with scissors in 2 ml of pre-
warmed dissociation media (2 mg/ml collagenase/dipase (Roche Applied Science,
Penzberg, Germany) and 0.2 mg/mL DNase type 1 (Roche Applied Science) in
RPMI-1640). Samples were placed in a water bath at 37°C for one hour. Samples
were transferred to a 100um sieve and washed with 10ml of ice-cold dPBS. The
resulting flow-through was centrifuged at 400 x g for 5mins and the supernatant

discarded. The pellet was resuspended in 1ml of red cell lysis buffer for 3 minutes
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on ice. 9ml of ice-cold PBS was added and centrifuged at 300 x g for 10 minutes.

The supernatant was discarded, and cells resuspended in 5ml of PBS.

3.11.2.3. Bone marrow

To perform flow cytometry on bone marrow, both femurs and the right tibia were
removed, residual muscle was removed by scraping with a scalpel and the bones
were placed in ice-cold dPBS. The ends of the bones were removed and discarded
with a scalpel, long bones were placed in a 0.6ml microcentrifuge tube that was
pierced with an 18G needle at the base to allow bone marrow to exit when
centrifuged. The prepared tube was placed inside a 1.5ml microcentrifuge tube and
centrifuged at 10,000 x g for 15 seconds, this resulted in complete extraction of the
bone marrow. Cells were resuspended in 1ml of red cell lysis buffer for three
minutes on ice, with regular agitation. 9ml of ice-cold PBS was added and washed

at 300 x g for 10 minutes, cells were resuspended in 10ml of dPBS.

3.11.2.4. Cell count
Cell counting was performed using the Anvajo fluidlab R-300 Cell Counter. Cells
were diluted to 1 in 1000 prior to counting in dPBS, 20ul was placed on Anvajo

acella 100 sample carrier for counting.

3.11.2.5. Cell surface marker staining

Cells were diluted to 2x107 cells/ml. 50ul (1x10° cells) was analysed per test.
Kidney, spleen and bone marrow cells were incubated with TruStain FcX™ (anti-
mouse CD16/32) (Biolegend), in order to prevent non-specific binding of antibodies
to Fc receptors, and fixable live/dead stain at appropriate concentrations (Table

11-1) in the dark on ice for 30 minutes.
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Antibodies mix was prepared in 50ul of BD brilliant stain buffer (BD biosciences) at
the appropriate concentration (Table 11-1). Appropriate antibody mix was added to
cells and incubated in the dark on ice for 30 minutes. Following incubation, cells
were washed in 200ul of flow buffer (dPBS with 1% w/v BSA and 0.1% sodium
azide) three times at 400 x g for 5 minutes. Where biotinylated primary antibody had
been used, a second incubation with streptavidin fluorophore was performed for 30
minutes on ice. Cells were washed in 200yl of flow buffer three times at 400 x g for

5 minutes. Cells were resuspended in a final volume of 200ul of flow buffer.

3.11.2.6. Compensation

To allow compensation single stained controls were used, one drop of UltraComp
eBeads™ Plus Compensation Beads (Invitrogen) was added to 0.5ul of antibody
and incubated in the dark for 15 minutes. This was washed with 3ml of flow buffer
and resuspended in a final volume of 200ul of flow buffer. For GFP and viability

compensation cells were used instead.

3.11.2.7. Cell cycle analysis

To perform cell cycle analysis bone marrow cells from BrdU treated mice were
extracted, treated with red cell lysis buffer, and counted as described. 1x107 cells
were centrifuged for 5 minutes at 300 x g. To fix and permeabilise cells, 70% ethanol
was used, the cell pellet was dislodged with 5ml of ice-cold (-20°C) 70% Ethanol
added dropwise with constantly vortexing. Cells were then incubated at -20°C for at

least 2 hours and remained suitable for analysis for up to three months.

Anti-BrdU was used to allow actively cycling cells to be identified, fixed cells were
washed twice with dPBS and centrifuged for 5 minutes at 300x g. Cells were

incubated with 2ml of 2M hydrochloric acid for 20 minutes at room temperature.
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Cells were washed twice with dPBS and centrifuged for 5 minutes at 300 x g. Cells
were resuspended in 1ml of flow buffer and 100ul was aliquoted to fresh FACS tube.
5ul of anti-BrdU antibody (Biolegend) was added and incubated for 20 minutes at
room temperature. Cells were washed in flow buffer and centrifuged for 5 minutes
at 300 x g. Cells were treated with 50ul of 100ug/ml Ribonuclease | (Thermofisher),
to digest RNA and 10ul of 50ug/ml Propidium iodide (Thermofisher) added to enable

DNA content to be calculated prior to data collection.

3.11.2.8. Annexin V staining

Annexin V staining was used to investigate apoptosis. Following isolation of bone
marrow cells and treatment with red cell lysis buffer as described 1x10° cells were
washed twice in Annexin V buffer (Biolegend) and centrifuged at 300 x g for 5
minutes. Cells were resuspended in 100ul of Annexin V buffer with 5yl of Annexin
V antibody (APC, Biolegend) and 5ul of 7-AAD (Biolegend), this was incubated for
15 minutes in the dark at room temperature. 400ul of Annexin V binding buffer was

added prior to analysis.

3.11.2.9. Antibody optimisation
Prior to performing multi-antibody flow experiments antibody were optimised. This
was performed on single stained samples, 1x10° bone marrow cells were stained

with serial dilutions of antibody (Table 3-12).

Well A B C D E F G H
Starting Volume
() 100 50 50 50 50 50 50 50
Antibody volume
(1) 2 | - : : : : : -
Volume after
dilution (ul) 50 50 50 50 50 50 50 50
Final Concentration | 1:50 | 1:100 | 1:200 | 1:400 | 1:800 | 1:1600 | 1:3200 | 1:6400

Table 3-12: Serial dilution of antibody to determine optimum staining concentration
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3.11.3. Fluorescence minus one controls

For complex staining protocols (e.g. stem cell analysis) a Fluorescence minus one
control was used to determine positive staining, 1x108 cells were stained as
described with the exception of one. This was used to determine true positive

staining versus background.

3.12. Flow cytometry analysis

3.12.1. Solid organs
Data for Forward scatter (FSC), side scatter (SSC) (area, weight, and height) and

relevant bandpass filter were recorded on all samples.

3.12.2. Reticulocyte

Forward and side scatter was used to identify red cell population (containing the
reticulocytes). Red cells were gated and 1x10° events were recorded for both the
control and the test sample. Reticulocyte percentage was determined according to
the manufacturer’s instructions. The control sample was used to set the background
fluorescence (Figure 3-5) and reticulocyte count calculated using Thiazole-orange

stained sample.
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Figure 3-5: Reticulocyte count with BD Retic-Count.

10,000 events were collected for both control and Retic-count samples. FSC and SSC, on a log scale
to identify red cells. The red cell gate was then plotted against 488 530/30 channel. A histogram of
the results was plotted and the point at which the control sample crossed the X-axis was used to
determine background staining level. In the Thiazole-Orange stained sample the percentage of cells
beyond this point was determined to be positively stained. Reticulocyte percentage was calculated by

Percentage of Thiazole orange gated events - Background percentage.

3.12.3. Platelets

Platelets were identified using FSC and SSC plotted on a log scale, CD41-PE was
used to confirm platelets (Figure 3-6), and beads identified to allow platelet count.

Platelet count was then determined using the cell counting formula (Equation 1).
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Figure 3-6 Representative flow cytometry of blood sample to determine platelet count.

Heparinised blood was diluted to 1 in 40 in platelet flow buffer. 5ul of diluted blood was added to 200ul of
flow buffer containing 1:400 anti-CD41 (PE, BD Biosciences) and incubated on ice for 30 minutes, 50ul of
Absolute Counting beads were added to prior to flow cytometry to allow for cell count to be worked out. a)
FSC-A vs. SSC-A (log-scale) used to identify platelet containing fraction b) anti-CD41 (PE) used to identify
platelets within platelet fraction c) SSC-A vs.488 530/30-A used to identify counting beads d) Gate statistics

3.12.4. White cell count

White blood cells were identified using FSC and SSC, CD3, CD45, CD19 and Ly6G
were used to identify cell sub-type, counting beads were used to enable white cell
count to be determined (Figure 3-7). White cell count was determined using the cell

counting formula (Equation 1).
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Figure 3-7: Representative example of white cell counting performed via flow cytometry.
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50ul of anti-coagulated blood was stained with 1ul of Anti-CD45, Ly6G, CD19 and CD3 antibodies and

incubated on ice for 30 minutes, 450ul of red cell lysis fixation buffer was added and incubated for 20 minutes

at room temperature, 50ul of Absolute Counting beads were added to allow cell count to be determined. a)
FSC-A vs. SCC-A used to identify differentiate cells from debris. b) FSH-H vs 561 780/60, anti-CD45 (PE-
Cy7) used to identify total leucocytes. c) FSH-A vs. 635 670/30, anti-Ly6G (APC) used to identify neutrophils,
within the CD45 positive population d) 488 695/40 vs. 561 586/15, anti-CD3 (PerCP-Vio700) and anti-CD19
(PE) used to identify T and B cells respectively. e) Beads identified using 405 780/60 positivity and used to

count cells using Equation 1. f) Summary statistics of cell and bead counts.

3.13. TNF-a ELISA

Tumour necrosis factor-a (TNF-a) ELISA was performed on plasma following
recombination using Quantikine™ ELISA (R&D Systems) as per manufacturer's
instruction. Mouse TNF-a standard was prepared and serially diluted to generate
standard curve each sample was performed in duplicate. 50uL of Assay Diluent was
added to each well followed by 50uL of standard, control, test sample test samples
were performed in triplicate. This was incubated for 2 hours at room temperature.

Wells were aspirated and washed four times with 400uL of wash buffer, following
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the final wash the plate was blotted on paper towel to completely remove wash
buffer. 100uL of Mouse TNF-a Conjugate was added to each well and incubated for
2 hours at room temperature, followed by repeating the wash step. 100uL of
Substrate Solution was added to each well and incubated for 30 minutes at room
temperature in the dark. 100uL of Stop Solution was added to each well and a plate
reader was used to determine optical density at 450nm. Wavelength correction was
set to 540nm. Standard curve in GraphPad Prism 9 by plotting the mean
absorbance for each standard on the y-axis against the concentration on the x-axis
best fit curve through the points on the graph. The data may be linearised by plotting
converting the data to log scale, the best fit line was determined by regression

analysis.

3.14. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9, to compare two
independent samples in normal distribution an unpaired t-test was used. P values
of <0.05 were considered statistically significant. Mantel-Cox was used to determine

survival analysis.

Symbol p value
n.s. >0.05

* <0.05

** <0.01
ok < 0.001
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4.Genetic Analysis of the NRCTC aHUS Cohort

4.1. Epidemioloqgy

Approximately 40% of patients presenting with C-aHUS have a pathogenic variant
in the complement pathway recognised. Review of the NRCTC data (Brocklebank
et al., 2023) identified 1956 patients referred to the NRCTC with a diagnosis of C-
aHUS. 243 patients were treated with eculizumab and the control group was
composed of patients presenting prior to eculizumab availability through the NRCTC
(Figure 4-1). In the eculizumab treated group a complement gene mutation was
detected in 90 patients (37%) (Table 4-1). This data confirmed previous studies that
have demonstrated CFH variants are the most commonly detected (37%), followed
by CD46 (26%) (Caprioli et al., 2006). In the total cohort genomic rearrangements
resulting in CFH::CFHR1 hybrids were discovered in 12 patients (4.2). The data
also revealed that an alternative diagnosis was uncovered in 51/243 who presented
with a suspected diagnosis of C-aHUS and were treated with eculizumab. Within
this group, a genetic diagnosis was uncovered in 19 patients. In addition to patients
treated with eculizumab there were 28 patients identified in the pre-eculizumab with

variants in non-complement genes (Figure 4-1).
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Characteristic Eculizumab Treated Control Cohort (n = 279)
Cohort (n = 243)
Age at first presentation, years
Median 23 22
Range 0-80 0-79
Sex
Male 98 (41%) 135 (48%)
Female 145 (59%) 144 (52%)
Plasma exchange
Yes 130 (53%) 114 (38%)
No 94 (39%) 67 (23%)
Data not available 20 (8%) 116 (39%)
Complement gene mutation 90 (37%) 279 (100%)
CFH 33 (37%") 131 (47%)
CFHR1:CFH hybrid 1 (1%*) 11 (4%)
CFI 6 (7% 19 (7%)
CD46 23 (26%*) 61 (22%)
C3 10 (11%*) 24 (9%)
CFB 1 (1%*) 0
Factor H autoantibody positive 11 (12%*) 29 (10%)
Combined mutation(s)/autoantibody 5 (6%*) 4 (1%)
No complement mutation/autoantibody 102 (42%); 24 (10%) with 0
VUS
Not CaHUS 51 (21%) NA

Table 4-1: Summary of complement variants detected in patients referred to the NRCTC with C-aHUS.

Control cohort, patients presenting before the availability of eculizumab through the NRCTC. Data
demonstrates that CFH variants are the most commonly detected in C-aHUS. In the eculizumab group

only 37% of patients with C-aHUS had pathogenic variants in a complement gene detected.
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Figure 4-1: Patients referred to the NRCTC with a diagnosis of presumed HUS.

1191 patients presented before the availability of eculizumab (control cohort) within this group 28 patients were
identified with variants in genes not thought to be associated with complement mediated HUS. 765 patients
presented after the introduction of eculizumab into routine management, within these group 19 patients were

identified with variants in genes responsible for non-complement mediated HUS.
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4.2. Genomic rearrangements in the RCA cluster

4.2.1. Genomic rearrangements in CFH as a cause of aHUS

The Regulator of complement activation cluster (RCA) is a 360Kb region located on
chromosome 1q32; this region contains the complement regulators MCP (and the
pseudogene MCPL) and CFH along with five CFH related genes CFHR 1-5 (M K
Liszewski;T W Post and Atkinson, 1991; Hourcade et al., 1992; Zipfel et al., 1999).
This region is thought to have arisen due to multiple duplication events, resulting in
an unusually homologous region of the genome (Figure 4-2). This can result in

pathology due to errors in double strand break repair.

Double strand breaks (DSB) are common cellular events, occurring 10/day/cell,
these DSB have the potential to be devastating to chromosomal integrity and can
lead to cell death if not repaired (Lieber, 2010). DSBs occur as a result of exogenous
DNA stressors including ionising radiation, and chemical exposure and endogenous
protein failures e.g. topoisomerase | failure (Vitor et al., 2020). There are two
principal DSB repair pathways. Firstly, Non-homologous end joining (NHEJ), this is
a fast but error prone repair mechanisms that joins the two free ends generated by
the DSB together to restore chromosomal integrity (Figure 4-3). NHEJ occurs
throughout the cell cycle but is vulnerable to insertions and deletions as there is no
template and the free ends are simply joined together. The second repair
mechanism commonly employed is Homologous Recombination (HR). This is a
slow, high fidelity repair pathway that requires a template from the sister chromatid,
therefore this is only possible when the DNA is in close proximity, such as cell
division. The high degree of homology in the RCA results in an increased risk of
errors in double strand break repair, specifically through NHEJ and non-allelic

homologous recombination (NAHR) (Figure 4-3). This leads to the generation of
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fusion and hybrid genes (Venables et al., 2006; Valoti et al., 2015; Challis et al.,

2016; Tschernoster et al., 2022)
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Figure 4-2: Representation of the RCA cluster, with CFH and CFHRs.

The orientation of the genome showing CFH (red) with intergenic sequence followed by CFHR3 (light
blue), CFHR1 (blue), CFHR4 (yellow), CFHR2 (purple) and CFHRS (green). Regions of homology
highlighted with letters. Region B and B’ highlighted. Region B at the 5’ end of CFH, sharing a high
degree of homology with B’ at the 5’ region of CFHR1. Beneath, shows a representation of CFH (Red)
aligned with CFHR1 (Blue) at a protein level this high degree of homology between CFH (Red) and
CFHR1 (Blue) is reflected by the fact that there is only a two amino acid difference between CFH and
CFHR1. These two amino acid changes result in reduced cell surface recognition compared to CFH.

4.2.2. Mechanism of non-allelic homologous recombination in aHUS

Following a double strand break at the 5’ end of CFH, the newly generated free
ends seek out a template, the high degree of homology can mean that CFHR1 is
aligned to this generate the double Holliday junction, leading to NAHR (Figure 4-4).
Following strand invasion and DNA synthesis the double Holliday junction must then
be resolved, which can occur in one of two ways (Figure 4-4). This can result in
either a cross over event or a gene conversion, which can be detected using Multi-
ligation probe amplification (MLPA). Both of these processes result in an identical

protein, i.e., CFH N-terminus (complement regulatory region) with a CFHR1 C-
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terminus (cell surface recognition). CFHR1 is unable to bind to the cell surface with
the same affinity as CFH, therefore this protein is unable to regulate complement at
the cell surface leading to C-aHUS. It is also possible for the DSB to occur in
CFHR1, in which case the resultant CFHR1 molecule contains CFHR1 N-terminus
with CFH C-terminus, this protein out competes with wild type CFH for cell surface
binding but is unable to regulate complement once bound with the same affinity,
resulting in C-aHUS. A review of the MLPA data during this project highlighted a
number of patients (Table 4-2) where the MLPA data showed evidence of large
genetic recombination events that were not typical of gene conversion events, due
to length of DNA affected, nor cross-over events, as the CFHR3 and CFHR1 MLPA
indicated there were normal copy numbers of CFHR3, in a cross-over event the
entire downstream gene is crossed over and the CFHR3 sequence is therefore lost
(Figure 4-4). The proposed mechanism for these recombination events is through
two separate cross over events as described in Figure 4-4. This has not been

documented in the RCA cluster previously.

92



Homaologous Recombination @ @ Non-Homologous End Joining

.......

i

i S )
' I i i
| i
| SO
Sister -
Chromatid
@ Double Holliday Junction Resolution @ Two regions joined

Error Free repair

Error Prone repair

- -
- S P

Figure 4-3: Outcome of double strand breaks.

Following a double-strand break the free 5’ ends are first digested by exonucleases to generate
overhangs. There are two major mechanisms of double strand break repair. Homologous
recombination utilises the sister chromatid as the repair template, firstly the sister chromatid invades
the double strand break, to form a double Holliday junction, which is subsequently resolved to release
the two chromatids (the template chromatid and the newly repaired chromatid) and is therefore occurs
mostly during active cell division where sister chromatids are in close proximity with each other. The
second repair mechanism is non-homologous end joining in which the free 5’ and 3’ ends are joined
together, this mechanism of repair does not require a template and is therefore utilised throughout the
cell cycle, this mechanism of repair is susceptible to insertions and deletions (Indels) and
translocations. There is a fine balance between the slow but high-fidelity homologous recombination
and the rapid non-homologous end joining mechanism. If these double strand breaks are not repaired

the cell activates apoptotic pathways that lead to cell death.
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Figure 4-4: Non-allelic homologous recombination.

1. Following a double strand break at the 5’ end of CFH there is misalignment of the sister chromatid,
due to the high degree of homology and the CFHR1 sequence is used as the template. The resulting
double Holliday junction must then be resolved which can occur in one of two ways. a. Two “horizontal
cuts” results in a gene-conversion event, in which there is a small region of the genome is converted.
This results in a CFH protein that contains CFH N terminus (complement regulatory region) with two
amino acids from CFHR1 (S1191L and V1197A) at the C-terminus (Cell surface recognition), the
resultant protein is unable to bind to the cell surface and therefore does not regulate complement. This
can be detected using Multi MLPA which shows a drop in the sequence overlying the 5’ end of CFH and
an increase in the corresponding region of CFHR1 (indicating an extra copy of CFHR1 sequence and
loss of the CFH sequence) with normal copy number all other probes, including CFHR3 and CFHRA4,
therefore only a small genomic region has been exchanged. b. A cross-over event, in which “one
horizontal and one vertical cut” are performed by repair complexes. This results in exchange of the
sequence following the double Holliday junction. On a protein level this is indistinguishable from the
CFH::CFHR1 gene conversion event, however on a gene level this results in loss of the sequence
between the 5’ end of CFH to the 3’ end of CFHR1, this region contains CFHR3 and can therefore be
identified using MLPA, which shows loss of the 5 CFH, CFHR3 and 3’ CFHR1 (of note CFHR3 and 1
deletion is seen in patients with CFH autoantibodies, this can be differentiate from this due to the
retention of two copies of 3 CFHR1, in CFHR3,1 deletion there is only one copy of the whole of CFHR3
and CFHR1, with normal copy number in CFH). c. Proposed mechanism following the discovery of
patients with loss of large sequence at the 5’ end of CFH and an increase in the corresponding region of
CFHR1 resulting in a CFH::CFHR1 hybrid protein that is functionally identical to both the single cross-
over and gene conversion (i.e. S1191L, V1197A) on a genetic level there is loss of a large region of 5’
CFH normal copy number of CFHR3 and gain of CFHR1 sequence. The proposed mechanism is that
there are two cross-over events occurring, the first event results in crossing over of the CFHR1
downstream sequence, as with a cross-over event, the second cross-over results in restoration of the
downstream CFH sequence, this results in the MLPA data demonstrating loss of a large sequence at the
5’ end of CFH and a gain in the corresponding region of CFHR1. This mechanism has not been proven,
and in humans it is not possible to differentiate double cross-over events from large gene conversions.
The same processes can result from a DSB in CFHR1, in this scenario the resultant protein contains the
N terminus of CFHR1 (complement regulatory region) with the C-terminus of CFH (Surface binding) this
results in a CFHR1::CFH hybrid that competes with wild type CFH for cell surface binding To investigate
the proposed mechanism long range sequencing could be performed for example using Nano pore

technology.
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Mechanism Gene Number of Cases
Conversion CFH 18
CFHR1 2
Single CFH::CFHR1 1
Double/ Large
gene CFH::CFHR1 14
Crossover conversion
Single CFHR1::CFH 2
Double/ Large
gene CFHR1::CFH 9
conversion
NHEJ CFH::CFHR3 8

Table 4-2: Genomic rearrangement events detected in patients referred to the NRCTC including
unaffected family members, surprisingly single cross-over events are detected at a much lower

frequency than large gene conversion/ double cross-over events.

4.3. Genetics of eculizumab non-responsive TMA

Within the NRCTC cohort 47 patients with genetic forms of non-complement
mediated TMA were discovered. This included previously described genes
associated with aHUS including 19 with DGKe (Lemaire et al., 2013; Quaggin, 2013;
Brocklebank et al., 2020), two with disorders of cobalamin metabolism, MTR
(Vaisbich et al., 2017) and MMACHC (Sharma et al.), and six with INF2 (Challis et
al., 2017). Three children presented with disorders of red cell morphology one with
DHFR and two with G6PD, these have been shown to present in a clinical
phenotype indistinguishable from HUS (i.e. haemolytic anaemia, thrombocytopenia
and acute renal failure) (Walsh et al., 2018). In addition to variants in these known
TMA genes, three individuals were identified with variants in RNA surveillance
proteins. These included two patients with EXOSC3 variants and one patient with

POLRS3B. Review of the NRCTC cohort as part of this project identified five further
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patients with variants in RNA processing including one patient with TSEN2, two

siblings with RNU4ATAC, and one patient with POLR3H.

4.3.1. Novel genes identified in the RNA processing pathway
4.3.1.1. EXOSC3

Child One

An 8-month-old girl with a background of profound developmental delay, secondary
to pontocerebellar hypoplasia (PCH) (Figure 4-5), presented to the paediatric
service with a short history of Respiratory syncytial virus (RSV) positive
bronchiolitis. She deteriorated rapidly and required ventilation. Blood tests at this
time revealed microangiopathic haemolytic anaemia, thrombocytopenia and acute
kidney injury. She required renal replacement therapy for 11 days, as well as
multiple red cell and platelet transfusions. A diagnosis of presumed C-aHUS was
made and she was commenced on eculizumab. After an initial recovery and
discontinuation of renal replacement, she represented five months later with a lower
respiratory tract infection with relapse of her TMA, despite adequate complement
blockade (CH50/AHS0 absent) on eculizumab. Due to her underlying neurological
disorder, the decision was made to redirect her care, she died shortly after (Figure
4-6). She had extensive work-up as per the NRCTC protocol for patients presenting
with TMA, including STEC testing, complement (C3, CFH,CFIl, CD46, CFHR1-5
copy number and C5 eculizumab non-responsive SNP) and non-complement
(DGKe, INF2, MMACHC) genetics, CFH antibody screening, Human
immunodeficiency virus (HIV), hepatitis, malignant hypertension, and drug history;
these yielded no causative agent in her. As part of the work up for her PCH she had

genetic screening for known causes (Table 17) which revealed compound
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heterozygous variant in EXOSC3 ¢.92G>C (p.G31A) and c.395A>C (p.D132A),

both known pathogenic variants (Wan et al., 2012).

Child Two

A 7-month-old boy, with a background of severe neurodevelopmental delay,
secondary to pontocerebellar hypoplasia (Figure 4-5) presented to the paediatric
service with a short history of viral respiratory illness, he deteriorated rapidly and
required ventilation for four days, investigations revealed microangiopathic
haemolytic anaemia (raised Lactate Dehydrogenase (LDH) and schistocytes,
however he had a normal reticulocyte count (88 reference range 50-100),
thrombocytopenia and acute kidney injury. He was initially commenced on renal
replacement therapy and eculizumab for presumed C-aHUS. However, there was
no evidence of response. Due to his underlying neurological disorder it was decided
that active treatment was not in his best interests, and he died shortly after (Figure
4-6). He underwent investigation for alternative causes of TMA including STEC
testing, complement (C3, CFH, CFl, CD46, CFHR1-5 copy number) and non-
complement (DGKe, INF2, MMACHC) genetics, CFH antibody screening, HIV,
Hepatitis, malignant hypertension, and drug history, no evidence of another cause
was found. As part of the work up for his PCH he had genetic screening for known
causes (Table 17) which revealed compound heterozygous variant in EXOSC3
c.395A>C (p.D132A) and a novel in-frame three nucleotide deletion c.341_343del,
this variant is in a highly conserved region that is predicted to affect splicing (Figure
4-7). In addition to the patients identified in this study, there are four cases of PCH1b

reported with HUS (Table 4-3).
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Figure 4-5: Magnetic Resonance Scans of two children with EXOSC3 variants.

Representative sagittal image, demonstrating hypoplasia of the pons and cerebellum (white arrow).

Generalised white matter hypoplasia was evident throughout, as is common in PCH.
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Patient Variants in EXOSC3 Reference
1 ¢.395A>C (p.D132A), ¢.2226dupG (Rudnik-Schéneborn et al.,
(pD76fs) 2013)
2 €.92G>C (p.G31A) (Homozygous) (Van Quekelberghe et al.,
2022)
3 €.92G>C (p.G31A) (Homozygous) (Van Quekelberghe et al.,
2022)
4 Not reported (Ryan et al., 2000)
5 ¢.395A>C (p.D132A), c.92G>C This Study
(p.G31A)
6 c.395A>C (p.D132A), c.341_343del This Study
Table 4-3: Patients identified with EXOSC3 variants and TMA
a.
EXOSC3 b
Species
Human DS QQKRYVPVKGDHVI GI
Mutated DS QQKRYVPVK-DHVI GI
Ptroglodytes DS QQKRYVPVKGDHVI GI
Mmulatta DS QQKRYVPVKGDHVI GI
Mmusculus DS QQKRYVPVKGDHVI GI
Ggallus DS QQKRYVPVKGDHVI GI VT GKYV
Trubripes DS QQKRYVPTKGDAVI GI VTS KS
Drerio NCQQRRYVPAKGESVI GI VTAKS
Dmelanogaster | PARGDLI LGI VRAKA
Celegans HS KRYI PQEGDRVI AI VTSKT
Xtropicalis DS QQKRYVPVKGDHVI GI VTTKS

Figure 4-7: Position of variants identified in EXOSCS3.

a. The Human RNA exosome with MTR4 delivering single stranded RNA bound, EXOSCS3 highlighted in
blue, with variants identified in this study highlighted on image inset. Generated on Pymol (PDB 6D6Q).

b. Sequence alignment of ¢.341_343del showing preservation at this amino acid throughout evolution.
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4.3.1.2. TSEN2

A 3 year old child, from a consangionous family, presented to the paediatric services
with reduced oral intake, as part of her work up she underwent investigations that
demonstrated microangiopathic haemolytic anaemia, thrombocytopenia and acute
kidney injury. She was severely hypertensive at presentation, requiring multiple anti-
hypertensive agents. A diagnosis of presumed C-aHUS was made and she was
commenced on eculizumab. There was some improvement following eculizumab,
however the effects of this were uncertain. She underwent renal biopsy that
demonstrated chronic TMA despite eculizumab treatment. Investigation for a
potential cause including known TMA gene (including EXOSC3), did not reveal any
known cause. Following this she underwent exome screening that revealed a
homozygous novel intronic variant in TSEN2 c.-17-2A>C that is predicted to affect
splicing. Following the identification of this patient Canpolat et al. reported four
consngiounous families with six children with an intronic TSEN2 variant c.914-5T>A
who developed HUS, along with craniofacial and central nervous system
abnormalities (Canpolat et al., 2022). In addition to TMA, TSENZ2 variants are also
associated with PCH2b, although neither the child within the NRCTC cohort or the

six children previously reported have evidence of PCH2b.

4.3.1.3. POLRS3

During the course of this project a review of children with neurological abnormalities,
who did not have a variant in a known TMA genes, referred to the NRCTC was
undertaken. This identifed three children who had been referred with a clinical
diagnosis of TMA and a background of POLR3 related Hypomyelinating
Leukodystrophy (POLR3-HLD). One of these patients had a variant in POLR3H

(RCP8), one with POLR3B (RCP2) (Teoh et al., 2018), and one child had a clinical
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diagnosis of POLR3-HLD (the child’s parents did not want POLR3-HLD genotyping

for this child, although he had normal complement genetics).

4.3.1.4. RNU4ATAC

Within the NRCTC cohort whole exome sequencing in a family identified a
RNU4ATAC biallelic variant in two affected siblings with a background of
microcephalic osteodysplastic primordial dwarfism presenting with TMA, one of the

children presented with a second episode of TMA at four years old.

4.4. RNA processing in the development of TMA

The cases identified within the NRCTC cohort (EXOSC3, TSEN2 and POLRS3, and
to a lesser extent RNU4ATAC) are all in genes involved in RNA processing, and

surveillance resulting in an undescribed pathogenic process in TMA.

4.4.1. RNA species

To produce RNA from DNA it must be transcribed, this action is performed by three
RNA polymerases (RNAP) in eukaryotes (l-Ill). RNAPI transcribes 45S rRNA, the
large subunit of the ribosome; RNAPII is the only polymerase to produce coding
RNA in the form of messenger RNA (mRNA), it is also responsible for producing
non-coding RNA (ncRNA) such as Short nuclear (snRNA) and microRNA; RNAPIII
transcribes tRNA, 5S rRNA and U6 spliceosome RNA (Carter and Drouin, 2009).
Once transcribed extensive processing is required to produce the final mature RNA,
the exact process depending on the RNA species. Most RNA species, including
MRNA, tRNA and rRNA are produced with introns, which need to be removed, this
may be done by the spliceosome in the case of mMRNA (Nilsen, 2003), or by the

tRNA splicing endonuclease complex in the case of tRNA (Hayne et al., 2020). Once
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fully mature RNA is able to carry out its required function, at the end of its life cycle

RNA is removed from the cell by the RNA exosome.

4.5. The RNA exosome

4.5.1.1. Structure and function of the RNA exosome

The RNA exosome is a ubiquitous 3'—5’ ribonuclease multi-subunit complex that
degrades and processes virtually all forms of intracellular RNA (Januszyk and Lima,
2014). Its function and structure are highly conserved through evolution, with the
recognisable RNA exosome in archaea, bacteria and eukaryotes. The mammalian
RNA exosome is comprised of nine core proteins (EXOSC1-9, Ex09). Exo09
consists of a hexameric ring of six RNase PH-like proteins (EXOSC4-9) that is
capped by three S1/KH domain proteins (EXOSC1-3). This results in a barrel
shaped complex with a central channel that directs single stranded RNA (ssRNA)

to a bound exonuclease.

Approximately 1.5% of the human genome code is protein coding, however an
estimated 75% is transcribed (Jensen et al., 2013). This results in a large pool of
pervasive transcripts (non-coding RNAs), including tRNA, rRNA, snRNA, short
nucleolar RNA (snoRNA), these function as scaffolds for Ribonucleoprotein as well
as mediating the generation of polypeptides. In addition to these RNA species there
are a growing number of short-lived RNA species that have poorly understood
functions, these include transcription start site-associated RNA, promoter upstream
transcripts (PROMPTSs) and enhancer RNA (eRNA) (Jensen et al., 2013) whether
these RNA species truly have a physiological function in the cell is an area of
debate, however what is clear is that uncontrolled production of these pervasive

transcripts is detrimental to the cell (Jensen et al., 2013). With an abundance of
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pervasive transcripts there is an increased risk of disruption of normal cellular
processes such as complementation with DNA sequences preventing the proper
transcription of DNA, inappropriate translation of these non-coding transcripts or
binding to limited RNA binding proteins within the cell, therefore reducing their

availability for physiological RNAs.

One of the main functions of the RNA exosome is in RNA quality control (Houseley
et al., 2006); in the nucleus the exosome degrades defective tRNA, rRNA, mRNA
and snRNA, whereas in the cytoplasm it is has only been identified in mRNA
processing. In addition to this function in degrading abnormal RNA, the RNA
exosome is required for the normal maturation of both rRNA and snRNA. In the
absence of a functioning RNA exosome, there is a significant increase in pervasive
RNA species across the genome indicating the requirement exosome degradation

to maintain these species (Pefanis et al., 2014; Pefanis et al., 2015a).

In addition to its role in RNA quality control surveillance the RNA exosome has an
emerging role in anti-viral response (Bartok and Hartmann, 2020). Specifically, the
RNA exosome has been found to degrade viral RNA with the use of the co-factors
SKIV2L (Aly et al., 2016) and ZAP (Guo et al., 2007). SKIV2L and ZAP are able to
identify viral infection due to the differing viral RNA signatures compared to
endogenous RNA, including sequence specific features such as unusual codon use,
GC-Rich motifs and targeting by non-sense mediated decay proteins (Bartok and
Hartmann, 2020). One of the regulatory functions of the RNA exosome is the
degradation of mRNA containing AU-Rich Elements (AREs) in the 3’ untranslated
region. Generally speaking, mMRNAs containing AREs encode for proteins that
control cell growth (e.g. p53, Bcl-2, VEGF, Cyclin A/B1/D1) or response to external

stimuli such as infection or inflammation (TNF-a, Interferon-a/B, COX2, iNOS)
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(Barreau et al., 2005); In the normal cell, ARE-binding proteins (ARE-BP) bind to
these mMRNAs and target them for rapid degradation by the exosome. In response
to an external stimulus, e.g. infection there is decoupling of the ARE-BP and the

MRNA, meaning that it is rapidly free to be translated in to protein (Figure 4-9).

4.5.1.2. EXOSC3

EXOSC3 is an essential subunit of the non-catalytic component of the RNA
exosome complex (Exo9, Figure 4-8). EXOSC3 is located in humans on
chromosome 9 (Chromosome 4 in mouse). Itis a four exon gene that contains NT,
S1 and KH domains (Liu et al., 2006), which facilitate the binding of EXOSC3 to the
EXOSC5 and 9, to maintain the hexameric ring structure. Two of the variants
identified in children with EXOSC3-mediated TMA have previously been identified
in children with PCH1b, these include the c.395A>C (p.D132A) and ¢.92G>C
(p-G31A) which are both highly conserved amino acid residue in the putative RNA
binding S1 domain, these variants are predicted to affect the exosome interaction

with specific co-factors and RNA binding (4.5.1.3) (Wan et al., 2012).

4.5.1.3. Interaction between the RNA exosome and co-factors

Little is known about the exact interactions between the RNA exosome and
associated co-factors. However there is recent studies using Cryo-EM have
illuminated the interaction between the RNA exosome and one of the components
of the nuclear exosome co-factors (Mtr4). (Weick et al., 2018). For the first time the
interaction between the RNA exosome and co-factors was visualised, this
demonstrated the close association between the RNA co-factors and the ring of the
RNA exosome, particularly highlighting the interaction between Mtr4 and EXOSC2
and 3. Further work is required to understand how mutations in the RNA exosome

component impact the binding of co-factors, however this gives some insight in to
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the reasoning behind the cell type specific nature of pathogenic variants in

EXOSC3, conceivably hypofunctioning variants in the RNA exosome selectively

inhibit the interactions between the RNA and specific co-factors resulting in the

phenotype.

EXOSCI

<\

EXOSC2 > EXOSC3

— Cap

s

Figure 4-8: Representation of the RNA exosome complex.

— Core

Cap comprised of Exosc1-3 and the core comprising Exosc4-9, this forms a ring structure that allows

single stranded RNA to be channelled through
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Figure 4-9: Simplified functions of the RNA exosome in the cell.

In the nucleus two of the RNA exosome functions are rRNA processing, and quality control of
aberrant RNA species. The RNA exosome associates with the TRAMP complex within the nucleus
to perform its functions. The RNA exosome has a vital role in RNA surveillance in the cytoplasm as
well, here it is responsible for mRNA quality control, via interaction with the SKI complex. It also
has roles in viral RNA decay, by associating with the anti-viral co-factors ZAP and SKIV2L. Finally it
is essential for AU-Rich mRNA decay, in the resting cell state these mRNAs are rapidly degraded
due to recognition of the AREs. Upon cell stress the ARE-binding protein releases from the ARE,
the mRNA is no longer targeted for degradation and instead is transcribed by the ribosome. The
RNA exosome is responsible for many other RNA interactions, including R-loop resolution and
degradation of other ncRNAs, however the ones highlighted here are best understood, particularly

with relevance to disease.

4.5.2. TSEN2

During this project, a child presented with TMA and was discovered to carry a novel
intronic homozygous TSENZ2 variant (4.3.1.2). TSENZ2 is a component of the tRNA
splicing endonuclease complex, along with TSEN34, TSEN15 and TSEN54 (Hayne
et al., 2020). This complex along with CLP1 is responsible for processing pre-tRNA
in to mature tRNA (Figure 4-10). Defects in components of the TSEN and CLP1
have been identified in patients with PCH. An intronic variant in TSEN2 has been
described in four families with TMA, craniofacial and central nervous system
abnormalities (although not PCH) (Canpolat et al., 2022). In these patients, bulk
RNA analysis demonstrated abnormal tRNA transcripts indicating the pathogenicity
of this variant. RNA pathway analysis highlighted upregulation of genes associated
with cell cycle, ribosome function and shigellosis, potentially linking dysfunction of

the tRNA biology with STEC-HUS.
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Figure 4-10: TSEN mediated tRNA splicing

Pre-tRNA is processed by the tRNA splicing endonuclease (TSEN). This results in removal of the intron, with
the resulting free exons binding to CLP1 to ligate these two ends together. Finally, mature tRNA is produced

with a tRNA intronic circular RNA formed from the intron (the function of the tricRNA is currently uncertain).

4.5.3. RNA polymerase il

The RNA polymerase lll is responsible for the transcription of multiple forms of
ncRNAs. Autosomal recessive pathogenic variants in components of the RNAPIII
result in POLR3-HLD (OMIM 614381), a rare neurodegenerative disorder (Lata et
al., 2021). TMA has previously been reported in a patient with POLR3-HLD,
secondary to POLR3B (RCP2) (Teoh et al., 2018), however the pathogenesis of
this is not understood. Review of patients in the NRCTC revealed one child with a
clinical diagnosis of POLR3-HLD and one child with a biallelic pathogenic variants
in POLR3H (RCP8). Additional evidence of the role of POLRIII in TMA comes from
the finding of anti-RNAPIII antibodies in cases of TMA. Anti-RNAPIIl antibodies
have long been known to be a predictive risk factor for SRC (Penn et al., 2007,
MEYER et al., 2010; Hudson et al., 2014), however whether these antibodies are
pathogenic or an epiphenomenon is unclear (Fritzler and Choi, 2016). In support of
a pathogenic role for these antibodies is the finding that purified IgG from patients

with anti-RNAPIII antibodies inhibit the effects of RNA polymerase in vitro (Kuwana
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et al., 1993). Anti-RNAPIII are detectable years before the clinical manifestations of
SRC, with a rapid rise in titres shortly before patients develop SRC (Burbelo et al.,
2019). Identification of pathogenic variants in RNAPIII suggests that these

antibodies function to disrupt the normal function of RNAPIII.

RAPCH BECE RPCT RPCY

RPAC2

Figure 4-11: Pathogenic variants within RNAPIII in patients with HUS.

Red boxes denote the genes in which variants have been identified, adapted from Ramsey et
al.(Naesens et al., 2022)

4.5.4. RNU4ATAC

RNU4ATAC is a snRNA that is incorporated in to the into the minor spliceosome
component U4atac. The minor spliceosome is responsible for the removal of introns
from a small number of mMRNAs in humans (approximately 750/>20,000 genes)
(Almentina Ramos Shidi et al., 2023). Biallelic variants in RNU4ATAC are known to
cause MOPD1 (microcephaly, growth retardation, skeletal dysplasia and intellectual
disability) (OMIM: 210710). However there is a wide spectrum of additional
conditions identified in patients with RNU4ATAC variants including renal

abnormalities (although TMA has not been recognised previously) (Adam et al.,
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1993). In RNU4ATAC dysfunction there is accumulation of abnormal mRNA
products with retained introns that interact with the Integrator complex, an RNA
polymerase |l associated complex that can regulate RNA polymerase Il function
(Skaar et al., 2015; Almentina Ramos Shidi et al., 2023). Ultimately this affects

MRNA levels within the cell.

4.6. Summary

During this review of patients presenting the NRCTC with a diagnosis of aHUS,
eight individuals were identified with pathogenic variants in RNA processing genes
(Figure 4-12). The pathogenesis of this is unclear, however it is likely that the
pathway is similar in these genetic conditions. EXOSC3 is the best understood of
these genes and was the first to be identified in this project. The remainder of this
project aimed to address how variants in EXOSC3 result in TMA, this was done by

using an Exosc3 knockout mouse.
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Figure 4-12: Summary of RNA processing proteins in TMA

Biallelic pathogenic variants detected in patients with complement non-responsive patients have
been identified across the lifecycle of RNA. This includes patients with variants in two components
of the RNA polymerase lll, which is responsible for production of tRNA. Variants in genes responsible
for processing pre-RNAs including both mRNA and tRNA have been identified. Finally, variants have
been identified in EXOSC3 resulting in RNA exosome dysfunction and defects of RNA degradation.

4.6.1. Potential mechanism due to ectopic activation of nucleic acid sensors
It has previously been demonstrated that in the absence of a functioning RNA
exosome there is accumulation of RNA species, predominantly pervasive
transcripts (Jensen;Jacquier and Libri, 2013; Pefanis et al., 2014). Defective nucleic
acid surveillance has been shown to result in excessive interferon signalling. To
prevent overwhelming viral infection, intracellular surveillance pathways are
constitutively active. These pathways detect nucleic acid signatures (DNA and
RNA) normally only present in viruses (Roers;Hiller and Hornung, 2016). Detection

of intracellular viral RNA occurs through the RIG-I Like Regulators (RLR) pathway,
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whilst TREX1 and the STING complex detect DNA (Takahasi et al., 2008; Xiao and
Fitzgerald, 2013). Activation of these pathways results in downstream events
culminating in the production of type 1 interferon (Figure 4-13). Genetic variants in
these pathways result in failure of nucleic acid sensing pathways and inappropriate
activation of anti-viral pathways and interferon production, collectively these

disorders are termed type 1 interferonopathies (Crow and Manel, 2015).

Type 1 interferonopathies are a heterogeneous group of conditions that can involve
multiple organs. One of the key manifestations of type 1 interferonopathies is
endothelial dysfunction. These include genetic variants in TREX7 (SLE
(OMIM:152700, aHUS/TMA and Retinal Vasculopathy with Cerebral
Leukodystrophy (OMIM:192315) (Lee-Kirsch et al., 2007; Richards et al., 2007;
Gulati et al., 2018)); IFIH1 (SLE (Cunninghame Graham et al., 2011)),; SKIV2L (SLE
(Fernando et al., 2007)); SAMHD1 (Cerebral vasculopathy and early-onset stroke
(du Moulin et al., 2011)); TMEM173 (STING-associated vasculopathy
(OMIM:615934) (Crow and Casanova, 2014)). Failure to degrade RNA by the RNA
exosome results in accumulation of aberrant RNA species, not normally present in
high concentration in host cell (Rigby and Rehwinkel, 2015). These RNA species
may be misinterpreted by RLRs as viral infection, resulting in production of type 1
interferon (Wang and Colonna, 2014; Rigby and Rehwinkel, 2015). The idea of
build-up of endogenous RNA that become immunostimulatory is demonstrated in
SKIV2L deficiency cell models (Eckard et al.,, 2014). SKIV2L is an essential
component of the Ski complex, a cytoplasmic co-factor for the RNA exosome. In the
absence of SKIV2L there is accumulation of aberrant mMRNA species, presumably
through failure to deliver these to the RNA exosome for degradation. These RNAs
are sensed by the RLR pathway, resulting in interferon production. Additionally,

SKIV2L mutations result in a rare disorder, Trichohepatoenteric syndrome, these
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patients have been shown to have an increased interferon signature (Eckard et al.,

2014).

One potential mechanism for EXOSC3-mediated TMA is that a build-up of abnormal
RNAs as a result of hypofunction RNA exosome are misinterpreted as viral infection
(Figure 4-13) leading to ectopic activation of these anti-viral pathways and ultimately
resulting in interferon expression. Children presenting with EXOSC3-mediated TMA
had documented viral infection, the two patients in the NRCTC cohort had RSV and
an unspecified respiratory virus. The two cases subsequently reported both
presented following COVID-19 infection (Van Quekelberghe et al., 2022). This could
suggest that this increase in viral RNA overwhelms the cell and results in
inappropriate activation of the anti-viral pathways, this also potentially explains why
there is not a 100% penetrance in EXOSCS3 variants resulting in TMA, potentially

highlighting the need for a trigger event to induce the phenotype.
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Figure 4-13: Intracellular nucleic acid sensing pathways.

Viral RNA and DNA species are detected by RIG-I/MDAS and TREX1, respectively, triggering a
series of downstream events resulting in activation of IRF3 and the production of interferon.
Interferon is subsequently released from the cell and activates the interferon receptor (IFNAR). The
cytoplasmic RNA exosome is responsible for degrading multiple endogenous RNA species, when
this fails to function these RNA species accumulate. This could potentially be misinterpreted by RIG-
I/MDAS as viral infection and trigger the production of interferon. This is seen in SKIV2L deficiency,
where generation of mMRNA by the unfolded protein response (UPR) and IRE-1 results in abundance
of mRNA that is not delivered to the RNA exosome for degradation and is capable of stimulating

RIG-I (i.e. immunostimulatory).

4.6.2. Potential mechanism due to disruption of normal ribosomal function
processes resulting in apoptosis

The accumulation of pervasive RNA species that occurs in the absence of a function

RNA exosome interrupts normal cellular processes (4.5.1.1). Ribosomal function is

sensitive to RNA disturbance due to the high energy requirements required for

normal ribosomal function, therefore any disruption to cellular function can have

catastrophic effects on the cell (Buttgereit and Brand, 1995). Following interruption
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of ribosomal function there is activation of pro-apoptotic pathways including
activation of p53 (Figure 4-14), animal models of EXOSC3 knockout have evidence

of ribosomal dysfunction and apoptosis.

4.6.2.1. Zebrafish model

To investigate the role of the RNA exosome in the pathogenesis of disease a
zebrafish model of exosc8 and 9 has been developed (Muller et al., 2020). This
model highlighted the essential role of the RNA exosome in ribosomal processing.
These zebrafish developed reduced head size, smaller brain, and cerebellum.
gPCRin these fish demonstrated upregulation of pro-apoptotic genes including {p53
and mdm2, as well as cell cycle arrest. These features suggest ribosomal

dysfunction as the cause of the phenotype.

4.6.2.2. Mouse model

A mouse model of Exosc3 knockout has previous been developed to allow
conditional knockout (Economides et al., 2013a). This mouse model has been used
interrogate the role of the RNA exosome in tissues, utilising tissue specific CreERT?

promoters.

B Cells

The RNA exosome has previously been shown to have an essential role in B cell
development, specifically in class switching and somatic hypermutation, two
processes required to generate the antibody diversity needed in life(Pefanis et al.,
2014). In exosc3-deficient cells, there was an increase in multiple forms of ncRNA,
indicating the essential role the exosome in degrading the ncRNAs. Recently, an
Mb1¢cre mouse was used to generate a B cell specific Exosc3 knockout. This mouse
demonstrated a specific defect in progression of pro-B to pre-B cells, with

accumulation in pervasive RNAs; ultimately, this results in upregulation of pro-
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apoptotic genes including Trp53, Bax and Cdkn1 leading to cell death (Laffleur et

al., 2022).

Erythropoiesis

The RNA exosome has been shown to be essential in normal erythropoiesis;
previous models have demonstrated that downregulation of the RNA exosome in
primary erythroid precursors results in apoptosis and down regulation of c-kit (Mehta
et al., 2021). A in vivo model of Exosc3 ablation in red cell progenitors (Vav1°¢re)
demonstrated almost complete failure of erythroid progenitor activity and up
regulation of p53-mediated apoptotic markers, including Mdm2, Trp53inp1, Cdkn1a
and Phlda3 (Fraga de Andrade et al., 2022). Indicating increased apoptosis in the

absence of the RNA exosome.

Neurological development

Pathogenic variants in the RNA exosome are linked to pontocerebellar hypoplasia
(Wan et al., 2012). To explore the role of the RNA exosome in neurodevelopment
two brain specific cre expressers were used (FoxG® and Emx1¢r¢)(Ulmke et al.,
2021). These demonstrated failure of normal neuronal development, secondary to
overwhelming apoptosis. gPCR analysis of these cells demonstrated up-regulation
of p53 mediators e.g. Trpb53inp1, Aen, and Bbc3. Administration of PFTa, an
experimental p53 antagonist, to these mice showed evidence of rescue, implying

p53 mediated cell death as the primary driver of disease in this model.
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Figure 4-14: Ribosomal dysfunction in RNA exosome dysfunction

Build-up of aberrant RNA overwhelms the normal function of the ribosome, resulting in activation of
P53, leading to downstream effects, including cell-cycle arrest, release of inflammatory cytokines,

DNA repair pathway upregulation and ultimately activation of apoptotic pathways.

4.6.3. Summary of model organisms

The finding of up-regulation of p53-pathway genes and cell cycle arrest in these
model organisms are hallmarks of ribosomal dysfunction (Kampen et al., 2020).
This is potentially of interest in the pathogenesis of TMA, due to the role of the
ribosome and ribosomal dysfunction in STEC-HUS. As previously highlighted the
children presenting with EXOSC3-mediated TMA had documented viral infection
(4.6.1). The two patients in the NRCTC cohort had RSV and an unspecified
respiratory virus. The two cases subsequently reported both presented following

COVID-19 infection ((Van Quekelberghe et al., 2022). This could suggest that this
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increase in viral RNA overwhelms the cell and results in inappropriate activation of
the anti-viral pathways, this also potentially explains why there is not a 100%
penetrance in EXOSC3 variants resulting in TMA, potentially highlighting the need

for a trigger event to induce the phenotype, in a similar fashion to C-aHUS.

4.7. Hypothesis

| hypothesise that Exosc3 ablation in mice will result in TMA.
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5. The Role of Complement Dysrequlation in

RNA Processing TMAs

5.1. Introduction

Following the identification of pathogenic variant in RNA processing genes resulting
in TMA in humans, it was important to determine whether this represented a form

of C-aHUS, or an entirely separate disease pathway.

5.2. Could EXOSC3 dysfunction result in complement activation

The clinical data from the patients presenting with EXOSC3-mediated TMA
indicated this was an eculizumab non-responsive form of disease. This was
determined due to lack of response seen in patient 2 and the representation of TMA
in patient 1 despite adequate terminal complement blockade. In addition, both
patients had undergone a full diagnostic pathway for C-aHUS (and other known
forms of TMA), described above (3.1). Importantly this included the C5 eculizumab
non-responsive SNP. No other complement variant or alternative cause of TMA was

identified in either patient.

5.3. Could complement dysfunction result in activation of RNA

surveillance pathways

The pathways that ultimately result in TMA in C-aHUS are still poorly understood. It
is possible that EXOSC3 activation occurs as a result of complement dysregulation.
To investigate this, bulk RNA sequencing was performed on C3D1115N kidneys (G-

aHUS model) to determine if there was evidence of RNA processing dysfunction.
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5.4. RNA sequencing of C3P"N mouse kidney

To investigate gene regulation in C3P"'5N compared to control, kidneys were
isolated as described (3.8.2) and sent for RNA-Sequencing. Differential gene
expression analysis in the kidney was undertaken on two pairs of mice, pair one
was from Day 31 (disease and littermate control) and pair two was from Day 33
(Disease and control) mice, an additional sample pair at day 15 was sent but failed

the quality control.

5.5. Differentially expressed gene analysis

Differentially expressed genes were analysed using Benjamini-Hochberg analysis.
An adjusted p-value (false discovery rate) <0.05 and an absolute fold change of >2
was considered significant to ensure stringent analysis with a manageable number

of differentially expressed genes.

A total of 378 genes were significantly differentially expressed (307 down regulated,

71 upregulated) using these conditions.

QIAGEN IPA core analyses were performed with significantly differentially

expressed genes, as described (Kramer et al., 2014).
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* Benjamini-Hochberg analysis
« Significant results

19984 Transcripts| * Adjusted p-value <0.05
* Absolute fold change >2

* Input data
* Gene ID
- * Mean expression amount all samples
378 trg&s}mpts * Log2 fold change ratio of gene expression between two groups
downregulated, 71| * P-value of the differential expression between the 2 groups describing the significance
upregulated) of effect size

« Fisher’s exact test used to compare overlapping gene sets i.e. observed number of

IPA pathway differentially expressed genes vs. total number of genes in pathway (p<0.05)
analysis, » Z-score activation predictions to indicate the match between expected directional

canonical and relationship in the dataset. Z-scores >2 or <-2 indicted activated or inhibited,
upstream respectively.

regulator analysis

Figure 5-1: Differential gene expression analysis of C3P1115N/D1115N ys_ W/ild type.

A total of 378 transcripts were significantly differentially expressed between the two groups. IPA

analysis was used to generate pathways that were significantly affected.

5.6. Canonical pathway analysis

5.6.1. RNA surveillance pathways

Following the discovery of EXOSC3, POLR3, RNU4ATAC and TSENZ2 variants in
TMA, the differentially expressed genes data was examined to determine if there
any evidence of changes in RNA surveillance genes in this mouse model of C-
aHUS. In this data set there was no evidence of changes in any RNA surveillance
genes, this with the clinical data that the patients did not respond to eculizumab
suggests that the underlying mechanism of these TMAs is complement

independent.
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5.6.2. Significantly altered pathways

Canonical pathway analysis was performed on the samples to determine if there
were any pathways that were significantly changed. This identified a number of
overlapping pathways that were altered in the C3P'"N mouse compared to
littermate controls (Figure 5-2). The pathways that were most upregulated were
acute phase reactants, such as pathogen induced cytokine storm, acute phase
response, Il-6 and IL-10 pathways. Additionally, there was significant upregulation
of the coagulation pathway, in keeping with the phenotype observed. There were a
number of pathways that showed down regulation including a number of metabolic
pathways, including adipose and hepatic fibrosis pathways, the relevance of this on

the whole body are unclear as mMRNA was only generated from the kidney.

Analysis of individual pathways, specifically acute phase response and coagulation
pathways revealed differential regulation of a number of genes that are involved in

these pathways (Table 5-2).
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Figure 5-2: Bubble chart of differentially expressed gene pathways in C3P"""5N mouse with HUS

compared to littermate control.

X-axis Log score (p-value) calculated with Fisher exact analysis, p<0.05 considered significant. The
Fisher’s exact test tests whether the overlap between the two genes sets the observed gene set and
the genes within a certain pathway is statistically significant. The size of the bubble indicates the
number of genes differentially expressed. Finally, the colour represents the z-score activation
indicates the match between the expected directional relationship and the observed gene expression

in the dataset. Red represents activation and blue represents inhibition.

Gene Gene Name Log Ratio
CRABP2 cellular retinoic acid binding protein 2 -4.818
RBP4 retinol binding protein 4 -2.248
VWF von Willebrand factor -1.981
RBP7 retinol binding protein 7 -1.942
HP Haptoglobin -1.564
SERPINA3 serpin family A member 3 -1.242
TF Transferrin -1.191
FGA fibrinogen alpha chain 1.381
JUN Jun proto-oncogene, AP-1 transcription factor subunit 1.547
SERPINA1 serpin family A member 1 1.556
SOCS3 suppressor of cytokine signalling 3 1.718
HMOX1 heme oxygenase 1 1.987
SERPINE1 serpin family E member 1 2.243
IL1RN interleukin 1 receptor antagonist 2.698
FOS Fos proto-oncogene, AP-1 transcription factor subunit 2.895
IL36A interleukin 36 alpha 4.302

Table 5-1: Differentially expressed genes within the acute phase response canonical pathway

Log ratio of change from control expression (Benjamini-Hochberg) negative values indicating

downregulation, positive values indicate upregulation.
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Figure 5-3: IPA of Acute Phase Response canonical pathway.

Dark red shading indicates genes that have been measured to increase, orange indicates genes that
are predicted to increase due to the measured response. Orange arrows indicate upregulation of the
downstream molecule as a result of the measured gene response. Blue with purple border indicates
genes that have been measured to decrease. Pale blue indicates genes that are predicted to decrease
due to the measured response. Blue arrows indicate downregulation of the downstream molecule as a
result of the measured gene response. Yellow arrows indicate opposite regulation change compared to
the expected change. Pathway indicates that the C3D1115N variant results in activation of IL1 signalling
leading to Jun proto-oncogene, AP-1 transcription factor subunit and Fos proto-oncogene, AP-1
transcription factor subunit; and suppression of JAK2 due to activation of suppressor of cytokine
signalling 3 (SOCS3), resulting in STAT phosphorylation, inhibition of NFkB and ERK1. These changes
result in the observed acute phase response changes, specifically decreased levels of transferrin,
serpin family A member 3, retinol binding protein 4 & 7, haptoglobin and von Willebrand factor.
Increased acute phase genes including serpin family E member 1, fibrinogen alpha chain and serpin

family A member 1.
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Gene Gene Name Log Ratio

F5 coagulation factor V 1.534
FGA fibrinogen alpha chain 1.381
SERPINAT1 | serpin family A member 1 1.556
SERPINE1 | serpin family E member 1 2.243
VWF von Willebrand factor -1.981

Table 5-2: Differentially expressed genes within the coagulation canonical pathway

Log ratio of change from control expression (Benjamini-Hochberg) negative values indicating

downregulation, positive values indicate upregulation.

5.7. Discussion

The differentially expressed gene analysis in the C3°"""5N mouse demonstrated
upregulation of acute phase proteins, including cytokines IL1 and IL36 as well as
pro-coagulant genes FGA, Serpin genes and downregulation of vWf. Increased
cytokine expression has previously been reported in STEC-HUS (including TNFa,
IL1, IL6) (Litalien et al., 1999; Ramos et al., 2016; Exeni et al., 2018; Pineda et al.,
2021). There is a well-documented link between complement activation and

coagulation (Schmidt et al., 2022), which is seen in TMA.

RNA-sequencing data is available from kidneys from a mouse model in which
mouse C3 has been replaced with human C3, i.e. humanised C3 model (C3H)
(Devalaraja-Narashimha et al.,, 2021). This model develops spontaneous
complement activation resulting in C3 glomerulopathy, a disease in which there is
extensive C3 deposition within the kidney leading to chronic kidney disease. RNA-
sequencing data from this mouse showed similarities to the C3P"""5N model. This
model showed increase differential gene expression of genes in the IL-6,

inflammation and coagulation pathways as was seen in the C3P"""5N model. Both
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the C3" and C3P"""*N had downregulation in adipose metabolism pathways. It has
been well documented that complement is intertwined with lipid metabolism, with
C3 being central to this process reviewed in (Barbu et al., 2015). Whilst exploration
of this phenotype was outside the scope of this work it is of interest that both the
C3P11N gnd C3"' models show significant downregulation in these metabolic
pathways and potentially could be utilised to further investigate the contribution of
C3 to lipid metabolism. The nature of the bulk sequencing performed on the C3P1115N
mouse means it is not possible to be certain what cells are responsible for changes
seen in the differential gene expression data. This may be relevant for the changes
seen in VWH{, the differential gene expression data demonstrates downregulation;
however vWf deposition is increased in the C3P'"'SN mouse detected by
immunofluorescence. The reason for this discrepancy is not entirely clear, it may be
that local production of vWf is decreased in the C3P'""5N glomerular endothelial cells,
while systemically there is increase in vWf production that is then deposited on the
endothelial surface. One way to answer questions about cellular contribution to
differential gene expression would be to perform single cell RNA-Sequencing, or
spatial transcriptomics to learn more about the contribution of cell types to the

phenotype seen in these mice.

Previous total RNA sequencing data from RNA exosome deficient zebrafish (Muller
et al., 2020) has demonstrated upregulation of ncRNA, including snoRNA, snRNA
and rRNA, RNA species that are involved in the ribosome biogenesis pathways.
rRNA biogenesis defects result in upregulation of p53 mediated apoptosis and result
in cell cycle arrest (Fumagalli et al., 2012). These changes were seen in this
zebrafish model, confirming the effects of rRNA biogenesis dysfunction as a result

of RNA exosome knockout.
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A cohort of children with aHUS due to hypomorphic TSENZ2 has recently been
reported (Canpolat et al., 2022). RNA sequencing data from one of these children
demonstrated upregulation in cell cycle, ribosome and shigellosis pathways,
potentially highlighting a link between RNA processing dysfunction and STEC-HUS

(i.e. shigellosis) as previously eluded to (4.5.2).

Interestingly, neither the RNA exosome model nor the TSENZ2 data showed any
differential change in complement expression and the C3P''"5N data showed no
changes in RNA processing, suggesting that these are two separate pathways

resulting in TMA.
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6.The Effects of Temporal Exosc3 Knock-

down in a Mouse Model

6.1. Exosc3™ Rosa26CreERT2

To determine whether the observed TMA phenotype developed in mice following
whole body Exosc3 knock-out mice were bred with the B6.129-
Gt(ROSA)26Sorm1(cre/ERT2)TYi/J (Rosa26CreERT™2). The first breeding round was
performed to generate Exosc3™" mice and Exosc372" Rosa26CrefRT2 mice. These
mice were bred to generate Exosc3"1.Rosa26CrefR™2 mice that would enable
Exosc3 knock-out following tamoxifen treatment (Figure 6-1). Previous work
performed on ex vivo model of this mouse had demonstrated this was sufficient to

cause Exosc3 knock-out in B cells (Pefanis et al., 2014).

Exosc3 ROSA26Cre <™ Exosc3f Exosc3’

| |

Exosc3™"

\,b_%_ _)\

Exosc3"".Rosa26CrefR™

Exosc3".Rosa26Cret ™

Figure 6-1: Exosc3""-Rosa26CrefR™2 Breeding strategy.

The first breeding round was performed to generate Exosc3". Rosa26CrefR™2 these mice were bred

with Exosc3"" mice, this breeding round generated Exosc3"".Rosa26CreER™ mice.
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6.1.1. Exosc3" Genotyping

Genotyping of mice was performed on ear punch biopsies as described (3.7.2). This

allowed discrimination and selection of wild-type, Exosc3"and Exosc3" mice to be

performed.
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Figure 6-2: Exosc3 genotyping PCR

Genotyping was performed on ear punch biopsies and separated on 2% agarose TAE gel. Ladder

Generuler 1Kb, Homozygous Exosc3" single band at 409bp, wild-type single band at 375bp,
heterozygous bands at 409bp and 375bp.

6.1.2. Rosa26CrefR72 Genotyping

Genotyping of mice was performed on ear punch biopsies as described (3.7.2).
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Figure 6-3: Rosa26CrefR72 genotyping PCR

Genotyping was performed on ear punch biopsies and separated on 2% agarose TAE gel. Ladder

Generuler 1Kb plus, Homozygous Rosa26CrefRT2 single band at 395bp, wild-type single band at 295bp,
heterozygous bands at 295bp and 395bp.
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6.1.3. Phenotype of Exosc397/9'°, Rosa26CrefRT2

Following standard tamoxifen induction (75mg/Kg/d |.P. for 4 days) mouse weights
and condition score were recorded daily (3.3.5). Any mice recording a score of 15
or more on the clinical scoring matrix were considered to have reached maximal
permitted harm and were euthanised. Following this standard tamoxifen protocol
there was clear evidence of recombination, as measured by GFP positivity, but mice
remained healthy without any evidence of disease at 1 month post recombination.
Rosa26CrefRT2ERT2 and Exosc3" mice were also treated with tamoxifen as
controls, these showed no evidence of GFP positivity or a phenotype up to 1 month

post treatment.

6.1.4. GFP positivity

Successful recombination was tracked utilising the GFP signal that was expressed
in cells that had undergone inversion (Figure 6-4). Splenocytes were used as an
easily accessible tissue to track recombination in cells. Following treatment with
tamoxifen the GFP positivity in splenocytes in the Exosc399%. Rosa26CreFR72 was
69.24%1.6 (Figure 6-4). The absence of an obvious phenotype in these mice could
be due to a lower level of cre in mice carrying a single copy of Rosa26 (Figure 6-8).
Mice were bred to Rosa26CrefR72ERT2 to determine whether this was sufficient to

generate a phenotype.
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Figure 6-4 Splenocytes GFP positivity following 4 days tamoxifen treatment.

Single cell suspension was generated via mechanical disruption of spleen, followed by red cell lysis.
1x106cells were stained with viability dye. GFP positivity was detected via flow cytometry, after gating
out debris, doublets and dead cells (n=3 in all groups). GFP positive cells, represent cells that have
undergone recombination and inversion of the floxed region to put GFP in sense orientation. Unpaired

t-test used to analyse.
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6.2. Exosc3".Rosa26CrefRT2ERT2

To generate mice homozygous for both Exosc3" and Rosa26CreERTZERT2 the
following breeding strategy was used (Figure 6-5). Exosc3"1.Rosa26CreERT2/ERT2

mice were then inter-crossed to maintain homozygosity in subsequent breeding.

Exosc3" ROSA26Cret~™ Exosc3f Exosc3”

w» o m W™ w
| —
« X -

Exosc3™"

Exosc3™.Rosa26CretR2

Exosc3%.Rosa26CretR™2 Exosc3"".Rosa26CrefR™2

Exosc3™". Rosa26CrefRT2/ERT2

Figure 6-5 Breeding strategy for Exosc3"1.Rosa26CreERTZERT2

The first breeding round was performed to generate Exosc3".Rosa26CrefRT2 these mice were bred
with  Exosc3" mice, this breeding round generated Exosc3"".Rosa26CrefRT2,
Exosc3".Rosa26CrefR™  and Exosc3" Rosa26CrefR™ were bred together to generate

Exosc3™ Rosa26CreERTZERT2 mjce,
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6.2.1. Phenotype of Exosc399. Rosa26 CreFRTZ/ERT2

Following standard tamoxifen treatment mice were tracked using the clinical
monitoring scoring matrix (3.3.5). All mice lost weight, had a reduction in body
condition score, had loose stools and reduced activity at 8 days %2 following

commencing treatment and had to be euthanised.

-
o
o

Probability of Survival
(3,1
o
[ |

p <0.0001
0 -r-rr-rrr-rr- [T TTTTTTTT [ TT—TTTTTTT )
0 10 20 30
Exosc3gfp/gfp. Exosdgfp/gfp_
Rosa26Cre " 12 (n=6) == Rosa26Cre " ZERT2

(n=20)

Figure 6-6: Survival analysis following standard tamoxifen treatment

Four days of I.P. tamoxifen at 75mg/Kg. All Exosc39%.Rosa26CrefRT2 mice survived out to one
month following tamoxifen treatment. All Exosc39%/9. Rosa26CreFRT2ERT2 mjce died or reached the
predefined clinical score with a mean survival of 8 days following tamoxifen treatment. Mantel-Cox

analysis was used to calculate difference between the groups.

6.2.2. GFP positivity in Exosc3979%, Rosa26CrefRTZERT2

Following tamoxifen treatment in Exosc3979% Rosa26CreERTZERT2 mice the mean
GFP positivity in splenocytes was 95.89%+0.995 (Figure 6-7). This compared to
69.24%+1.6 in Exosc397/9° Rosa26CreER™ mice. These results indicate that the
phenotype only became apparent once a certain proportion of cells had undergone
recombination, this was further explored by varying the tamoxifen dosage to

determine the level of recombination required to demonstrate a phenotype (6.2.3).
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Figure 6-7 GFP positive Splenocytes

Single cell suspension was generated via mechanical disruption of spleen, followed by red cell lysis.
1x10%cells were stained with viability dye. GFP positivity was detected via flow cytometry, after gating
out debris, doublets and dead cells (n=3 in all groups). GFP positive cells, represent cells that have
undergone recombination and inversion of the floxed region to put GFP in sense orientation.

Unpaired t-test used to analyse

6.2.2.1. Cre gPCR

The Exosc397'9 Rosa26CrefR™2 mice had lower levels of recombination than
Exosc39%/9 Rosa26 CreERTZERT2 mice as determined by GFP positivity (Figure 6-4),
this explained the absence of a phenotype in these mice. One possible explanation
for this is that a single Cre allele results in reduced mRNA (and therefore protein).
To determine this RNA was isolated from kidney in Exosc3"
Exosc397%9% Rosa26CreERT2, Exosc39%/9 Rosa26 CreERT2ERT2 mice and RT-qPCR
was performed. Higher Cre mRNA was detected in Exosc397/9%. Rosa26 CreERTZERT2
compared to Exosc39%/9. Rosa26CreERT . Potentially explaining the difference in

phenotype between the mice.
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Figure 6-8: gPCR results for Cre mRNA from kidneys of mice (n=1).

Demonstrating increased levels of cre mRNA in mice with 2 copies of Rosa26CreERT2 alleles.
RNA generated from flash frozen kidneys using Trizol. Following this RNA was treated with Turbo
DNA-free kit to remove residual gDNA. cDNA generated using Superscript lll. TagMan RT-qPCR
was performed using Cre specific primer and probes, with B-Actin used as housekeeper to
normalise.

6.2.3. Exosc3 measurement

The inclusion of the anti-sense GFP in the Exosc3" mouse allows cells that have

undergone recombination to be tracked. However, this is used as a surrogate

marker for Exosc3 deletion. It is preferable to measure Exosc3 directly.

6.2.3.1. PCR to detect recombination

Standard PCR was design to detect Exosc3 recombination (3.7.2). The PCR was
designed with an anti-sense primer in intron 2 and exon 4. Prior to recombination
no product is produced, following recombination and inversion the reverse primer is

inverted, allowing for a product
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Figure 6-9: Exosc3 recombination PCR

a) Genotyping was performed on ear punch biopsies and separated on 2% agarose TAE gel. Ladder
Generuler 1Kb  plus, Exosc397/4fr. Rosa26 CreERTZ/ERT2 single band  at 919bp,
Exosc39%/9%, Rosa26CrefR™ single band at 919bp, Exosc3"1.Rosa26CrefRTZERT2 no product
produced. b) Primer design: prior to recombination both primers are in an anti-sense orientation with
~2.5Kb between the primers. Following cre-mediated recombination and inversion the primer pair

are situated closer together and able to produce a product.

6.2.3.2. gPCR to detect Exosc3 mRNA levels

To determine whether the GFP signal observed in the
Exosc3979f. Rosa26 CreERTZERT2 mice resulted in disruption of Exosc3 mRNA RT-
gPCR was performed. This demonstrated reduced Exosc3 in the kidney, brain and
bone marrow (Figure 6-10). Given the nature of the whole tissue protein lysate used
it is not possible to determine whether this reduction was across all cell types within
the tissues tested or whether this represented biallelic disruption in cells or whether
only a single allele had been affected. It is clear from this data that there is complete

knockout is not seen in all tissues following recombination.
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Figure 6-10: Exosc3 mRNA expression from various tissues

RNA was extracted from snap frozen tissue using Trizol and cDNA transcribed as per manufacturer’s
instructions. Tagman PCR was performed using the appropriate universal probe (Roche) and
specific primers. Exosc3 mRNA was reduced in Exosc397/9, Rosa26 CreERTZERT2 kidney, brain, and

bone marrow, confirming Exosc3 knockdown. Unpaired t-test used to analyse between groups

140



6.2.3.3. Western blot

Following the demonstration of reduced Exosc3 mRNA in the
Exosc39/9f, Rosa26 CreERTZERT2 mouse, western blot was performed to determine
whether there was evidence of reduced Exosc3 protein expression. Following
generation of protein lysate from the kidney different conditions were trialled in an
attempt to detect protein expression, including a monoclonal antibody (Abcam) and
a polyclonal antibody (Proteintech) at varied concentrations (1/100 — 1/4000).
Exosc3 expression could not be demonstrated in either

Exosc3"1Rosa26CreERTZERT2 or Exosc399PRosa26 CreERTZERTZ,
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Figure 6-11: Western Blot using Polyclonal antibody

Whole kidney protein lysate from mice was generated using RIPA buffer. 30 ul of protein lysate was
added to either reducing or non-reducing buffer at appropriate concentration and SDS-Page
performed, following transfer the blot was washed and incubated with 1:1000 Exosc3 Polyclonal
antibody in 5% milk TBST overnight at 4°C. Following further washes and incubation with Goat anti-
Rabbit HRP for one hour at room temperature. The signal was developed with ECL and imaged
using Licor OdysseyFc. No protein was detected at the predicted molecular weight of 31KDa in the
Exosc3"Rosa26CreERTZERT2 or Exosc39%/9Rosa26CreERT2ER12 in the reduced or non-reduced
samples. In Exosc3979Rosa26CreFRT2ERT2 non-reduced sample a band was evident at ~75KDa,

this potentially represents non-specific immunoglobulin, rather than specific Exosc3 binding
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Figure 6-12: Western Blot using Monoclonal antibody

Whole kidney protein lysate from mice was generated using RIPA buffer. 30 ul of protein lysate was
added to either reducing or non-reducing buffer at appropriate concentration and SDS-Page performed,
following transfer the blot was washed and incubated with 1:1000 Exosc3 Monoclonal antibody in 5%
milk TBST overnight at 4°C. Following further washes and incubation with Goat anti-Rabbit HRP for one
hour at room temperature. The signal was developed with ECL and imaged using Licor OdysseyFc. No
protein was detected at the predicted molecular weight of 31KDa in the Exosc3""Rosa26CrefRTZERT2 or

Exosc39Rosa26 CreFRTZERT2 jn the reduced or non-reduced samples.
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6.2.3.4. Summary of methods of Exosc3 detection

The data presented above demonstrate successful recombination as detected by
detection using standard PCR and reduced expression of Exosc3 mRNA. However,
it was not possible to demonstrate protein expression, this was despite trying
multiple different conditions and concentrations of the primary antibody (including
10 times the recommended concentrations). Both antibodies used have previously
been demonstrated to detect Exosc3 by Western blot. This needs further
optimisation to detect Exosc3 protein. However, during this project tracking with
GFP was performed as a surrogate for Exosc3 depletion due to the fact that mice
developed a phenotype associated with Exosc3 ablation and Exosc3 disruption was

demonstrated on a gRNA and mRNA level.

6.2.4. Optimisation of tamoxifen dosing

Previous data on tamoxifen induced cre-recombination has demonstrated that five
days of tamoxifen at a dosage of 75mg/Kg I.P. is sufficient to achieve recombination.
To determine whether it was possible to regulate the number of cells undergoing
recombination and therefore allow a milder phenotype and therefore investigate a
more chronic Exosc3 deficiency, the duration/dose of tamoxifen treatment was
investigated. Mice were treated for 1 — 5 days. Mice treated for 1 or 2 days showed
reduced level of recombination, with no observable phenotype. Mice treated for 4
and 5 days demonstrated no discernible difference between their phenotype (Figure
6-36). 75% (9/12) mice that were treated with 3 days of tamoxifen survived beyond
10 days (Figure 6-35). Some of these mice were aged to one year post treatment
(6.2.14). Based on these results, 4 days of tamoxifen was used to ensure efficient

recombination, whilst limiting the potential side effects of excessive tamoxifen.
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Figure 6-13: GFP positivity in Exosc3979%. Rosa26CrefRT2ERT2 splenocytes treated with 75mg/Kg
Tamoxifen I.P. for 1-5 days.

Splenocytes were isolated via mechanical disruption, following red cell lysis and washing, cells
were stained with viability marker. Flow cytometry was performed on 1x106 cells, gating strategy
was performed to exclude cellular debris, dead cells and doublets. Total GFP was calculated.
Following eight days of treatment there was GFP expression in all samples, with an increase in

the proportion of GFP positive cells with increasing duration of treatment.

6.2.5. Gross histological examination

To understand the phenotype in Exosc39%/9 Rosa26CreERTZERT2 mice histological
examination on the mice was performed. Following Exosc3 ablation, these mice
developed pathology in the intestine, bone marrow and thymus (i.e. cells with a fast

turnover time), within the bone marrow and thymus there was evidence of reduced
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cellularity, and the intestine showed evidence of proliferative colitis, with loss of villi
(Figure 6-14). Kidneys were examined to determine whether the findings in humans
were recapitulated in this mouse model, there were no remarkable findings in the

kidney following Exosc3 ablation.

146



147



Figure 6-14: H&E staining of selected organs in Exosc39P/9. Rosa26 CreERTZERT2 mijce

40x (left) and 400x (Right). 1. Kidney demonstrating normal morphology. 2. Thymus, Atrophy of the
thymus with loss of cortical and medullary architecture. 3. Bone marrow, Hypocellularity. 4. Large
intestine, Proliferative colitis with eosinophilic material and sloughed cells in the lumen. 5. Caecum,

Neutrophilic and oedematous typhlitis.

6.2.6. Kidney histology

To further investigate for evidence of TMA in the kidney two additional stains were
used Periodic Acid-Schiff, which enables closer examination of the glomerular
basement membrane for evidence of double contouring. Secondly, Martius Scarlet
Blue, which allows visualisation of fibrin clots (pink), collagen (blue) and
erythrocytes (yellow), these stains were performed by Newcastle-Upon-Tyne
hospital pathology. Both stains showed no evidence of abnormality in

Exosc397/9 Rosa26 CreERTZERT2 mice following recombination.
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Figure 6-15: Exosc39%/s’r. Rosa26CreERT2ERT2 mouse kidney following treatment with tamoxifen (x400).

Top panel PAS staining, demonstrating normal appearance of glomerular basement membrane, with
no evidence of increased cellularity, no double contouring, no mesangiolysis. Bottom panel MSB
staining with normal appearance of glomeruli, Collagen staining (blue) showing normal distribution,

red blood cells (yellow) seen throughout the glomerular capillaries and no evidence of any fibrin clots
(pink).
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6.2.7. Transmission electron microscopy

To determine if there was any evidence of TMA on electron microscopy,
Transmission electron microscopy was performed on
Exosc39%/9 Rosa26 CreERTZERT2 mice. This did not demonstrate any evidence of

TMA.

Figure 6-16: Transmission Electron Microscopy of Exosc3979’r, Rosa26CreFRT#ERT2 mouse kidneys

Kidneys were cut in to Tmmx1mm cubes and stored in glutaraldehyde solution. Transmission
microscopy was performed by the Newcastle University Electron Microscopy Research Service
using the Hitachi HT7800 120kV TEM (n=3 mice). No evidence of significant pathology was found.
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6.2.8. Flow cytometry of mouse kidney

To determine whether the lack of phenotype in the kidney was due to inefficient
recombination within the kidney single cell suspension from the kidney was
generated using enzymatic digestion and flow cytometry was used to examine GFP
expression. This demonstrated GFP expression in both the leukocytes and
endothelial cells, although due to higher autofluorescence within the kidney it was

more challenging to demonstrate this (Figure 6-19).
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Figure 6-17: Representative example of GFP expression in kidney of Exosc3974’, Rosa26 CreERT¥ERT2

mice

GFP expression in both endothelial and leukocytes (n=3). Following isolation of kidney into ice-cold
dPBS, kidneys were chopped up and digested in 2ml digestion buffer, 2mg/ml collagenase/dipase,
0.2mg/ml DNase | in RPMI at 37°C for 1 hour. Following digestion kidneys were sieved with a 100um
sieve to remove large cell clumps. Red cell lysis was performed and then cells were washed. 1x106
cells were incubated with FcBlock and viability dye for 30 minutes, cells were then stained with a
leukocyte marker (CD45 PE-Cy7, BD biosciences) and an endothelial cell marker (CD31 APC,
Miltenyi). Following a final wash cells were run on the flow cytometer. Cells were gated to exclude
cellular debris, doublets and dead cells. Endothelial cells were identified as CD31* CD45 cells. GFP
positivity was recorded to determine the degree of homology. A total of 3 mice were examined

demonstrating the same pattern.
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6.2.9. Haematological analysis

Exosc3979% Rosa26CreERTZERT2 mice were anaemic, as measured by iSTAT
following tamoxifen treatment. To determine whether this was secondary to TMA
blood films were produced alongside platelet counts. Reticulocyte counts were
performed as well to determine whether there was evidence of haemolysis (raised
reticulocyte count). Finally white cell analysis was performed to determine whether

there was any effect on this cell line.

6.2.9.1. Red cell analysis

Exosc397/9° Rosa26CreERT2ERT2 were anaemic following tamoxifen treatment with
an average haemoglobin of (89g/L vs. 126g/L) (Figure 6-21). To determine whether
anaemia was haemolytic or aplastic in nature, reticulocyte enumeration was
performed. This demonstrated significant suppression in reticulocyte count in
Exosc39/9’, Rosa26 CreERTZERT2 mice following tamoxifen (0.45% vs. 3.48%),
indicating bone marrow suppression as the underlying cause of anaemia in these

mice. Blood films were reviewed, which did not show evidence of schistocytes

(Figure 1-2).

"%E?o' -.s}. o
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Flgure 6-18: Blood film from terminal exsanguination of Exosc399'r. Rosa26CreERTERT2 mouse

Blood film stained with Rapi-Diff Il Stain. No evidence of haemolysis was seen on this blood smear,

no obvious platelet clumps were seen (which would lead to a falsely low platelet count)
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Figure 6-19: Haematology results from Exosc39P/9. Rosa26CreERTZERT2 mjce following tamoxifen

treatment.

a) Haemoglobin was measured using Heparinised blood with the iSTAT machine. This demonstrated
in significant anaemia in Exosc39%/f Rosa26CreFRT2ERT2 mjce compared to litter-mate controls. b)
Reticulocyte percentage determined by flow cytometry, using Retic-Count (BD Biosciences), 10ul of
blood was added to Retic-Count and incubated for 30 minutes. Positive cells were identified and
calculated as a percentage of the total erythrocytes. This demonstrated significantly reduced
reticulocyte percentage in treated mice, indicating aplastic cause of anaemia in mice. (n= 12 for

Exosc3". Rosa26CreERT#ERT2 mjce and =14 for Exosc39%/9% Rosa26CreFRT2ERT2 npaired t-test used

to analyse between groups
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6.2.9.2. Platelet count

As part of the investigation for TMA, a platelet count was performed to look for
evidence of thrombocytopenia. This demonstrated significantly lower platelet count
in Exosc39%9% Rosa26CreERTZERT2 mice compared to control (1.36x10° vs. 6.12x108

cells/ml) (Figure 6-20).
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Figure 6-20 Representative flow cytometry of blood sample to determine platelet count.

Blood samples were diluted at 1 in 40 in platelet flow buffer. 5ul of diluted blood was added to 200ul
of flow buffer containing 1:400 anti-CD41 and incubated on ice for 30 minutes, 50ul of Absolute
Counting beads were added to prior to flow cytometry to allow for cell count to be worked out. a)
FSC-A vs. SSC-A (log-scale) used to identify platelet containing fraction b) SSC-A vs 561 586/15,
anti-CD41 (PE) used to identify platelets within platelet fraction c) SSC-A vs. 488 530/30 used to
identify counting beads d) Gate statistics e) Total platelet count in Exosc39/9. Rosa26CreERTZERT2

mice following tamoxifen treatment, litter-mate untreated mice used as controls, demonstrating
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thrombocytopenia following tamoxifen treatment. (n=9 for Exosc3". Rosa26CreFRT2ERT2 gnd =12 for

Exosc394, Rosa26 CreERT2ERT2) Unpaired t-test used to analyse between groups

6.2.9.3. White Cell Count

Following the identification of thrombocytopenia and anaemia in
Exosc397%9' Rosa26CreERT2ZERT2 mice a white cell count was performed to
determine whether there was evidence of pancytopenia, due to the hypocellularity
seen in the bone marrow, or whether there was isolated anaemia and
thrombocytopenia, which would be in keeping with TMA.
Exosc397%9% Rosa26 CreERTZERT2 mice had significantly lower white cell counts, in all
cell types analysed including total white cell count, neutrophils, T-cells and B-cells.

The most severely affected line was neutrophils (Figure 6-23).
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Figure 6-21 Representative example of white cell counting performed via flow cytometry (n=3).

50ul of heparinised blood was stained with 1ul of Anti-CD45, Ly6G, CD19 and CD3 antibodies and
incubated on ice for 30 minutes, 450ul of red cell lysis fixation buffer was added and incubated for 10
minutes at room temperature, finally 50ul of Absolute Counting beads were added to allow cell count to
be determined. a) FSC-A vs. SCC-A used to identify differentiate cells from debris. b) Anti-CD45 (PE-
Cy7) used to identify total leucocytes. c) Anti-Ly6G (APC) used to identify Neutrophils, within the CD45
positive population d) Anti-CD3 (PerCP-Vio700) and Anti-CD19 (PE) used to identify T and B cells
respectively. e) Beads identified using 405 780/60 positivity and used to count cells using Equation 1. f)
Summary statistics of cell and bead counts. g-j) Total cells per ml in Exosc39P9. Rosa26CreERTZERT2
mice following recombination, Exosc3".Rosa26CreFRT2ERTZ |ittermates used as controls. Significantly
lower cell counts in all cell types tested were seen following recombination, with the most significant

reduction in neutrophils. (n=3 in both groups) Unpaired t-test used to analyse between groups
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6.2.9.4. Peripheral cell count interpretation

Following Exosc3 ablation there was evidence of pancytopenia in the
Exosc3979’ Rosa26CreERTZERT2 mice. This contrasts with mice that develop TMA
(C3P115N) in which there is anaemia and thrombocytopenia, without effect on the
white cell line. These results, in addition to the finding that the anaemia was aplastic
in nature suggest an effect on the normal development of haemopoetic cells. This

was further examined by investigating the effects on the bone marrow.

6.2.10. Bone marrow analysis
Given the demonstration of pancytopenia bone marrow analysis was performed to
determine whether there was a common stage at which cell development was

affected following Exosc3 ablation.

6.2.10.1. Histology
To determine the effects of Exosc3 knockout on the structure of the bone marrow
H&E staining was performed on mice following recombination this demonstrated

decreased cellularity in bone marrow (Figure 6-14).

6.2.10.2. Cell count

To confirm the reduced cellularity seen in these mice, a cell count was performed
using the Anvajo cell counter, following extraction of the bone marrow and red cell
lysis. This confirmed a reduction in cells in Exosc39%/9%. Rosa26CreERTZERT2 mice

(Figure 6-22).
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Figure 6-22: Total bone marrow cell count, following extraction of the bone marrow from 3 limbs

Cells were treated with red cell lysis buffer and washed, cells were then counted using the Anvajo

cell counter. (n=6 in both groups) Unpaired t-test used to analyse between groups

6.2.10.3. Stem cell analysis

Stem cell analysis was performed to determine whether the observed reduction in
cell count (both peripherally and within the bone marrow) was secondary to a global
reduction in cells or whether there was a specific block in development. A flow
cytometry panel was designed to determine the effects on the earliest
haematopoietic stem cells (HSCs). To look at early HSC development a
combination of cell surface markers were used c-Kit, Sca-1, CD127, CD34, CD135
and the lineage committed markers CD3, Ter119 and GR-1, CD11b and B220
(Figure 6-25)(Challen et al., 2009). To determine changes following Exosc3

ablation, flow cytometry was performed on bone marrow aspirates (Figure 6-26).
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Analysis of the lineage depleted population in Exosc39%4r. Rosa26 CreERTZERT2 mice
demonstrated a clear change in the cell population with a loss of c-kit cells and a
relative increase in Sca1* cells. When total cell number was calculated from this
there was a significant reduction in c-kit positive cells (Figure 6-27). Analysis of
Sca1* cells demonstrated no difference between total cell number in untreated and

Exosc3979f Rosa26 CreERTZERT2 mjce.

{ {
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Figure 6-23: Stem cell investigations in mice.

Lineage committed cells are first excluded using a combination of CD3¢e, B220, GR-1, Ter119 and
CD11b. This results in only uncommitted cells, stem cells can then be identified using c-kit and Sca1
antibodies, further progenitors can be identified using CD127, CD34 and CD135
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Figure 6-24 Representative example of early haematopoietic development in an untreated mouse.

Bone marrow was extracted from 3 limbs, this was treated with red cell lysis buffer and then washed,
cells were counted and 1x106 cells were stained with viability dye and FcBlock for 30 minutes on ice.
Cells were then stained with lineage cocktail (Ter119, CD3e, CD11b, GR-1 and B220 APC) CD135 (PE),
CD34 (Streptavidin), c-Kit (Pacific blue), Sca1 (PE-Dazzle) and CD127 (BV605), cells were incubated
for 30 minutes on ice, following washing, Biotinylated BV711 was added and incubated for 30 minutes.
This was then then run on the flow cytometer to determine cell number. a)FSC-A vs. SSC-A used to
exclude debris. b) FSC-H vs. FSC-A used to exclude doublets and ensure that only single cells are
analysed. c) Dead cells excluded using Zombie NIR™ (Biolegend, USA). d) Linage depletion using anti-
CD3, B220, GR-1, Ter-119, CD11b to isolate uncommitted cells only. e) Lin~ cells stained with c-kit vs.
Sca1 to identify cell populations. 1. Lin- c-kit* 2. Stem cell population Lin- Sca1*c-Kit* (LSK) 3. Lin-
Scatloc-Kite containing common lymphoid progenitor population. 4. c-kitLin- Sca1* population. f) CD135
vs CD34 on LSK population to identify 1. Multipotent progenitors and 2. Long-term haematopoietic stem
cells. g) Common lymphoid progenitors isolated using CD127 in the Lin- Sca1’c-Kit° population. h) Total

Sca-1 positivity in live cells. i) Gate statistics used to determine absolute number of cells.
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Figure 6-25: Stem cell analysis in Exosc39%/9%, Rosa26 CreERT2ERT2 mjce
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a) Lineage negative cells. 1. c-kit* Sca1-cells, 2. c-kit*'Sca1* cells (LSK), within which stem cells reside

3. c-kitSca1* cells. b) Total Sca1* cells following gating on live cells. ¢c) Total cell counts within these

populations, demonstrating a significant reduction in c-kit positive cells, both LSK and c-kit* Sca1- cells,

relative preservation of Sca1* populations. (n=6 in Exosc3".Rosa26CrefRT2ERT2  group and =5 in

Exosc394f, Rosa26 CreERTZERT2) Unpaired t-test used to analyse between groups
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6.2.10.4. Cell cycle analysis and apoptosis

There were two potential explanations for the reduced HSC number in the bone
marrow. Firstly, increased cell death and failure to replenish the cells could have
resulted in a reduction in the viable cell count. Secondly, cell cycle arrest during a
specific stage of replication could have occurred, this has been previously
demonstrated in both zebrafish and drosophila models of Exosc3 knock-out (Morton
et al., 2020; Muller et al., 2020). It was possible that it was a combination of both of
these. To determine which of these was the case cell cycle analysis was performed
using annexin V and Propidium lodide (PI). This demonstrated a significant increase
in the number of apoptotic cells in Exosc3979r. Rosa26CreERTZERT2 mice, with an
increase in both early and late apoptotic cells (Figure 6-26). Cell cycle analysis was
undertaken with BrdU to determine the number of actively cycling cells. Following
Exosc3 ablation there was a reduction in cycling cells (BrdU positive cells) with
evidence of G1/GO cell cycle arrest and an increase in the proportion of apoptotic
cells, indicating a reduction in actively cycling cells and an increase in cell death

following Exosc3 ablation.
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Figure 6-26: Apoptosis following recombination in bone marrow cells.

Bone marrow cells were isolated from 3 limbs. 1x10° cells were incubated with Annexin V (APC) in
Annexin V flow buffer and incubated for 30 minutes, 7-AAD was added prior to flow cytometry to
allow late and early apoptotic cells to be differentiated. This demonstrated increase in both early
(Annexin V positive, 7-AAD negative) and late (Annexin V positive, 7-AAD positive) apoptotic cells
following Exosc3 knock-out. (n=3 Exosc39/9'r, Rosa26 CreERTZERT2 and

Exosc3". Rosa26CreERT#ERT2) Unpaired t-test used to analyse between groups
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Exosc3™ Rosa26CreERTZERT2 [ittermate controls.

Mice were treated with 100ul of BrdU I.P. 1 hour prior to euthanasia. Bone marrow cells were then
isolated from three limbs. Following red cell lysis and washing, 1x107 cells were resuspended in ice-
cold 70% ethanol added in drop-wise fashion to fix cells. Cells were stored at -20°C for at least 24
hours. To detect BrdU 1x10° cells were incubated with 2M HCI for 20 minutes and washed three
times with PBS. Cells were then stained with anti-BrdU antibody (APC) for 30 minutes on ice, prior
to analysis Pl was added to enable DNA content to be calculated. Flow cytometry was undertaken
on these cells to determine the proportion cells actively cycling. FCS express cell cycle model was
used to determine cell cycle statistics. In untreated mice cells are actively cycling as measured by

BrdU positive cells in S phase. Following recombination there is a marked reduction in cell cycle,

with fewer cells in S phase and greater number of cells residing in G/G.
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Figure 6-28: Cell cycle analysis of Exosc39P9’r, Rosa26 CreERTZERT2 hone marrow cells.

Evidence of cell cycle arrest at G4, with a reduction in actively cycling cells in both S and G2 phase.
Calculated using FCS express cell cycle analysis. (n=3 Exosc39%4% Rosa26CrefRT2ERT2 gnd

Exosc3. Rosa26CrefRTZERT2)  npaired t-test used to analyse between groups

6.2.10.5. Interpretation of bone marrow analysis

The bone marrow analysis undertaken on the Exosc397/9 Rosa26CreERT2/ERT2
mouse demonstrated reduced bone marrow cell number, secondary to cell cycle
arrest and apoptosis. In depth analysis of the phenotype revealed loss of early stem

cells

6.2.11. Cytokine profile

The phenotype observed in Exosc397/9. Rosa26CreERTZERT2 mice is similar to that
seen in mice that develop acute radiation syndrome and ribosomopathy (Schaue
and McBride, 2019; Singh;Seed and Olabisi, 2019). In both these conditions TNF-

a expression is increased, to determine whether there was similar cytokine activity
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a TNF-a ELISA was performed. This demonstrated significantly increased serum
TNF-a concentration in mice following Exosc3 ablation. Suggesting a similar

disease mechanism
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Figure 6-29: Serum TNF-a concentration in Exosc39%9% Rosa26CreFRT2ERT2 mijce compared to

Exosc3™ Rosa26CreERTZERT2,

Undetectable levels in untreated control mice. Blood was collected in lithium heparin and plasma
separated by centrifugation. TNF-a concentration was determined using the Quantikine TNF-a
ELISA. Optical density was calculated using the plate reader at 450nm. All samples were run in
triplicate.  Regression analysis was wused to develop a standard curve. (n=3
Exosc3974%. Rosa26 CreFRT2ERT2 and Exosc3™.Rosa26CreFRT2ERT2) (npaired t-test used to analyse

between groups

6.2.12. Interferon expression
As highlighted above one of the initial hypotheses was that increased levels of RNA
within the cell could result in ectopic activation of intracellular viral RNA sensors

(4.6.1). To examine this hypothesis cDNA was generated from kidney, affected
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bone marrow and caecum. To determine interferon expression three interferon
stimulated genes (ISGs) (OAS1a, RSAD22 and IFl44) were measured. The
measurement of ISGs is the preferred measurement for interferon upregulation
(Duncan et al., 2019b). This demonstrated no difference in both the bone marrow
and kidney, there was however an increase in ISGs in the caecum following
recombination. This could represent either increased local interferon expression
due to stimulation resulting from Exosc3 knockout, or non-specific increase
secondary to widespread cell death. This was explored by investigating the

interferon receptor knockout (7.1).
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Figure 6-30: mRNA levels from Exosc39/fr, Rosa26CreFRT2ERT2 mjce and untreated littermate controls.

RNA was extracted from snap frozen tissue using Trizol and cDNA transcribed as per manufacturer’s
instructions. Tagman PCR was performed using the appropriate universal probe (Roche) and specific
primers. Exosc3 mRNA was reduced following tamoxifen recombination, there was evidence of increased
GFP mRNA at the same time, confirming the recombination. Three commonly used ISGs were investigated:
OAS1a, RSAD22 and IFI44. There was no evidence of increased interferon signal in the kidney or bone
marrow. In the caecum there was evidence of increased ISG expression, although this is potentially a
representation of cell death rather  than increased interferon expression. (n=3
Exosc3974% Rosa26 CreFRT2ERT2 and Exosc3™".Rosa26CreFRT2ERT2) Unpaired t-test used to analyse between

groups
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6.2.13. Rosa26CrefRT2ERT2 and Exosc3" controls

Tamoxifen is known to have side-effects when used to induce recombination in
tamoxifen-sensitive Cre models (Zhong et al., 2015; Donocoff et al., 2020). To
determine whether there was an effect on survival Exosc3" and
Rosa26CreFRTZERT2 were treated with four days of tamoxifen. These mice showed
no evidence of disease at 8 days post treatment (the median time to disease in
Exosc3979’, Rosa26CreERTZERT2 mice), at this point there was no evidence of
anaemia (Figure 6-31), and there was no GFP expression detectable and HSC
analysis was the same as wild type. These results indicate that the effects seen in

the Exosc399’ Rosa26CreERTZERT2 mice were not secondary to tamoxifen

treatment.
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Figure 6-31: Haemoglobin as measured by iSTAT, using Chem8+ cartridges.

Exosc3" and Rosa26CreERT2ERT2 mice treated with the standard I.P. tamoxifen dosage (four days
at 75mg/Kg). No significant difference detected between untreated mice and Exosc3™ or
Rosa26CreERTZERT2 (n=13 in untreated group and =3 in Rosa26CrefRTZERT2 and =4 jn Exosc3")

Unpaired t-test used to analyse between groups
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6.2.14. Aged cohort

Mice that were treated for 3 days with tamoxifen were monitored until 1 year post
treatment. 8/12 mice survived beyond 10 days. Within these remaining mice, 2 mice
developed darkening of their ears followed by decrease in their body condition score
that required them to be euthanised approximately two months following treatment.
Examination of their tissues revealed chronic ulcerative dermatitis, which may

account for their deterioration (Figure 6-34).

6/12 mice were aged to one year post treatment. GFP expression was examined in
these mice, this demonstrated persistent GFP expression in spleen, bone marrow,

white cells and endothelial cells (within the kidney).

Examination of the LSK (Lin- Sca1*c-Kit*) in this cohort demonstrated no difference
in distribution at one year compared to wild-type cells, despite 76.28% +9.7 GFP

positivity in the splenocytes.
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Figure 6-32: Survival analysis of mice following treatment with tamoxifen for 3 days.

Exosc3974% Rosa26 CrefRT2ERT2 and Exosc3f7T mice treated with standard four-day tamoxifen shown for

reference.
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Figure 6-33: H&E stained pinna from Exosc3979', Rosa26CreERT2ERT2 mouse

This mouse was treated with tamoxifen for three days in a mouse that developed darkening of ears
and weight loss at eight weeks post treatment. Demonstrating chronic ulcerative dermatitis.
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Figure 6-34: Representative flow cytometry from Exosc39%/9% Rosa26CreFRT2ERT2 mijce treated with tamoxifen

for three days that survived to one year.

Single cell suspensions from kidney, via enzymatic disruption, spleen, via mechanical disruption, and bone
marrow via centrifugation were generated. Cells were treated with red cell lysis and incubated with FcBlock and
viability dye. Cells were stained for surface antibodies, for kidney this was CD45 and CD31, for spleen no further
antibodies were used and for bone marrow this was lineage cocktail (B220, Ter119, GR-1, CD11b and B220),
c-kit, Scal and CD127. Samples were then analysed via flow cytometry to determine the GFP positivity,

following exclusion of cell debris, dead cells and doublets.

172



Figure 6-35: H&E staining from Exosc39%/9%. Rosa26CreERT2ERT2 mouse kidney treated for three days

These mice developed darkening of ears and weight loss at eight weeks post treatment. No evidence of

pathology in kidneys from these mice.
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6.3. Discussion

6.3.1. Rationale of Rosa26CrefR™2 selection

6.3.1.1. Inducible gene expression system

In order to achieve temporal control of Cre-mediated knock-out an inducible system
was required. There are two well described, the Tamoxifen-inducible and the
Tetracycline-inducible systems. The tetracycline system can be designed as a Tet-
Off, in which tetracycline (or derivatives, doxycycline) prevents binding of the
tetracycline-responsive transactivator to the Tet operon, thus preventing expression
of the gene following the Tet operon. Following cessation of tetracycline
conformational change in tetracycline-responsive transactivator results in binding to
the Tet operon. This result in expression of the gene of interest. The second option
for the tetracycline system is a Tet-On design, in which reverse tetracycline-
responsive transactivator only binds to the Tet operon in the presence of

tetracycline.

The second commonly employed system, and the one used in this study, is the
tamoxifen-inducible system. In this system a modified oestrogen receptor is fused
to Cre. In an inactive state the ER is bound to heat shock protein 90 (Hsp90) and is
excluded from the nucleus. Treatment with tamoxifen results in decoupling of Hsp90
to the oestrogen receptor Cre fusion protein. This is then able to enter the nucleus,

where it is able to induce recombination.

In this project the Tamoxifen-inducible system was utilised. This decision was
influenced by a number of factors. Firstly, Tamoxifen can be delivered by a number
of routes (including both IP and oral) allowing for accurate dosing of mice, this
allowed a variable dosing strategy to be explored. Tetracycline is restricted to oral

dosing and therefore delivered via drinking water. This would have made
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modulating the dose delivered impossible. Secondly, the Tamoxifen-induced cre
system has been used previously to induced Exosc3 ablation in the Exosc3"
mouse, therefore it was more likely that employing this system in this model would
work. Finally, there is a higher number of tissues specific tamoxifen systems, which

would allow easier comparison of different tissue specific models in the future.

6.3.1.2. Ubiquitous CreERT2 selection

There are several options for ubiquitous CreERT2 expression available including the
B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J, B6.Cg-Ndor1Tg(UBC-cre/ERT2)1Ejb/1J and
B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J. The Rosa26CreFR™ was utilised in
this project, this had a number of advantages over the other available systems,
firstly this system had been shown to result in effective recombination in the
Exosc3" mouse, secondly the Rosa26CrefR™ mouse is the most commonly uses
and therefore best reported ubiquitous cre system, and unlike other models the
Rosa26CrefR™2 mouse can be bred in homozygosity, which enabled an easier

breeding strategy and potentially enabled higher cre expression.

6.3.2. Efficient recombination

Previous data on the Exosc3" mouse in an ex vivo model had demonstrated a
phenotype in mice that were Exosc397/9%, Rosa26CreER™2(Pefanis et al., 2014). The
Exosc39/9f. Rosa26CrefR™2 mouse was initially used in this project. Despite
evidence of recombination in 69.24%z+1.6 of splenocytes there was no observable
phenotype up to 1 month after treatment. When mice were generated that were
homozygous for the Exosc3 and Rosa26CreERT2 alleles
(Exosc39/4eir Rosa26 CreERTZERT2) there was evidence of increased recombination
and development of a phenotype. The efficiency of Rosa26CrefR™ has previously

been reported as 30-80% when maintained in hemizygous state (Zheng et al., 2000;
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Sohal et al., 2001; Muzumdar et al., 2007; Kristianto et al., 2017; Sandlesh et al.,
2018). This level of efficiency is sufficient for most knockout models, however it is
clear that this level of knockout was not sufficient to produce a phenotype in the
Exosc3979’, Rosa26 CrefR™2 mice. There are few studies that have examined the
effect of Rosa26CrefFR™ copy number on recombination, one study that failed to
demonstrate efficient recombination in the hemizygote mouse demonstrated
complete excision when mice were bred to a homozygous state (Sandlesh et al.,
2018). It is clear from the data on the Exosc3979 Rosa26CrefR™2 and
Exosc399’, Rosa26CrefRTZERT2 mice that cre-mediated recombination was
significantly improved in the presence of a second copy of the Rosa26CreFR™ allele.
The explanation for this is likely that the reduced level of Cre produced in mice with

a single copy of Rosa26CreERT2 results in less efficient recombination (Figure 6-8).

The work done to optimise tamoxifen dosing demonstrates that there is a critical
number of cells that need to have undergone recombination for a phenotype to
develop. This appeared to be between 85 — 95%, as mice that were treated with
tamoxifen for 2 days showed 85% GFP positivity without signs of disease, however
100% of the mice that achieved over 95% GFP positivity died. Previous studies
have attempted to determine whether adjusting the dosage of tamoxifen results in
different levels of recombination. These studies concurred with the findings
displayed here that increased duration of tamoxifen results in an increase level of
recombination (Jahn et al.; Donocoff et al., 2020). The finding that three days of
tamoxifen was able to induce recombination with variable effects may have
implications for examining the effects of chronic knockout in genes that are

otherwise fatal in the acute setting.
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6.3.3. Phenotype observed in Exosc3979% Rosa26CrefR72ER12 mjce

Following treatment with 76mg/Kg |.P. for 4 days mice developed a predictable and
repeatable phenotype that included weight loss and anaemia clinically. These mice
reached the pre-defined maximum acceptable harm within 10 days of commencing
treatment. These mice all developed gut and bone marrow failure that led to death
(or euthanasia). This phenotype is similar to Acute Radiation Syndrome (ARS)
(Schaue and McBride, 2019; Singh;Seed and Olabisi, 2019). Previous research on
ARS has demonstrated a phenotype composed of neurological (n-ARS),
gastrointestinal (GI-ARS) and bone marrow (H-ARS) failure. In ARS, ionising
radiation results in irreparable DNA damage that results in apoptotic and necrotic
cell death. Exposure to high levels of radiation have previously occurred due to
nuclear accidents, famously in Chernobyl and Fukushima, and during the fallout of
a nuclear weapon. Developing animal models that recapitulate this phenotype has
proved useful to understand the pathophysiology of ARS (Gurley et al.; Merritt et

al., 1994; Singh;Seed and Olabisi, 2019; Yashavarddhan et al., 2021).

6.3.4. Bone marrow effects

Following Exosc3 knock-out there was a marked loss in total cell count, which was
in keeping with the changes seen peripherally with the development of
pancytopenia. Deeper investigation of the bone marrow demonstrated almost
couple loss of c-kit expression. There was an increase in the percentage of cells
that were Sca1*, however when total cell counts was determined there was no
difference between the number of Sca1* cells in Exosc39P/9’. Rosa26CreERTZERT2

compared to Exosc3"1.Rosa26CreERTZERT2 mice.

These findings are similar to changes seen in mice that develop H-ARS; mice with

H-ARS demonstrate a predictable pattern of both peripheral and bone marrow
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changes. Peripherally, neutropenia and thrombocytopenia are the most
pronounced, possibly due to the shorter half-life of these cells in mice, 10 hours and
5 days respectively, compared to 38-52 days of erythrocytes (O'Connell et al.,
2015). Exosc399, Rosa26CreERT2ZERT2 displayed was profound pancytopenia, with
the largest difference in neutrophils and platelets in keeping with H-ARS phenotype,
however there was a reduction total white cell count, T- and B-cell and haemoglobin.
The observation of this at 10 days is less than the half-life of these cell types
indicating that differentiated cells are affected as well. This may be due to the
ubiquitous expression of Exosc3, resulting in these cells undergoing cell death
following Exosc3 knock-out. It is less clear why the haemoglobin in these mice is
affected as erythrocytes lack RNA. There is clear evidence of reduced
erythropoiesis, as demonstrated in the reduced reticulocyte percentage, this finding
is supported by the demonstration that the RNA exosome is crucial for red cell
development (Mclver et al., 2016; Mehta et al., 2021; Fraga de Andrade et al.,
2022). It has been demonstrated in vivo that disruption of the exosome complex
during development (using a Vav-1 cre model) results in failure to produced
erythroid precursors (at the Burst forming unit (BFU) stage) and leads to reduced c-
kit surface expression. Within red cell development c-kit is essential for signalling to
drive proliferation and maturation. Along with the reduction in the BFU there was an
increase in apoptotic markers and increase in TNF receptor transcripts (Fraga de
Andrade et al, 2022). These are findings that were seen in the
Exosc39/9f0. Rosa26CreERTZERT2 There was a reduction in c-kit expression in the
lin-cells from 2.76x10° to 5.76x10